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Primary Sjögren’s syndrome (pSS) is a progressive systemic autoimmune disease characterized by lymphocytic infiltrates in exocrine glands, leading to the injury of salivary and lachrymal glands. Mesenchymal stem cells (MSCs) have been demonstrated to exert great potential in the treatment of various autoimmune diseases. Although MSCs have provide an effective therapeutic approach for SS treatment, the underlying mechanisms are still elusive. Our previous study has shown the reduced suppressive capacity of myeloid-derived suppressor cells (MDSCs) advanced the progression of experimental Sjögren’s syndrome (ESS). In this study, we found that BM-MSCs significantly enhanced the suppressive function of MDSCs with high levels of Arginase and NO, decreased the levels of CD40, CD80, CD86, and MHC-II expression on MDSCs, thus attenuating the disease progression in ESS mice. Furthermore, the enhanced suppressive function of MDSCs was mediated by BM-MSC-secreted TGF-β, and the therapeutic effect of BM-MSCs in inhibiting ESS was almost abolished after silencing TGF-β in BM-MSCs. Taken together, our results demonstrated that BM-MSCs alleviated the ESS progression by up-regulating the immunosuppressive effect of MDSCs through TGF-β/Smad pathway, offering a novel mechanism for MSCs in the treatment of pSS.
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Introduction

Primary Sjögren’s syndrome (pSS) is a chronic, systemic autoimmune disease characterized by lymphocytic infiltrates in salivary and lacrimal glands, leading to the destruction of these exocrine glands. The common symptoms are xerostomia and xerophthalmia (1). Besides the characteristic glandular symptoms, other systemic extraglandular manifestations, including synovitis, interstitial lung disease, vasculitis and renal diseases (2). Moreover, approximately 5% of patients with pSS may develop lymphoma, mainly the mucosa-associated lymphoid tissue non-Hodgkin lymphoma, which is the most severe complication of the disease (3). pSS is considered to be essentially driven by a complex interaction between epithelial barrier and adaptive and innate immunity. Macrophages, dendritic cells, NK cells, T cells (Th1, Th2, Th17, Tfh, Tfr, Treg), and B cells have been reported to be involved in the pathogenesis of the disease (3–6). Additionally, our previous work has clarified the essential role of MDSCs in the progression of pSS (7). Currently, treatment of Sjögren’s syndrome patients is still challenging due to the complex pathogenesis of the disease, approaches such as biologic agents and traditional disease-modifying antirheumatic drugs cannot cure this disease and have some side effects (8). Therefore, exploring novel therapeutic approaches is critically necessary for the treatment of pSS.

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immature myeloid cells, which has emerged as a universal regulator of immune function under many pathologic conditions (9). MDSCs can be subdivided into two major subpopulations: polymorphonuclear MDSCs (PMN-MDSCs) with a CD11b+Ly-6G+Ly-6Clo phenotype and monocytic MDSCs (M-MDSCs) with a CD11b+Ly-6G-Ly-6Chi phenotype, both are characterized by the expression of CD11b+Gr-1+. PMN-MDSCs exert their suppressive effect mainly by high levels of arginase 1 and reactive oxygen species (ROS) whereas M-MDSCs produce NO. In healthy individuals, MDSCs are generated in bone marrow and quickly differentiate into mature dendritic cells, macrophages, or granulocytes. However, under pathological conditions, the differentiation of MDSCs will be blocked and cause the expansion of this population in vivo (9). Recently, MDSCs have been demonstrated to be involved in the pathogenesis of various autoimmune diseases, including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), type 1 diabetes and multiple sclerosis (MS) (10–15). Our previous studies have characterized a pivotal role of MDSCs in the development of SS. We found that MDSCs were significantly increased in mice with experimental Sjögren’s syndrome (ESS), but their suppressive function of MDSCs was gradually decreased with the progression of the disease, and eventually leading to the uncontrollable inflammatory responses and irreversible tissue injury. Therefore, restoring or enhancing the suppressive capacity of MDSCs are supposed to be a promising therapeutic strategy for pSS.

Mesenchymal stem cells (MSCs) is a group of mesodermal and ectodermal origin multipotent stromal cells with the capacity of self-renewal and differentiation into osteoblasts, adipocytes, and chondrocytes (16). The properties of rapid proliferation and powerful immunomodulation have entitled their potential application in the treatment of various debilitating diseases (17). Indeed, MSCs have been reported to exert immunomodulatory effects on T cells, B cells, dendritic cells, and natural killer cells (18), which makes them a promising therapy for various autoimmune diseases, including systemic lupus erythematosus (19, 20), rheumatoid arthritis (21), inflammatory bowel disease (22) and systemic sclerosis (23). However, much less is known about the effects of MSCs in treating Sjögren’s syndrome, and the underlying mechanism still remains to be elucidated.

In this study, we characterized the effect of BM-MSCs on the suppressive capacity of MDSCs in ESS mice, and clarified the regulation was mainly mediated by TGF-β/Smad pathway. Our study offers new insights into the mechanisms of the application of MSCs as a therapy for pSS.



Methods and Materials


Mice

Female C57BL/6 mice at 8-week-old and male C57BL/6 mice at 6-week-old were purchased from Experimental Animal Center of Yangzhou University. Mice were housed in a specific pathogen-free animal facility and all the experiments were approved by the Institutional Committee on the Use of Animals for Research and Teaching.



Induction of ESS Model

The ESS mouse model was induced as previously described (7). Briefly, bilateral salivary glands were isolated from female C57BL/6 mice (8-week-old) for homogenization in PBS to prepare SG proteins. Naïve mice were immunized with SG proteins emulsified in an equal volume of CFA (Sigma-Aldrich) to a concentration of 2 mg/ml (100 µl/mouse) s.c. on the neck on days 0 and 7. On day 14, the booster injection was performed with a dose of 1 mg/ml SG proteins emulsified in Freund’s incomplete adjuvant (Sigma-Aldrich).



Detection of Saliva Flow Rate

Saliva flow rates were measured as previously described (7). Briefly, mice were anesthetized and injected intraperitoneally with pilocarpine (Sigma-Aldrich) at a dose of 5 mg/kg body weight. Saliva was then collected using a 20-μl pipet tip from the oral cavity for 15 min.



Autoantibody and Cytokine Detection

Autoantibodies against SG proteins and anti-M3 muscarinic receptor (M3R) antibodies and ANA (Elabscience) were measured with a sandwich enzyme-linked immunosorbent assay (ELISA) as previously described (7). Briefly, 96-well plates were pre-coated with the antigen at 4°C overnight. Samples were incubated for 2 h at room temperature, followed by incubation of biotin-conjugated anti-mouse IgG for 1 h. After washing, HRP Streptavidin was added and incubated for 30 min. Then, plates were washed and the TMB substrate was added. After 30 min, stop solution was added and absorbance was measured at 450 nm using a microplate reader (BioTek, Winooski). Mouse serum levels of IL-17 and IFN-γ were measured with ELISA Kits (eBioscience) following the manufacturer’s protocol.



Isolation and Culture of BM-MSCs

For the culture of BM-MSCs, bone marrow (BM) cells were isolated from C57BL/6 mice (6-week-old) and cultured in the medium (DMEM supplemented with 15% fetal calf serum) (Gibco) for 3 days. Non-adherent cells were then removed and when the remaining cells reached 80% confluence in the dish, the adherent cells were expanded for three passages and used for the subsequent experiments.



MDSC Isolation

CD11b+Gr-1+ MDSCs were isolated from the spleens of ESS mice using a FACSAria II SORP (Becton Dickinson) cell sorter (Miltenyi Biotec). M-MDSCs and PMN-MDSCs were isolated using a mouse MDSC isolation kit (Miltenyi Biotec) following the manufacturer’s protocol.



Flow Cytometric Analysis

For surface markers, single-cell suspensions were stained with relevant fluorochrome-conjugated monoclonal antibodies(mAbs): anti-mouse CD40 (HM40-3), CD80 (16-10A1), CD86 (GL1), and MHCII (M5/114.15.2) from eBioscience, anti-mouse CD11b (M1/70), Gr-1 (RB6-8C5), Ly6G (1A8), and Ly6C (HK1.4) from Biolegend, For intracellular staining, cells were stimulated with PMA (Sigma-Aldrich, 50 ng/ml), ionomycin (Enzo, 1 µg/ml), monensin (Enzo, 2 µg/ml). After 5 h, cells were stained with antibodies against surface markers, fixed, permeabilized, and stained with anti-IFN-γ mAb (XMG1.2, eBioscience), anti- IL-17 mAb (eBio17B7, eBioscience), or anti-TGF-β mAb (TW7-16B4, eBioscience) according to the Intracellular Staining Kit (Invitrogen) instructions. Flow cytometry was performed using the BD FACSCanto II (Becton Dickinson) and data were analyzed using FlowJo software (Treestar).



Quantitative Real-Time PCR

The quantitative real-time PCR were performed as previously described. The sequences for the primers used are: TGF-β, Forward -5’- AACCGGCCCTTCCTGCTCCTCAT -3’, Reverse-5’- CGCCCGGGTTGTGTTGGTTGTAGA -3’. β-actin, Forward -5’-TGGAATCCTGTGGCATCCATGAAAC-3’, Reverse-5’-TAAAACGCAGCTCAGTAACAGTCCG-3’. β-actin was used as an internal control.



T Cell Suppression Assay

Mouse CD4+ T cells were sorted from wild-type mice using CD4+T cell microbeads (Miltenyi Biotec). CD4+ T cells were labeled with carboxyfluorescein succinimidyl ester (CFSE, 5 mM; Invitrogen), and then co-cultured with MDSCs at a ratio of 1:1 in 96-well plates (Costar) in the presence of anti-CD3 and anti-CD28 mAbs (eBioscience) for 3 days. CFSE fluorescence intensity was analyzed to determine the proliferation of CD4+ T cells by flow cytometry.



Western Blot

Proteins extracted from cells were prepared as previously described. Equal amounts of proteins were separated by 12% SDS-PAGE, then transferred onto Immobilon polyvinylidene difluoride membranes (Bio-Rad). Antibodies against Smad2/3 and p-Smad2/3 were purchased from Cell Signaling Technology.



Histologic Analysis

After mice were euthanatized, submandibular glands were collected and immediately fixed in 4% paraformaldehyde. Paraformaldehyde-fixed tissues were embedded in paraffin. Serial 4-μm sections were cut and stained with hematoxylin and eosin (H&E) for morphologic examination. The severity of the tissue damage was evaluated using the following scoring system. A lymphocytic focus was defined as a group of ≥50 lymphocytes. The focus score (FS) was classified as: FS=0: no lymphocytic infiltration; FS=1: <1 lymphocytic focus per 4 mm2 (0<FS<1); FS=2: <2 lymphocytic foci per 4 mm2; FS=3: two or more lymphocytic foci per 4 mm2 (24).



Detection of Arginase Activity and NO Production

The activity of arginase and NO concentration were measured as previously described (25). The arginase activity was determined for the conversion of arginine to ornithine and urea by a quantitative colorimetric assay employing a QuantiChrom arginase assay kit (BioAssay Systems). The arginase activity was calculated according to the manufacturer’s instructions. The amount of NO was assessed by determining the concentration of nitrite accumulated in culture supernatants using the colorimetric Griess reaction (Promega).



Transfection

TGF-β siRNA and the negative control were synthesized by RiboBio. Oligonucleotide transfection was performed with Entranster-R (Engreen Biosystem) according to the manufacturer’s instructions.



Statistical Analysis

The statistical significance was determined by the Student’s t test or one-way ANOVA. All analyses were performed using SPSS 16.0 software. p Values less than 0.05 were considered statistically significant.




Results


Adoptive Transfer of BM-MSCs Effectively Alleviates the Progression of ESS

BM-MSCs were adoptively transferred into ESS mice on days 18 and 25, and then the therapeutic effect of the cells in SS was evaluated (Figure 1A). Remarkably, BM-MSCs treatment effectively ameliorated the saliva flow rate and reduced the serum autoantibodies against total SG antigens, ANA, and anti-M3R Abs (Figures 1B–E). Notably, the BM-MSCs treated group displayed smaller cervical lymph nodes (CLNs) and salivary glands (SG) while compared to the control group  (Figure 1F). In addition, histological analysis showed only a small amount of lymphocytic infiltration in local SG from ESS mice treated with BM-MSCs (Figure 1G). Furthermore, frequencies of Th1 and Th17 cell populations in spleens and CLNs were also decreased after the BM-MSCs treatment (Figures 1H, I), and the similar results were observed in the serum IFN-γ and IL-17 (Figures 1J, K). Together, BM-MSCs were demonstrated to suppress the development the ESS.




Figure 1 | BM-MSCs suppress the progression of ESS. (A) Graphic scheme of ESS induction and BM-MSCs administration. C57BL/6 mice were immunized with SG/CFA on days 0 and 7, and mice were boosted with SG/IFA on day 14. Treatment groups were intravenously injected with 5×105 BM-MSCs on days 18 and 25. Mice were sacrificed on day 35 (n=6). (B) The saliva flow rates were measured in each group. (C–E) Autoantibodies against SG antigens (C), ANA (D), and anti-M3R antibodies (E) were detected in the serum of ESS mice on day 35. (F) Representative graphs show the sizes of CLN and SG. (G) ESS mice were transferred with BM-MSCs on days 18, 25, 32, 39 and 46, the histological evaluation of glandular destruction in each group was performed on tissue sections of submandibular glands with H&E staining 15 weeks post first immunization. (H, I) Both proportions and numbers of CD4+IFN-γ+ Th1 cells (H) and CD4+IL-17+ Th17 cells (I) were measured in SP and CLN of mice with different treatment on day 35. (J, K) Serum levels of IFN-γ and IL-17 were detected in different groups on day 35. Data are shown as mean ± SD of three independent experiments, n=6/group. ***p < 0.001, **p < 0.01, *p < 0.05.





BM-MSCs Expand MDSCs With Strong Suppressive Function in ESS

Our previous findings have shown that MDSCs in ESS mice gradually lost their suppressive effect during the progression of the disease, which has been determined to be a critical element in the pathogenesis of pSS (7). Therefore, restoring the suppressive capacity of MDSCs in ESS mice might be an efficient strategy for the immunotherapy in pSS. As shown in Figures 2A, B, the proportions of MDSCs in spleens and CLNs, including the subsets, PMN-MDSCs and M-MDSCs, were strikingly increased after BM-MSCs treatment. Furthermore, the expanded MDSCs (PMN-MDSCs/M-MDSCs) displayed stronger immunosuppressive effect on T cell proliferation in BM-MSCs treated mice, and expressed higher levels of arginase and NO (Figures 2C, D).




Figure 2 | BM-MSCs enhance the suppressive capacity of MDSCs in ESS mice. (A, B) Proportions of CD11b+Gr-1+ MDSCs (A), M-MDSCs and PMN-MDSCs (B) were detected in SP and LN after BM-MSCs treatment (n=6). (C) Total MDSCs and their subsets from BM-MSCs treated group were isolated, and then co-cultured with CD4+T cells in the presence of anti-CD3 and anti-CD28 mAbs for 72 h (MDSC:T cell ratio 1:1). CD4+ T cell proliferation was evaluated by staining with CFSE. (D) The activity of arginase and the level of NO were measured in MDSCs and their subsets (n=6). Data are shown as means ± SD from three independent experiments, n=6/group. **p < 0.01, *p < 0.05.





BM-MSCs Enhance the Suppressive Capacity of MDSCs From ESS Mice In Vitro

The suppressive function of MDSCs (PMN-MDSCs/M-MDSCs) treated with BM-MSCs was measured. MDSCs isolated from ESS mice showed weak suppressive capacity on CD4+T cell proliferation. However, after the treatment of BM-MSCs, the suppressive function of MDSCs was enhanced with high levels of arginase and NO, although the suppressive effect of M-MDSCs on CD4+ T cell proliferation was only slightly enhanced (Figures 3A–D). Additionally, the expression of CD40, CD80, CD86, and MHCII was also down-regulated when compared to the group without BM-MSCs treatment (Figure 3E). Together, the in vitro experiment further confirmed that BM-MSCs could reverse MDSCs to the immature state with strong suppressive function directly.




Figure 3 | BM-MSCs up-regulate the immunosuppressive function of MDSCs in vitro. (A–C) Total MDSCs (A), PMN-MDSCs (B), and M-MDSCs (C) isolated from the spleens of ESS mice were treated with BM-MSCs for 48 h, and then MDSCs were collected for co-culture with CD4+T cells in the presence of anti-CD3 and anti-CD28 mAbs for 72 h (MDSC:T cell ratio 1:1). CD4+ T cell proliferation was evaluated by staining with CFSE. (D) BM-MSCs treated MDSCs were used to measure the activity of arginase activity and the level of NO. (E) The expression of CD40, CD80, CD86, and MHCII on MDSCs in two groups was analyzed by flow cytometry. Data are shown as mean ± SD from three independent experiments. **p < 0.01.





Enhanced Suppressive Function of MDSCs Is Mediated by BM-MSC-Secreted TGF-β

It has been reported that TGF-β plays an important role in the inhibitory effect of MSCs (26, 27), and TGF-β has been shown to regulate the suppressive function of MDSCs (28). As shown in Figures 4A, B, a high level of TGF-β was measured in BM-MSCs when co-cultured with MDSCs. Similarly, the level of TGF-β in the supernatant of MDSCs co-cultured with MSCs was significantly enhanced. However, Co-culture of TGF-β-silenced MSCs and MDSCs showed strikingly reduced TGF-β in the supernatant (Figure 4C). Moreover, the phosphorylation of Smad2/3 in MDSCs was significantly increased after BM-MSCs treatment (Figure 4D), whereas knocking down the TGF-β led to the reduced activation of Smad2/3 (Figure 4E). To further clarify the critical role of TGF-β in regulating the suppressive effect of MDSCs, siRNA was used to silence TGF-β in BM-MSCs. After inhibition of TGF-β, the effect of BM-MSCs on the regulation of MDSCs was almost disappeared, MDSCs still exhibited low immunosuppressive function on T cell proliferation (Figure 4F), and the production of arginase and NO were also at low levels (Figures 4G, H). These in vitro data suggest that the enhanced suppressive effect of MDSCs was mainly mediated by TGF-β released by BM-MSCs.




Figure 4 | The suppressive capacity of MDSCs was enhanced by BM-MSCs-secreted TGF-β. (A, B) The mRNA level (A) and protein level (B) of TGF-β in BM-MSCs co-cultured with MDSCs were analyzed by qRT-PCR and flow cytometry respectively. (C) The concentration of TGF-β in the conditioned medium of control MSCs and TGF-β silenced BM-MSCs with or without MDSCs were measured by ELISA. (D, E) The expression of phosphorylated Smad2/3 in MDSCs co-cultured with MSCs or TGF-β-silenced MSCs was determined by western blot. (F) TGF-β-silenced MSCs were co-cultured with MDSCs for 48 h, then MDSCs were collected to co-culture with CD4+T cells in the presence of anti-CD3 and anti-CD28 mAbs for 72 h (MDSC:T cell ratio 1:1). CD4+ T cell proliferation was evaluated by staining with CFSE. Recombinant mouse TGF-β (0.8ng/ml) was used as a control. (G, H) The activity of arginase activity and the level of NO were detected in each group. The Data are shown as mean ± SD from three independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05. NS, no significance.





Silencing TGF-β in BM-MSCs Attenuates Their Capacity in Alleviating ESS Progression

To further determine the role of TGF-β from BM-MSCs in regulating the function of MDSCs in vivo, we adoptively transferred BM-MSCs with silenced TGF-β expression into ESS mice (Figure 5A). As expected, the therapeutic effect of BM-MSCs in inhibiting ESS development was almost abolished after knocking down the TGF-β. Notably, the saliva flow rate was decreased, and the serum autoantibodies against total SG antigens, ANA, and anti-M3R Abs were remarkably increased in siTGFβ-MSCs-treated ESS mice (Figures 5B–E). In addition, the histological analysis showed serious lymphocytic infiltration in SG when compared to the Ctrl-MSCs-treated group (Figures 5F, G). Moreover, the percentages of MDSCs in spleen and LNs were significantly reduced in siTGFβ-MSCs-treated ESS mice (Figure 5H), and displayed weak suppressive capacity while the control group possessed strong suppression on T cells (Figures 5I–K). Taken together, these data suggest that BM-MSCs modulated the function of MDSCs is mainly mediated by TGF-β.




Figure 5 | Knocking down TGF-β in BM-MSCs impairs their capability in inhibiting ESS development. (A) Graphic scheme of ESS induction and MSCs treatment. BM-MSCs transfected with TGF-β siRNA (siTGF-β) or negative control for 24 h, and then 5×105 siTGF-β-MSCs or Ctrl-MSCs were intravenously injected on days 18 and 25 after the first immunization. Mice were sacrificed on day 35 (n=6). (B) The saliva flow rates were observed in each group. (C–E) Autoantibodies against SG antigens (C), ANA (D), and anti-M3R antibodies (E) were analyzed in the serum of mice with different treatment on day 35. (F, G) ESS mice were transferred with different BM-MSCs days 18, 25, 32, 39, and 46, the histological evaluation of glandular destruction in each group was performed on tissue sections of submandibular glands with H&E staining 15 weeks post first immunization. (H) Percentages of MDSCs in spleen and LNs were measured in each group on day 35. (I) MDSCs from different groups were isolated on day 35, and then co-cultured with CD4+T cells in the presence of anti-CD3 and anti-CD28 mAbs for 72 h (MDSC:T cell ratio 1:1). CD4+ T cell proliferation was evaluated by staining with CFSE. (J, K) The activity of arginase activity and the level of NO were detected in each group on day 35. Data are shown as mean± SD of three independent experiments, n=6/group. ***/###p < 0.001, **/##p < 0.01, */#p < 0.05, NS, no significance. * represents Ctrl-MSCs vs. siTGF-β-MSCs, #represents Ctrl-MSCs vs. ESS.






Discussion

Extensive studies have described the role of MDSCs in the progression of various autoimmune diseases, including MS, RA, SLE, and type I diabetes (10–12, 14, 15, 29). Although there have been a large number of studies on MDSCs in autoimmune diseases, the exact effect of MDSCs in these diseases is still controversial. It has been found that adoptive transfer of MDSCs from EAE mice could obviously inhibit the inflammatory immune responses and suppress the progression of EAE (14). However, some other studies have shown that MDSCs in EAE could promote the differentiation of Th17 cells, and the severity of disease can be alleviated after depletion of MDSCs in vivo (15). The similar conflict results were also observed in RA. Some data showed the protective role of MDSCs during the development of collagen-induced arthritis (CIA) while some others found MDSCs significantly exacerbated the disease (10, 11). The controversial results on the role of MDSCs in autoimmune disorders are mainly due to the high heterogeneity and plasticity of MDSCs whose phenotypes and functions are largely dependent on the local microenvironment (9, 30, 31). MDSCs at different stages of disease may play a different role in either exacerbating or alleviating the disease. In our previous studies, we have investigated the role of MDSCs and their subsets in pSS. We found that MDSCs gradually lost their suppressive capacity during the development of ESS, thus leading to the progression of the disease. Early-stage MDSCs in ESS showed strong suppressive capacity while the late-stage MDSCs exhibited weak inhibitory effects on T cells. Therefore, reversing or enhancing the suppressive capacity of MDSCs in vivo might be a promising strategy for the treatment of SS. As expected, in this study, we found that BM-MSCs with immunomodulatory capacity could efficiently enhance the suppressive function of MDSCs, reserving the phenotype of MDSCs to an immature status with low levels of CD40, CD80, CD86, and MHC-II, and eventually alleviating the development of the disease.

Due to the strong immune regulatory property, MSCs have been applied in a number of autoimmune diseases. Indeed, the mechanisms for the immunomodulatory effect of MSCs has been extensively investigated. Abundant evidence has shown that MSCs exert modulatory effects on both innate and adaptive immune cells. MSCs can inhibit the activation, proliferation and differentiation of T cells (32–34). Krampera et al. demonstrated that murine BMSCs inhibited naive and memory T-cell responses to their cognate antigens (35). MSCs can also regulate the balance of Th1/Th2 cells, MSCs inhibit the production of IFN-γ by Th1 cells and increase the production of IL-4 by Th2 cells (36). Rafei et al. reported that MSCs could suppress Th17 cell activation in a CC chemokine ligand 2-dependent manner (34). Recently, MSCs are found to suppress Tfh cell differentiation in RA partially through the production of indoleamine 2,3-dioxygenase (IDO) (37), and the similar results are also observed in pSS patients and lupus-prone mice (38, 39). Besides, BM-MSCs can induce the differentiation of CD4+CD25hiFoxp3+ regulatory T cells and maintain their suppressive function (40). In addition to the regulation on T cells, Corcione et al. found that BM-MSC could inhibit the function, differentiation and the chemotactic properties of B cells (41). In relation to innate immune cells, MSCs have been demonstrated to inhibit the differentiation and function of DCs (42, 43). In pSS, it has been reported that MSCs can alleviate the disease by inhibiting Th1, Th17, and Tfh cell responses (38, 44). Moreover, MSCs can also ameliorate SS via suppressing IL-12 production in DCs (45). A recent study by Yao et al. has found that MSC-secreted interferon-β (IFN-β) promoted DCs to produce IL-27 and then suppressing the SS-like syndrome (46). In this study, we were the first to observe the regulation of MSCs on MDSCs. Our previous study has clarified the critical role of MDSCs during the progression of ESS, and the suppressive function of MDSCs was decreased during the disease development. We then found that BM-MSCs could directly modulate the suppressive function of MDSCs both in vitro and in vivo. After BM-MSCs treatment, the suppressive function of MDSCs was significantly enhanced with high levels of arginase and NO. Furthermore, the expression of CD40, CD80, CD86, and MHCII was also down-regulated. These data suggest that BM-MSCs can efficiently restore the strong suppressive function and the immature status of MDSCs and then alleviate the progression of ESS.

MSCs exhibited a range of immunomodulatory effect through releasing soluble factors and cell-cell contact. It has been reported that soluble factors, including TGF-β1, prostaglandin E2, indoleamine-pyrrole 2,3-dioxygenase, have been proposed to mediate the immunosuppressive function of MSCs (47). In this study, we observed high concentration of TGF-β in MSCs when co-cultured with MDSCs. TGF-β1 is a pleiotropic cytokine which has broad effects on the differentiation and function of various cell (48). Lee et al. have found Treg-derived TGF-β could efficiently promote MDSC proliferation and function in murine colitis (49). A recent study also reported that TGF-β could increase the expansion of MDSCs and enhance the suppressive capacity of MDSCs in vitro (28). Similarly, in our experiment, the canonical signaling of TGF-β was activated, the phosphorylation of Smad2 and Smad3 was strikingly enhanced in MDSCs co-cultured with BM-MSCs. Furthermore, while the TGF-β pathway in MDSCs was blocked by anti-TGF-β neutralizing antibody, the effect of BM-MSCs induced was almost inhibited, the suppressive function of MDSCs was reversed to the primary weak status. Concurrently, the in vivo experiment also showed TGF-β-silenced MSCs displayed a worse therapeutic effect in treating mice with ESS when compared with the control group. All these data indicate the regulation of BM-MSCs on the function of MDSCs was mainly mediated by TGF-β.

In conclusion, our findings suggest that BM-MSCs are capable of enhancing the suppressive capacity of MDSCs, thus alleviating the progression of ESS. Further exploration revealed the regulation of BM-MSCs on MDSCs was mainly through TGF-β/Smad pathway. Our study further enriches the mechanism of MSCs in the cell-based immunotherapy for autoimmune diseases.
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Primary Sjögren’s syndrome (pSS) is a chronic autoimmune disease associated with damage to multiple organs and glands. The most common clinical manifestations are dry eyes, dry mouth, and enlarged salivary glands. Currently, CD4+ T lymphocytes are considered to be key factors in the immunopathogenesis of pSS, but various studies have shown that CD8+ T lymphocytes contribute to acinar injury in the exocrine glands. Therefore, in this review, we discussed the classification and features of CD8+ T lymphocytes, specifically describing the role of CD8+ T lymphocytes in disease pathophysiology. Furthermore, we presented treatment strategies targeting CD8+ T cells to capitalize on the pathogenic and regulatory potential of CD8+ T lymphocytes in SS to provide promising new strategies for this inflammatory disease.
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Introduction

Sjögren’s syndrome (SS) is defined as primary SS (pSS) or secondary SS (sSS) which is associated with other autoimmune diseases (usually rheumatoid arthritis (RA), lupus, or scleroderma). pSS may occur alone and is a chronic autoimmune disease characterized by dry mouth and eyes. pSS patients often have distinct clinical symptoms, such as slow salivary flow rates and decreased salivary mucin quality, accompanied by dry keratitis or conjunctivitis (1, 2). Glandular lesions in patients with pSS are characterized by the mass infiltration of inflammatory cells and formation of ectopic germinal centers (GCs), which are anatomically and functionally similar to the GCs found in the secondary lymphatic organs (3). These inflammatory cells include T lymphocytes, B lymphocytes, natural killer cells (NKs), dendritic cells (DCs) and macrophages (2, 4).

CD8+ T lymphocytes are a complex group of lymphocytes with different phenotypes which are known to display a critical role in tumor, viral infection, chronic inflammation, and autoimmune disease (5–8). Overactivity or abnormal proliferation of CD8+ T lymphocytes can be detected in the peripheral circulation and specific target tissues of SS patients (9, 10). In the damaged lacrimal and salivary glands of SS patients or non-obese diabetic (NOD) murine models, there are always some CD8+ T cells among the infiltrating T cells, even though the number of CD4+ T cells is higher. It has been observed that activated CD8+ T lymphocytes accumulate around apoptotic acinar epithelial cells, and the ascensive effector molecules of cytotoxic CD8+ T lymphocytes (CTLs) such as Granzyme B (GrB), perforin, interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α) can be detected (11, 12). These results indicate the presence of a population of activated CD8+ T lymphocytes with cytotoxicity that are capable of killing the glandular epithelial cells and leading to the death or apoptosis of the cells. However, some researchers have found that CD8+ T cells located in the ocular surface of a murine model could regulate Th17 cells and prevent disease progression (13). Therefore, the pathogenicity and regulatory effects of CD8+ T cells still require further clarification.

The distinctive role of CD8+ T lymphocytes in SS is likely influenced by effector molecules and cellular distribution. Here, we discuss our current understanding of the involvement of CD8+ T lymphocytes in lacrimal and salivary gland injury during SS development and review possible targeted therapies for CD8+ T lymphocytes.



CD8+ T Lymphocytes as Effector T Cells: Pathogenicity

Traditionally, naïve CD8+ T lymphocytes expressing the surface markers CD27, CCR7, and CD45RA are located in the secondary T cell zone of the thymus gland. When professional antigen presenting cells (APCs), such as DCs and B cells, present specific antigens on major histocompatibility complex 1 (MHC-1) molecules to CD8+ T cells together with co-stimulatory molecules to release cytokine signaling, CD8+T cells are activated, express CD57, and become cytotoxic T lymphocytes (CTLs) (14). As previously described, there was a negative correlation between perforin and CD27 expression, and CD27low/−CD8+ T cell subsets showed high cytolytic activity, indicating that these subsets were mainly cytotoxic effector T cells. Thus, mature CTLs are CD27−CD28–CD45RA+ T cells (15).


Classification, Features, and Functions

Effector CD8+ T lymphocytes play a vital role in killing tumor cells and controlling pathogen-infected cells. CTLs directly affect target cells mainly through the release of GrB and perforin to clear target cells directly or Fas ligands (FasL), which is induced to bind to Fas death receptors on target cells, triggering apoptosis signalling (16). In addition to directly targeting infected cells, CTLs are likely to affect the occurrence and prognosis of diseases indirectly through the release of effector cytokines. This subset of CTLs expresses lower levels of GrB and perforin than other subsets but is more likely to participate in adaptive immune responses through a variety of proinflammatory cytokines, such as IFN-γ, IL-4, IL-17 and TNF-α. At present, it is believed that effector CD8+ T lymphocytes can be mainly divided into Tc1, Tc2, Tc9, Tc17, follicular cytotoxic T (Tfc), follicular helper T (CD8+ Tfh) and regulatory T (CD8+ Treg) cells in response to different stimuli, such as tumors, viral infections, allergies, autoimmune diseases and transplantation (17, 18) (Table 1).


Table 1 | Diverse subsets of CD8+T lymphocytes and their respective effects.



According to the main effector factors and phenotype, CXCR5−CTLs are mostly known as Tc1 cells and kill target cells in the context of antitumor immunity. These cells secrete IFN-γ and TNF-α and have high cytotoxicity (40). Tc1 cells are pathogenic in insulin-dependent diabetes mellitus (IDDM) but protective in allergic airway inflammation (33). Compared with Tc1 cells, Tc2 cells have lower cytotoxic functions and produce IL-4 and IL-5 in response to specific allergens (33, 40). Tc2 cells can produce IL-13 to enhance inflammatory responses, but these cells are less cytotoxic in diabetes than Tc1 cells (41). In addition, Tc2 cells may be involved in the development of RA by selective enrichment of IL-4-producing CD8+ T cells (42). Tc9 cells promote airway inflammation through Th2 cells while inhibiting CD4+T cell-mediated colitis (59). Tc17 cells (also known as Tc3 cells) mainly secrete IL-17 without cytolysis (40). Tc17 cells are present in the cerebrospinal fluid (CSF) of patients with multiple sclerosis (MS) and are crucial for Th17-mediated experimental autoimmune encephalomyelitis (EAE) and Th1-mediated autoimmune diabetes (43) (Table 1). However, these CTL subtypes have not been determined in SS yet and need further exploration.

CXCR5+CTLs are characterized by the transcription factor Bcl6 and can be further divided into three subgroups. First, Tfc cells are the only subgroup with cytotoxic abilities in chronic viral infections. These cells are also known as the progenitors of exhausted T cells (TEX cells) and show higher proliferation and cytotoxicity than CXCR5-CTLs (40, 60). Tfc cells are particularly responsive to inhibitor checkpoint blockade, especially anti-PD-1 therapy and are excellent for treating cancer and chronic viral infections (19, 20, 34). Second, CD8+ Tfh cells interact with B cells and are recruited through CXCL13, producing high levels of IFN-γ and IL-21 and promoting autoimmune responses (21–24, 61, 62). The third subgroup is CD8+ Treg cells. QA-1-restricted CD8+ Treg cells inhibit Tfh- and Th17-mediated responses in diseases such as lupus-like syndrome, EAE and arthritis (25, 63, 64). Due to their special functions, Treg cells will be described in detail in the following section.



Distribution of CTLs in Peripheral Blood

The marked activation of T lymphocytes in the peripheral blood of patients with Sjögren’s syndrome shows increased HLA-DR expression. Yukinobu et al. showed that the percentage of peripheral HLA-DR+CD11−CTLs but not HLA-DR+CD11+CD8+T (T-suppressed) cells in SS patients was obviously high compared with that of the control (9). In addition, serum immunoglobulin levels were positively correlated with the percentage of HLA-DR+CTLs and T-suppressed cells (9). Surprisingly, only CD8+ T cells but not CD4+ T cells were associated with HLA-DR up-regulation in damaged glandular tissue (10). Moreover, the expression of HLA-DR in glandular CD8+ T lymphocytes was closely related to the clinical symptoms of SS, including the European League Against Rheumatism Sjögren’s syndrome Disease Activity Index (ESSDAI) scores, suggesting that effector CD8+ T lymphocytes have a pathogenic role (9, 15). The pathogenic factors of SS are not clear, but it is thought that viruses are important inducers. In general, CD8+ T cells play a key role in the clearance of viral infections. In addition, it showed that dysregulated SS gene signatures (SGS), including epigenomes, mRNAs and proteins in peripheral blood of SS patients, significantly overlapped with SS-causing genes which mainly involved in interferon signal and a disintegrin and metalloproteinase (ADAM) substrates (65). Most significantly, the SS pathogenic genes were specifically associated with activated CTLs, which may reflect disease characteristics. Remarkably, transcriptional module 1 (TR1) in CD8+T cells rather than in CD4+ T were present specifically in SS (65). The total percentage of CD27−CD57−/+CD45RA+CD8+T lymphocytes with a high level of perforin and killing activity in the peripheral blood of SS patients was lower than that of healthy subjects (15, 66). In contrast, Sudzius et al. proposed that the absolute number of effector CD27−CD8+ T cells was increased (67).

Of note, T lymphocytes in the blood were negatively correlated with CD45+ immune cells infiltrating the glands and the frequency of activated HLA-DR+ cells in target tissues, indicating that the reduction in peripheral effector T cells is probably due to their accumulation in the glands. Furthermore, effector memory CD8highCD27+CD57− T cells with reduced cytotoxicity were significantly reduced in the peripheral blood of SS patients, which was shown to be due to increased spontaneous apoptosis or a sedentary response in the tissues (15, 68). We hypothesize, these cells migrate to local inflammatory sites during progressive disease and are responsible for destroying pathogens. According to some studies, CD27−CD57+CD8+T cells, a subset of CTLs, are potentially highly cytotoxic, but they are destined to migrate to non-lymphoid tissues without further circulation, which is consistent with the above hypothesis (68). At present, a number of studies have shown that mature effector CD8+ T cells no longer participate in peripheral circulation throughout disease progression. In advanced SS, CD8+ T cells are likely to reside in glandular tissues to exert immune effects. Data show that after 10 weeks of immunization, CD8+ T lymphocytes migrate and re-infiltrate with the accumulation of large amounts of the chemokine CCL22 and macrophages in the spleens or salivary glands of SS mice (69).



Distribution of CTLs in the Major Salivary Glands

The major salivary glands include the parotid, submandibular, and sublingual glands. Previous reports have shown an increase in IFN-γ, CXCL9 and CXCL10 in the salivary gland epithelial cells of SS patients, as well as constant infiltration of CTLs in inflammatory lesions in salivary glands in the female NOD murine model, which is representative of SS (35) IFN-γ derived from CTLs can alter tight junction integrity and function in parotid epithelial cells, leading to cell death (70, 71) (Figure 1).




Figure 1 | Activated CD8+T cells are involved in the mechanism of salivary gland injury. The upper part of the panel shows naïve CD8+ T differentiated into subgroups. CTLs and memory CD8+ T cells play important roles in the organization. The lower part of the panel highlights the tissues damage caused by activated CD8+ T entering the salivary glands. Pathological examination of apoptotic acinar cells in the salivary glands and lacrimal glands of patients with SS revealed the accumulation of CD8+ T cells and fewer CD4+ T cells expressing integrin αEβ7 (CD103) (12). A kind of cytotoxic memory T cell called CD8+ TRM cells and CTLs producing GrB/perforin can induce acinar cells death (53, 72). CTLs recognize pMHCI presented by the acinar cells, then specific T cell receptor (TCR) and co-receptors to contact parts, promoting the secretion of such as IFN-γ, TNF-α, GrB/perforin. In addition, CTLs can express FasL or secrete TNF-α, which bind to Fas and TNF receptors (TNFR) on the surface of acinar cells respectively and induce apoptosis mediated by caspase signaling pathways (73, 74). There are also a large number of inflammatory cells such as CD4+T cells and B cells in the glandular tissue, which cooperate with CD8+T cells to play an immune effect and cause tissues damage. Treg *: CXCR5+Foxp3+/−CD8+Treg; Tfc *: CXCR5+PD-1int-CD8+Tfc; Tfh *: CXCR5+PD-1highCD8+Tfh.



Recently, it was found that in aged Lgals1−/− mice (similar to SS, with decreased salivary and increased levels of anti-dsDNA, anti-nuclear and anti-SSA/Ro autoantibodies), the frequency of CD8+ T cells in submandibular glands was significantly increased. However, there was no significant difference in the frequency of CD4+ T and B220+ B cells. In particular, CD8+IFN-γ+ T and CD8+PD-1+ T cell infiltration was higher. Consistent with the higher expression of CXCL9 and CXCL10 in submandibular glands, CD8+CXCR3+ T cells’ infiltration increased as well, compared with WT mice (36). It suggested that CTLs could be actively recruited into this target organ. Kong et al. reported the expression of Fas and FasL in the duct lumen of salivary glands in SS patients (73). This finding suggested the occurrence of apoptosis and progressive damage to salivary glands through CTL-mediated cytotoxicity or the Fas-FasL pathway.

Furthermore, it has been well demonstrated that major salivary gland vascular endothelial cells express the cellular adhesion molecule VCAM-1, which is induced by systemic inflammation and binds with integrin α4β1 (the ligand of VCAM-1) (75). VCAM-1 promoted the migration of CTLs to exert immune effects in salivary glands, indicating that inflammation enhances T cell recruitment to the salivary glands. The salivary glands, particularly the parotid and submandibular glands, express many chemokines, such as CCL5, CXCL9, CCL28, CXCL14 and CX3CL1, while CD8+ T lymphocytes express chemokine receptors, such as CXCR4 and CXCR6, after stimulation (76) (Figure 1).

Therefore, we hypothesized that the destruction of salivary glands in advanced SS could be mediated by integrins, chemokines, and activated CD8+ T lymphocytes under sustained inflammatory stimulation, following the secretion of inflammatory factors.



Distribution of CTLs in the Lacrimal Glands

A large number of CTLs expressing IFN-γ surround apoptotic acinar epithelial cells of the lacrimal gland in SS patients (11). Moreover, the increased levels of CXCL9 and CXCL10 in the tears of SS patients are consistent with CTL-mediated IFN-γ induction (37). Subsequently, researchers demonstrated the presence of proliferating and activated CD11a+CD69+CD8+ T cells, which produced inflammatory molecules in the lacrimal glands of a NOD mouse model of SS (11). In particular, apoptosis mediated by the Fas-FasL interaction was observed in lacrimal acinar cells surrounded by CD107a+CD8+T cells, while FasL was only detected in SS patients (74, 77). Since CTLs expressing CD107a and GrB can kill the target cell directly, it has been suggested that the death of lacrimal epithelial cells could be independently mediated by CTLs (11). This finding is sufficient to show that CTLs are distributed in the lacrimal glands and play a pathogenic role in SS.




CD8+ T Lymphocytes as Memory T Cells

Memory CD8+ T lymphocytes differentiate from naïve CD8+ T cells and express CD45RO rather than CD45RA after antigen activation. Initially, memory CD8+ T lymphocytes predominantly circulate in the peripheral system and are divided into two classic subgroups: central memory (TCM) and effector memory (TEM) cells (78, 79). TCM cells are similar to naïve CD8+ T cells, express CCR5 and are present in secondary lymphoid organs, while TEM cells express CD45RA and exhibit cytotoxicity similar to that of CTLs in peripheral tissues (54, 80) (Table 1). Recently, a new subset of memory CD8+ T cells called tissue-resident memory CD8+ T lymphocytes (TRM cells) has been widely studied and expresses four classic surface markers: CD44, CD49a, CD69 and CD103 (53). This group is actively involved in disease progression, resides in peripheral tissues and is different from circulating memory CD8+ T cells, which will be investigated in detail.

CD8+ TRM cells circulate continuously in peripheral tissues and play a leading role in fighting peripheral infections, sometimes mediating stronger protection than any other memory T cells (81). CD44 could not be used to distinguish TRM cells from other CD8+T cells, but it could distinguish naïve, effector and memory cells according to the degree of expression. CD44 can bind to vascular endothelial cells to promote peripheral tissue cell migration during inflammation. CD49a is involved in TRM cells production of IFN-γ, GrB, and perforin, and it also interferes with TRM cell apoptosis in combination with collagenase type IV (82). In addition to CD8+ TRM cells, CD69 is also expressed in other killer cells, such as NKs, and antagonizes SIPR1 to promote tissue retention (83).

Furthermore, there is increasing evidence of TRM cells in autoimmune diseases and inflammatory responses. Recent pathological biopsies of patients with type 1 diabetes mellitus (T1D) showed that there were CD8+ TRM cells in the pathological islets, which were prone to producing inflammatory cytokines, including IFN-γ, IL-18 and IL-22 (84). Considering that CD103 on the surface of CD8+ TRM cells can bind E-cadherin on epithelial cells, CD8+ TRM cells are mainly present in mucosal tissues such as the respiratory tract, digestive or urogenital tract, secretory glands and skin (12, 53). In particular, the labial and submandibular glands, as exocrine glands, contain a large number of IFN-γ- and GrB-producing CD8+ TRM cells (11, 75). In murine SS, the salivary glands are typically damaged, which could be explained by the infiltration of pathogenic CD103+CD8+TRM cells in glandular tissues (55). It is worth noting that CD103+CD8+ T cells expressing IFN-γ appear to be controversial since they are regulatory cells.


Distribution of TRM Cells in the Minor Salivary Glands

Minor salivary glands (MSGs) are widely distributed in the lips, tongue, and palate. Although previous reports on the pathogenesis of SS indicated that CD4+ T cells were dominant in T lymphocyte-infiltrated lesions, in the labial salivary glands of SS patients, it was noted that there was a group of CD8+ T lymphocytes that outnumbered CD4+ T cells (55, 85). CD8+ T cells with a TRM phenotype secrete high levels of IFN-γ and are mainly localized near the duct epithelial cells and acinar cells of the MSGs (55). This finding could be logically explained by CD103 binding to E-cadherin on MSGs epithelial cells (12) (Figure 1).



Distribution of TRM Cells in the Major Salivary Glands

The striking thing is that the majority of infiltrating T lymphocytes in the submandibular glands of p40−/−CD25−/− mice, which recapitulate the main characteristics of human SS, are CD8+ T lymphocytes. They exhibit a TRM phenotype instead of CD4+ T cells, accompanied by significantly increased IFN-γ (55). CD8+ T cells are also a source of IFN-γ and cause direct destruction of glandular tissues. IFN-γ is closely connected to the death of parotid epithelial cells in the salivary glands (70, 71) IFN-γ significantly recruits the chemokines CXCL9 and CXCL10 on the surface of submandibular epithelial cells, then immune cells home to lesions, and exacerbate the progression of SS (35, 86) (Figure 1).

As CXCR3 expression is increased in T cells in draining lymph nodes, IFN-γ may promote CD8+T cell migration from draining lymph nodes to submandibular glands and exert effects in tissues, especially in the case of consistent inflammation and infection (55, 86). Therefore, the positive feedback pathway induced through the CD8+T-IFN-γ-CXCL9/10-CXCR3 axis further exacerbates tissue damage.

Moreover, researchers discovered that acinar atrophy, ductal injury and fibrosis were completely eliminated by knocking out CD8a in p40−/−CD25−/− mice, while CD4 knockout provided only mild relief. Moreover, only depletion of CD8a but not CD4 alleviated the lymphocyte lesions in the submandibular glands and restored salivary secretion (55). Tissue damage occurred despite inhibition of the germinal center responses and antibody production in p40−/vCD25v/−CD4−/− or IFN-γ−/− mice (55). In summary, CD8+T lymphocytes, especially CD8+ TRM cells, lead to salivary gland tissue damage in mice and may play a role that cannot be ignored in the occurrence and development of SS.




CD8+ T Lymphocytes as Regulatory T Cells

Regulatory CD8+ T cells (CD8+ Treg cells) are considered to be essential regulators and should be discussed. CD8+ Treg cells prevent the progression of autoimmune diseases by secreting a variety of cytokines to inhibit lymphocyte function (87–90). CD8+ Treg cells are mostly characterized by CD45RO expression and lack CD28, CD62L or CD122 expression (91, 92). CD8+ Treg cells can be divided into natural and induced subgroups according to their origins. Natural CD8+ Treg cells are generated and mature in the thymus and express human leukocyte antigen-G (HLA-G) or CD122 and CD28. The inhibitory effects of these cells are mediated by soluble factors such as HLA-G or IL-10 (93, 94). In contrast, induced Treg cells (including effector and memory CD8+ Treg cells) are derived from peripheral naïve T lymphocytes, which are stimulated by antigens and exert functions through cell–cell contact or the release of soluble factors (95, 96).

There is no real consensus on the phenotypic and molecular characteristics of regulatory CD8+ T cells, which appear to make up a heterogeneous group expressing Foxp3 (26). The phenotypic expression of CD8+ Treg cells, including CD122, CD28, CD45RC, CD103, and PD-1, is mainly associated with the differentiation status of CD8+ T lymphocytes among central or effector memory cells (97, 98). The inhibitory ability of induced CD8+ Treg cells is much stronger than that of naïve CD8+ Treg cells (99). Effector CD8+ Treg cells are present in the blood and secondary lymphoid organs, while memory CD8+ Treg cells are mainly distributed in peripheral tissues. A subset of induced Treg cells expressing CD8+CD28− can inhibit the production of high-affinity antibodies and autoantibodies to regulate humoral responses (40, 100). A reduction in the number of CD8+CD28− T lymphocytes with inhibitory effects has been described in animal models of autoimmune diabetes and experimental autoimmune encephalomyelitis (EAE) (100–103). The subset CD8+CD28−Foxp3+ T lymphocytes, which are similar to classic CD4hiCD25+Treg cells, inhibit the development of autoimmune diseases. Previously, it has been shown that CD8+CD28−Foxp3+T downregulate the expression of co-stimulatory molecules in DCs, reducing the efficiency of antigen presentation (104–106), regulating the activity of IDO+ plasmacytoid dendritic cells (pDCs), and mediating immune tolerance (104). In addition, CD8+ Treg cells could eliminate CD4+ Tfh cells by IL-21 and enhance perforin and IL-15 (27).

In addition, this subset includes a specific population called antibody-suppressor (CD8+ TAb-supp) cells that produce IFN-γ, which directly kills or inhibits IgG and IL-4 secretion by allogeneic B and CD4+ T cells (28) (Table 1). Reinforcing the notion that the key mediators of CD8+ Tregs inhibitory activity are IFN-γ and TGF-β, IFN-γ also participates in the pathogenicity of CTLs (107–110). An advantage is that CD8+ Treg cells’ activation is stimulated by almost all cell types, while CD4+ Tregs’ activation occurs only through cell expressing MHC-II molecules. CD8+ Tregs are useful in organ transplantation or graft-versus-host disease (GVHD) and are critical in autoimmune diseases (98, 111, 112).


Distribution of CD8+Tregs in the Blood

A recent study found that circulating regulatory CD8+CD28− T cells were negatively correlated with systemic disease activity in patients with SS (95, 113). Sudzius et al. demonstrated that CD8+Foxp3+ Treg cells showed a decreasing trend in the peripheral blood of pSS patients, even though it was not significantly different (67). Compared with that of healthy controls, the percentage of CD8+Foxp3+ Treg cells in the peripheral blood of pSS patients without clinical disease activity but with serological activity was significantly reduced, while there were no obvious changes in the frequency of CD4+ Treg cells (114). However, with the progression of the disease, advanced SS tissue lesions are exacerbated, and increased Treg cells are detected in the peripheral blood (115). The proportion of CD8+CD28-T cells in the peripheral blood of SS patients was significantly higher than that of healthy controls, as the level of soluble CD28 was also increased (113, 116). The migration of pathogenic or regulatory CD8+ T lymphocytes between the periphery and local disease-affected tissues is thought to occur, as CTLs have been detected in lacrimal and salivary glands (117).



Distribution of CD8+ Tregs at the Ocular Surface

Previous studies demonstrated that the number of infiltrating CD4+ Treg cells in the MSGs of SS patients was positively correlated with the gland biopsy lesion score but negatively correlated with the number of cells in the peripheral blood. Therefore, it can be posited that CD8+ Tregs exhibit opposing regulation in the peripheral blood and affected tissues, even though this regulation is reversible. Furuzawa-Carballeda et al. showed that IL-10+CD8+ Tregs migrated to lacrimal and salivary glands and appeared to directly contact target cells to mediate immune regulation (114). In addition to salivary glands and lacrimal glands, the ocular surface is another key site of inflammatory damage in SS. However, other researchers found that instead of causing disease, CD8+ T lymphocytes regulate the ocular surface in desiccating stress (DS)-induced SS mice, and so further research is needed. Although natural regulatory CD122+CD8+ T cells exist in the ocular surface, they seem to be independent of the development of SS (13, 73, 118). Zhang X demonstrated for the first time that CD103+CD8+ Tregs could significantly reduce Th17-mediated corneal barrier dysfunction in in a murine model of SS by inhibiting DCs activation (13). CD8+ T lymphocytes’ depletion increased DCs’ accumulation and activation and promoted DCs’ migration from the ocular surface to cervical lymph nodes (13). While we previously discussed CD103+CD8+ T cells with pathogenic effects on salivary glands, whether pathogenicity or regulation is related to the presence of these cells in different tissues or to the stage of SS development remains to be further clarified.

Collectively, three kinds of CD8+ T lymphocytes have been summarized in this section (Table 1). We discussed the different CD8+ T subsets that contribute to SS in depth. CD8+ T lymphocyte subsets are widely distributed in the peripheral blood and tissues with complex classifications and diverse phenotypes. However, subsets of the same phenotype may exhibit pathogenicity or regulation through different distributions in SS patients. Therefore, because CD8+ T lymphocytes have not been extensively reported in detail in SS, we need to further explore the role and influence of CD8+ T lymphocytes.




Targeting CD8+ T Lymphocytes: A Promising Treatment for SS

At present, it has been reported in the literature that the pathogenesis of Sjögren’s syndrome is probably related to the up-regulation of type I interferon. Consistent with this, SIGLEC1 (known as sialoadhesin and CD169, responsive protein of IFN-α) on mononuclear cells of SS patients was also significantly up-regulated, which has been proven to be related to the disease activity (119). Besides, B-cell aggregating in ectopic GCs is also pathogenic, producing antibodies and forming immune complexes with autoantigens. It can be deposited in tissues, promoting inflammation (120). However, the pathogenesis of SS is diverse without a complete understanding of the underlying pathogenic factors, and there is currently no specific cure. SS is characterized by systemic dryness, especially dry mouth and dry eyes, which are also observed in SICCA syndrome (1, 4). Therefore, it is difficult to diagnose SS through clinical symptoms, which urges us to look for characteristic indicators such as changes in autoantibodies, cytokines, effector molecules or immune cell subsets for diagnosis. The subsets of CD8+ T lymphocytes in SS are a controversial issue because the retention of CD8+ T cells in tissues contributes to both pathogenicity and regulation during disease development.

Given the key role of CD8+ T lymphocytes in the pathogenesis of SS, CD8+ T cell-targeted therapy has great promise. Unfortunately, no satisfactory results have been achieved. However, treatment of the disease with damaged glandular cells may be effective. For example, the proteasome inhibitor lactacystin suppresses the formation of immunoproteasomes in human-SG (HSG) cells by binding to the N-terminal of the β1i subunit (121, 122). IFN-γ is overexpressed during the progression of SS and up-regulates the immunoproteasome in SG cells, promoting the expression of MHC-I-associated peptides (123). MHC class I may be recognized and targeted by autoreactive CD8+T cells and then destroy SG cells in SS patients. Hence, the use of proteasome inhibitors to inhibit the immunoproteasome or targeting peptide epitopes on HSG cells is a promising strategy for the treatment of SS. Moreover, the direct use of MHC class I and self-peptide complexes can selectively induce autoreactive CD8+T cells apoptosis (124). Furthermore, blocking effector molecules associated with CD8+T cells might also be used to reduce the cytotoxicity and apoptosis of glandular epithelial cells or acinar cells.

On the other hand, improving SS may occur through targeting CD8+ T lymphocytes directly. Barr et al. demonstrated that NOD mice had lacrimal inflammation and cytotoxic CD8+ T cell infiltration, and the lack of CD8+ T cells reduced disease severity. In fact, cyclosporine inhibits the proliferation of CTLs in vitro (125). Douglas A. treated MRL/lpr mice with cyclosporine at the early stage and found that cyclosporine was effective in controlling autoimmune diseases, especially in alleviating lacrimal glands and intraocular inflammatory lesions (126). Cytotoxic T cell antigen 4 (CTLA-4), which can block the binding of B7 to CD28, leading to immune tolerance. CTLA-4Ig is a fusion protein composed of CTLA-4 extracellular functional genes and Fc segments of IgG1, which can destroy T cell activation. This may be a potential treatment for inhibiting the progression of pSS through suppressing CD8+ T activated in tissues. Meiners PM et al. found that abatacept treatment was effective, safe, and well tolerated in early pSS patients, because it resulted in a significant reduction level of ESSDAI and EULAR Sjögren’s syndrome Patient Reported Index (ESSPRI) (127). However, in the single-center abatacept Sjögren Active Patients phase III (ASAP-III) study, there was no difference between pSS patients treated with abatacept and those treated with placebo measured by ESSDAI or ESSPRI (128). Baer AN et al. also suggested that abatacept did not produce significant clinical efficacy compared with placebo in patients with moderate or severe pSS. Limitations in this study may be the heterogeneity of patients and missing CD8+ T cell population detection. While they detected improvements in some disease-relevant biomarkers and pathogenic cell populations such as CD4+T, it is difficult to determine whether it is effective against CD8+ T. Therefore, further studies are needed to assess the effect of abatacept on specific disease-relevant CD8+ T cells changes of pSS (129). In addition, the number of CD8+ Treg cells was negatively correlated with disease activity, regulating SS development (95, 113, 115). Thus, CTL depletion and powerful CD8+Tregs amplification may be achieved in early SS when certain drugs like abatacept and cytokines are applied.

Currently, new targets under investigation, including several approaches discussed in this review, which may intervene in the involvement of CD8+ T lymphocytes in SS, are shown in Table 2. Advances in our understanding of the pathogenic or regulatory mechanism of activated CD8+ T subsets are expected to provide effective treatments for SS patients in the future.


Table 2 | Potential therapies for SS by targeting CD8+ T cells.





Conclusion

The exocrine glands of SS patients have different degrees of inflammatory cell infiltration or ectopic germinal centers. In particular, activated CD8+ T lymphocytes in the tissues in SS are characterized as cytotoxic, promoting apoptosis or even inhibiting the disease, and these findings have been shown in current studies and support the idea that these cells are actively involved in the development of SS. The targets of this disease, salivary gland and lacrimal gland epithelial cells, maintain cross-talk with activated CD8+ T subsets. Environmental triggers occur through heredity, viral invasion and estrogen imbalance, leading to the activation of specific CD8+T cell subsets, especially TRM cells that reside in tissues and exhibit high cytotoxicity, which mediate glandular cell apoptosis through the Fas death pathway or releases toxic particles to target cell destruction (81, 85). Whether CD8+ T lymphocytes can induce or exacerbate the destruction of lacrimal and salivary glands remains to be further explored. Furthermore, the evidence for SS discussed in this review suggests that targeting CD8+ T cells may be a complementary strategy for disease immunotherapy. In summary, we explored evidence for the participation of CD8+ T lymphocyte subsets in the pathogenesis or regulation of SS with the hope of gaining insights to enhance CD8+T cell-targeted therapies.
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Objectives: To identify the importance of the Toll-like receptor (TLR) pathway using B cell high-throughput sequencing and to explore the participation of the TLR7 signaling pathway in primary Sjogren's syndrome (pSS)-associated thrombocytopenia in patient and mouse models.

Methods: High-throughput gene sequencing and bioinformatic analyses were performed for 9 patients: 3 patients with pSS and normal platelet counts, 3 patients with pSS-associated thrombocytopenia, and 3 healthy controls. Twenty-four patients with pSS were recruited for validation. Twenty-four non-obese diabetic (NOD) mice were divided into the TLR7 pathway inhibition (CA-4948), activation (Resiquimod), and control groups. Serum, peripheral blood, bone marrow, and submandibular glands were collected for thrombocytopenia and TLR7 pathway analysis.

Results: Seven hub genes enriched in the TLR pathway were identified. Compared to that in control patients, the expression of interleukin (IL)-8 and TLR7 pathway molecules in B-cells was higher in patients with pSS-associated thrombocytopenia. Platelet counts exhibited a negative correlation with serum IL-1β and IL-8 levels. In NOD mice, CA-4948/Resiquimod treatment induced the downregulation/upregulation of the TLR7 pathway, leading to consistent elevation/reduction of platelet counts. Megakaryocyte counts in the bone marrow showed an increasing trend in the Resiquimod group, with more naked nuclei. The levels of IL-1β and IL-8 in the serum and submandibular gland tissue increased in the Resiquimod group compared with that in CA-4948 and control groups.

Conclusion: pSS-associated thrombocytopenia may be a subset of the systemic inflammatory state as the TLR7 signaling pathway was upregulated in B cells of patients with pSS-associated thrombocytopenia, and activation of the TLR7 pathway led to a thrombocytopenia phenotype in NOD mice.

Keywords: primary Sjögren's syndrome, thrombocytopenia, B lymphcytes, Toll-like receptor 7, high-throughput nucleotide sequencing


INTRODUCTION

Primary Sjögren's syndrome (pSS) is a systemic rheumatic disorder characterized by lymphocytic infiltration of the exocrine glands with or without multiple extra-glandular involvement (1). Thrombocytopenia, a hematological manifestation of pSS, is present in 7.8% of patients at the time of pSS diagnosis (2). pSS-associated thrombocytopenia seriously affects patients' quality of life and life expectancy and poses challenges in the clinical management.

The pathogenetic mechanisms of pSS-associated thrombocytopenia have not been fully elucidated. Previous study revealed the potential role of elevated plasma P-selectin autoantibodies in the pathogenesis of thombocytopenia in pSS patients (3). Current studies have revealed that B cells play an important role in the pathogenesis of pSS (4). While in patients with pSS associated severe thrombocytopenia, the expression of FcγRIIb on B cells was significantly decreased. After high-dose methylprednisolone pulse therapy, the platelet count was significantly increased, with the taised expression of FcγRIIb on memory B cells (5). It suggested that the humoral immune response in pSS associated thrombocytopenia. Moreover, studies have also revealed that innate immune response disorders are associated with both pSS and immune thrombocytopenia, including the Toll-like receptor (TLR) 7 signaling pathway (6, 7). TLRs play a critical role in initiating innate inflammatory responses; they can recognize a range of RNA and DNA molecules from viruses and self-antigens leading to the production of cytokines and immune cell responses (8). In patients with pSS, previous studies revealed that TLR 7 driven loss of tolerance in pSS (9). While the stimulation of TLR-7 led to more naïve B cells, less preswitched memory B cells, and fewer IL-10 positive preswitched memory B cells, with increased amounts of several cytokines (10). However, their underlying mechanism remains unclear.

Therefore, it is crucial to understand the precise molecular mechanisms of B cells in pSS-associated thrombocytopenia and thus develop effective therapeutic strategies. In the present study, the differentially expressed genes (DEGs) in B cells in pSS-associated thrombocytopenia were screened based on high-throughput sequencing of the whole exosome. We then explored whether and how the TLR 7 signaling pathway participates in the pathogenesis of pSS-associated thrombocytopenia in patients and in a mouse model of pSS. This study provides novel insights into pSS-associated thrombocytopenia and identifies potential biomarkers and targets for future therapeutic strategies.



MATERIALS AND METHODS


Participants

Patients with pSS were enrolled in this study, including patients with pSS-associated thrombocytopenia and patients with pSS without thrombocytopenia. The diagnosis of pSS was defined according to the 2016 American College of Rheumatology (ACR)-European League against Rheumatism (EULAR) classification criteria (11). Thrombocytopenia was defined as platelet count < 100 × 109/L. All the patients were newly diagnosed without any treatment. Patients with other connective tissue diseases (CTD), other hematological disorders, any kind of acute or chronic infection, cancer, familial, viral, or drug-induced thrombocytopenia were excluded. Nine subjects were used for RNA-sequencing: three patients with pSS and normal platelet counts, three patients with pSS characterized by thrombocytopenia, and three gender- and age-matched healthy controls without the history of any rheumatological conditions. Twenty-four patients with pSS were used for validation, 12 patients with pSS-associated thrombocytopenia, and 12 patients with pSS without thrombocytopenia. All patients were enrolled from the Peking Union Medical College Hospital (PUMCH). The present study was approved by the Ethics Committee of PUMCH (No. JS-1870). All patients provided written informed consent for the collection of blood samples and processing of their personal data for clinical research purposes.



Cell Isolation and RNA Isolation

Peripheral blood mononuclear cells were isolated from heparinized peripheral blood by Ficoll-Paque density gradient centrifugation. B-lymphocytes were freshly isolated by magnetic cell sorting according to the manufacturer's instructions provided with the B-lymphocyte sorting kit (BD Biosciences, San Diego, USA). Cells were lysed in TRIzol, and total RNA was isolated. RNA concentrations were assessed with an Agilent 2100 Bioanalyzer (Agilent RNA 6000 Nano Kit), and RNA integrity was measured by capillary electrophoresis; all samples had a RIN-score > 7.0.



High Throughput Sequencing

RNA-sequencing (RNA-seq) was performed by the Beijing Genomics Institute (BGI). The total mRNA was enriched by oligodT selection or rRNA depletion. After the mRNA was extracted, concentrated, and sheared into fragments, complementary DNA (cDNA) was synthesized using N6 random primers, followed by purification of fragments, terminal repair, polyA-tailing, and ligation of adapters. The raw data from a chain-specific library were obtained by amplification using real-time polymerase chain reaction (RT-PCR). RNA-seq was performed based on the BGISEQ- 500 platform. The internal software SOAPnuke was used to filter reads. After filtering, the remaining reads were called “clean reads” and stored in FASTQ format (12). Furthermore, the clean reads were mapped to references using Bowtie 2 (13). Finally, the gene expression level was calculated using RSEM (14). For the final report, genes were annotated according to the National Center for Biotechnology Information and Ensembl genome databases after data were cleaned according to alignment, assembly, and qualification.



Identification of DEGs

Gene expression profiles were analyzed for patients with pSS without thrombocytopenia, patients with pSS-associated thrombocytopenia, and healthy controls. DEGs in group 1 (pSS-associated thrombocytopenia patients vs. healthy controls) and group 2 (pSS-associated thrombocytopenia patients vs. pSS patients without thrombocytopenia) were identified using the limma R package (15). Then, based on the “edge R” packages in R with an absolute fold change (log 2) > 2, the false discovery rate (FDR) was adjusted to a P-value < 0.01 to correct for the statistical significance of multiple experiments. Heat maps and volcano maps were generated individually using the gplots and pheatmap package (1.0.8) within R, while VennPlex (16) was used to create Venn diagrams and to determine overlapping genes between group 1 and 2.



Kyoto Encyclopedia of Genes and Genomes and Gene Ontolog Enrichment Analyses of DEGs

To determine the function represented in DEGs, we used the Database for Annotation, Visualization and Integrated Discovery (DAVID) to perform a functional and enrichment analysis of the DEGs using the GO and KEGG analysis R package (17). Subsequently, to provide a visible graphic that represents the interactions of DEGs and relative KEGG pathways, the gene pathway network was established and visualized using the Biological Networks Gene Oncology tool (BiNGO) (version 3.0.3) plugin of Cytoscape (18). Meanwhile, the KEGG mapper was used to understand high-level functions and biological systems from large-scale molecular datasets generated by high-throughput experimental technologies. In the GO analysis and KEGG pathway analysis, a P-value of <0.05 was considered statistically significant.



Protein-Protein Interaction Network Analysis

We used the PPI network provided by the Retrieval of Interacting Genes (version 10.0) (19) online database. Analyzing the functional interactions between proteins may provide insights into the mechanisms of generation or development of diseases. In this study, the PPI network of DEGs was constructed using the STRING database. An interaction with a combined score > 0.4 was considered statistically significant. The network was displayed using Cytoscape (version 3.4.0) (20). We then used the Cytoscape app plug-in Molecular Complex Detection (MCODE) (version 1.4.2) for clustering a given network based on topology to identify densely connected regions (21). The criteria for selection were as follows: MCODE score > 6, degree cut-off = 2, node score cut-off = 0.2, Max depth = 100, and k-score = 2.



Hub Gene Selection and Analysis

The Cytoscape app Cytohubba (version 0.1) was used to identify the hub genes (22), and the genes with the highest degree were selected. The association and biological functions among nodes with the highest interaction degree were analyzed with GenCLiP 2.0 (23), which enables functional annotation and molecular network construction of genes based on published literature.



Animal Study

An animal study was performed in accordance with the principles established by the revised Dutch Act on Animal Experimentation (1997) and was approved by the Ethics Committee of the Peking Union Medical Collage Hospital. Non-obese diabetic (NOD) mice were obtained from the Institute of Laboratory Animal Science, Chinese Academy of Medical Science. Twenty-four NOD mice were randomly allocated to three treatment groups. CA-4948 (50 μg/mouse, once a day) (HY-135317, MedChem Express, Princeton, USA), Resiquimod (50 nmol/mouse, once a week) (HY-13740, MedChem Express, Princeton, USA), or saline was administered by gavage at 8 weeks of age. Peripheral blood was obtained and analyzed every 5 days. After 5 weeks, the submandibular glands and bone marrow were harvested. Platelet counts in the peripheral blood, megacaryocyte (MK) counts and morphology in the bone marrow, TRL pathway, and platelet-related markers in the serum, peripheral blood cells, and submandibular glands were analyzed.



ELISA

Plasma levels of cytokines and platelet-related biomarkers were quantified using enzyme-linked immunosorbent assays (ELISA) in validation cohort as well as in animal study, according to the manufacturer's instructions. The following ELISA kits were used: IL-1β (mouse cat. SEA563Mu, human cat. SEA563Hu, Boster, Wuhan, China), IL-8 (mouse cat. ml058632, Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China; human cat. SEA080Hu, Boster, Wuhan, China), thrombopoietin (TPO) (mouse cat. SEA135Mu, human cat. SEA135Hu, Boster, Wuhan, China), and Megakaryocyte Colony Stimulating Factor (MK-CSF) (mouse cat. SEA090Mu, human cat. SEA090Hu, Boster, Wuhan, China).



RT-PCR

Single-stranded cDNAs were synthesized using a SYBR PrimeScript RT-PCR kit (TaKaRa Bio Inc., Japan), and PCR amplification was performed for real-time measurement of transcription in validation cohort as well as in animal study. The expression level was calculated by using 2−ΔΔCT methods. Data were analyzed using the SDS 2.4 software (Applied Biosystems, Foster City, USA). The primer sequences are shown in Supplementary Table 1.



Immunohistochemistry

Immunohistochemical staining for IL-1β, IL-8, TPO, and MK-CSF in the submandibular glands of NOD mice was performed. Tissue slides were probed with primary antibodies at indicated concentrations overnight at 4°C, followed by incubation with HRP-conjugated secondary antibody at room temperature for 1 h. Antibodies were applied at the following concentrations: IL-1β (cat. ab9722, Abcam, Cambridge, UK) 1:500 dilution, IL-8 (cat. A00423-1, Boster, Wuhan, China) 1:200 dilution, TPO (cat. ab203057, Abcam, Cambridge, UK) 1:500 dilution, and MK-CSF (cat. ab233387, Abcam, Cambridge, UK) 1:1,000 dilution. Chromogenic 3,3-diaminobenzidine (DAB) substrate was added to visualize the expression of the target proteins. Images were taken using a digital microscope color camera (Leica Microsystems, Tokyo, Japan).



Western Blotting

Western blotting was performed to detect the protein levels of IL-1β, IL-8, TPO, and MK-CSF in the submandibular glands of the NOD mice. The submandibular glands were lysed, protein concentrations were measured, and identical amounts of protein were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred to a polyvinylidene fluoride (PVDF) filter. After blocking with blocking solution, the PVDF filter was incubated with rabbit anti-IL-1β antibody (cat. ab9722, Abcam, Cambridge, UK) (1:1,000 dilution), rabbit anti-IL-8 antibody (cat. ab18672, Abcam, Cambridge, UK) (1:1,000 dilution), mouse anti-TPO antibody (cat. ab203057, Abcam, Cambridge, UK) (1:1,000 dilution), rabbit anti-MK-CSF antibody (cat. ab216884, Abcam, Cambridge, UK) (1:1,000 dilution), rabbit anti-TLR7 antibody (cat. ab24184, Abcam, Cambridge, UK) (1:1,000 dilution), rabbit anti-MyD88 antibody (cat. ab2064, Abcam, Cambridge, UK) (1:1,000 dilution), mouse anti-IRAK4 antibody (cat. ab119942, Abcam, Cambridge, UK) (1:1,000 dilution), rabbit anti-TRAF6 antibody (cat. ab33915, Abcam, Cambridge, UK) (1:1,000 dilution), mouse anti-NF-κB p65 antibody (cat. 6956, CST, Danvers, USA) (1:1,000 dilution), or rabbit anti-β-actin antibody (cat. ab228387, Abcam, Cambridge, UK) (1:1,000 dilution) at 4°C overnight. The filter was then washed and incubated with mouse or rabbit anti-IgG coupled with horseradish peroxidase (HRP) as the secondary antibody. The signal was detected using a ChemiDoc MP chemiluminescence system (Bio-Rad, USA).



Statistical Analysis

Statistical analyses were performed using SPSS 25.0 software (SPSS Inc., Chicago, IL, USA) and R statistical software version 3.4.3 (http://www.R-project.org/). Data are presented as the mean ± standard deviation (SD) for normally distributed continuous variables or the number and proportion (%) for categorical variables. Data were compared between groups using Student's t-test for continuous variables. A p-value < 0.05 was considered to be statistically significant.




RESULTS


Subject Characteristics

The study population characteristics are shown in Table 1. The mean age ± SD of the RNA-sequencing cohort and validation cohort pSS patients with thrombocytopenia meeting the inclusion criteria and the ones without thrombocytopenia (control group) were 54.5 ± 13.1 years and 56.5 ± 13.9, respectively. All subjects were women. The average platelet counts were 57.7 ± 24.5 in the pSS patients with thrombocytopenia group, which was significantly lower than that in the control group (230.0 ± 36.8) (p < 0.001). For all the samples, the peripheral blood leucocyte and erythrocytes counts were within the normal range.


Table 1. Study population characteristics.
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Nineteen DEGs Were Identified in pSS-Associated Thrombocytopenia

A general overview of the study design is shown in Figure 1. After standardization of the high-throughput sequencing results, 459 DEGs between health controls and pSS associated thrombocytopenia were identified (2 upregulated and 457 downregulated) (Supplementary Figures 1A,C). These 459 DEGs contributing to the development of pSS, as well as thrombocytopenia in pSS. To further confirm the DEGs specified in pSS-associated thrombocytopenia, 183 DEGs (31 upregulated and 151 downregulated) from group 2 were identified to be associated with thrombocytopenia in pSS (Supplementary Figures 1B,D). Therefore, the overlap between the two groups contained 19 genes representing the DEGs specified in pSS-associated thrombocytopenia, as shown in the Venn diagram (Supplementary Figure 1E). All the DEGs were upregulated in both group 1 and group 2 (Supplementary Table 2).
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FIGURE 1. Overview of the study design. HC, healthy control; pSS, primary Sjögren's syndrome; DEGs, differentially expressed genes; PPI, protein-protein interaction; RT-PCR, real-time polymerase chain reaction; ELISA, enzyme-linked immunosorbent assays; IHC, immunohistochemical.




Five GO Terms Were Identified by Enrichment Analyses of the 19 DEGs

To analyze the biological classification of DEGs, functional and pathway enrichment analyses were performed using DAVID. Gene ontology analysis showed 5 GO terms (neutrophil chemotaxis, chemokine activity, inflammatory response, chemokine-mediated signaling pathway, cellular response to interleukin-1) with significant differences (p < 0.05), and the highest GO biological process was “GO:0030593 neutrophil chemotaxis” (Figure 2).


[image: Figure 2]
FIGURE 2. Functional enrichment analysis of 19 differentially expressed genes (DEGs) in pSS associated thrombocytopenia. (A) The outer circle represents the expression (log FC) of DEGs in each enriched GO (gene ontology) term: blue dots on each GO term indicate upregulated DEGs. The inner circle indicates the significance of GO terms (log10-adjusted P-values). (B) The circle indicates the correlation between the top 9 DEGs and their gene ontology terms. (C) The distribution of DEGs in significant GO terms. DEGs, differentially expressed genes; pSS, primary Sjögren's syndrome; FC, fold change; BP, biological process; MF, molecular function.


The GO Chord plot showed the top 9 DEGs with their related GO terms, which were CCL3, CCL4, CCL3L1, CCL4L1, CCL4L2, CXCL8 (IL-8), IL1B, TNF, and TNFAIP3 (Figure 2B). KEGG pathway analysis revealed that the upregulated DEGs were mainly enriched in the Toll-like receptor (TLR) signaling pathway, Salmonella infection, viral protein interaction with cytokine and cytokine receptor, NF-kappa B signaling pathway, human cytomegalovirus infection, cytokine-cytokine receptor interaction, rheumatoid arthritis, IL-17 signaling pathway, chemokine signaling pathway, chagas disease, cytosolic DNA-sensing pathway, and AGE-RAGE signaling pathway in diabetic complications (Supplementary Figure 2A). The KEGG pathway network of the upregulated DEGs is shown in Supplementary Figure 2B. CXCL8, IL1B, and TNF were the top 3 DEGs involved in all 11, 10, and 9 pathways, respectively. Meanwhile, the TLR signaling pathway was the most significant pathway with the highest number of DEGs in the KEGG enrichment analysis (Supplementary Figure 2B). Through the KEGG mapper, we found that all the DEGs enriched in the Toll-like receptor pathway were for inflammatory cytokines (Supplementary Figure 2C).



PPI Network Analysis, Module Analysis, and Hub Gene Identification

The PPI network of DEGs was constructed (Supplementary Figure 3A). A total of 13 DEGs from 19 candidate DEGs were filtered into a network consisting of 37 interaction pairs among these 13 nodes. In addition, the most significant module was obtained based on the MCODE analysis in Cytoscape (Supplementary Figure 3B). This module consisted of 7 nodes (TNF, CXCL8, CCL4L1, IL1B, CCL3, CCL3L1, and CCL4) and 21 edges. As the functional enrichment analysis showed above (Supplementary Figure 2), all 7 DEGs were enriched in the TLR signaling pathway.



Identification and Analysis of the Hub Genes

The Cytoscape cytoHubba Network Analyzer plug-in selected 10 hub genes from the PPI network by identifying the top 10 nodes ranked by degree. Out of the 10 nodes investigated, 7 were significant and had a degree ≥ 700. Coincidentally, they were exactly the same 7 genes obtained from the MCODE analysis. TNF, CXCL8, CCL4L1, IL1B, CCL3, CCL3L1, and CCL4 were further confirmed by the CytoHubba network of hub genes. TNF had 7 co-interacting genes in the network. TNF and IL1B showed 18,190 co-citations in the network out of a total of 22,150 in the literature. TNF and CXCL8 showed 6,312 of 22,150 co-citations. IL1B and CXCL8 showed 4,474 of 20,350 co-citations (Supplementary Figure 3).




Increased Expression of Serum and B-Cell IL-8 in pSS Patients With Thrombocytopenia

Relative expression levels of these 7 hub genes in the B cells of patients with pSS were further determined by RT-PCR in the validation cohort. Compared to that in pSS patients without thrombocytopenia, the relative expression of IL-8 mRNA and CCL3L in B-lymphocytes in patients with pSS-associated thrombocytopenia was increased. Meanwhile, the pSS-associated thrombocytopenia group displayed a trend toward increasing levels of TNFα expression. However, no differences were observed in the relative levels of IL-1β or TNFα mRNAs between these two groups. Some potential serum biomarkers of thrombocytopenia were further evaluated by ELISA. The PSS-associated thrombocytopenia group had significantly elevated levels of IL-8 (196.5 ± 73.4 vs. 137.2 ± 52.9, p = 0.033) and IL-1β (158.5 ± 23.6 vs.130.8 ± 38.7, p = 0.047) compared to the pSS without thrombocytopenia group.



Upregulation of TLR7 Pathway in pSS-Associated Thrombocytopenia Compared to pSS Without Thrombocytopenia

A previous bioinformatics analysis and validation study in patients with pSS revealed the TLR7 pathway as the most canonical pathways in pSS-associated thrombocytopenia compared to pSS patients without thrombocytopenia and healthy controls in the validation cohort. Prior studies have found a positive association between the TLR7 signaling pathway and pSS as well as ITP (6, 7). Thus, we detected TLR7 and its downstream signaling molecules (24, 25) in B cells of patients with pSS-associated thrombocytopenia compared to pSS patients without thrombocytopenia in the validation cohort. Compared with that in the control group, the expression of TLR7, MyD88, IRAK4, and TRAF6 increased significantly in the B cells of patients with pSS associated thrombocytopenia (p < 0.05) (Figure 3).
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FIGURE 3. Hub genes expression, upregulation of Toll-like receptor (TLR) 7 and its downstream signaling molecules in B-cell and serum in pSS patients with or without thrombocytopenia in the validation cohort. (A) mRNA relative expression levels of 7 hub genes in B cells determined by real-time polymerase chain reaction (RT-PCR). Compared to that in pSS patients without thrombocytopenia, the relative expression of interleukin (IL)-8 mRNA and CCL3L in B-lymphocytes in patients with pSS-associated thrombocytopenia was increased. (B) Serum level of IL-1β, IL-8, thrombopoietin (TPO) and TNFα. (C) Upregulation of TLR7 and its downstream signaling molecules in patients with pSS associated thrombocytopenia compared to those in pSS patients without thrombocytopenia (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant).




Serum and B-Cell IL-8 Expression Level Correlated to Platelet Count in pSS Patients With Thrombocytopenia

The correlation between platelet count level and serum and B-cell cytokine expression levels was analyzed in the validation cohort. Notably, platelet counts negatively correlated with serum IL-1β (r = −0.409, p = 0.047) and IL-8 (r = −0.415, p = 0.044). In B cells, the relative expression of IL-8 (r = −0.479, p = 0.018) and CCL3L (r = −0.588, p = 0.003) mRNA also negatively correlated with platelet count. No correlation was found between platelet count and serum TNFα level or any other hub gene mRNA expression in the B cells (p > 0.05).



Stimulating the TRL7 Pathway Induced Platelet Decrease in NOD Mice

We further investigated whether intervention of the TLR7 pathway may affect platelet count and induce pSS-associated thrombocytopenia-like manifestations in pSS model mice. The groups treated with the TLR7 pathway inhibitor (CA-4948) or agonist (Resiquimod) were compared with the saline-treated control group. Platelet counts were determined every 5 days after treatment from 8 to 13 weeks. After 5 days of treatment, consistent significant differences in platelet counts among different groups were observed (Figure 4A). Compared to the ones in the saline control group, the platelet counts in the CA-4948 group were significantly increased (p < 0.001), while the counts in the Resiquimod group were decreased (p < 0.001).
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FIGURE 4. Effects of Tol-like Receptor (TLR) pathway activation or inhibition on platelet and megakaryocyte in bone marrow in Non-obese diabetic (NOD) mice. (A) Platelet counts changes after CA-4948 (n = 8)/Resiquimod (n = 8)/saline (n = 8) treatment in NOD mice. After 5 days of treatment, consistent significant increase of platelet counts were observed in the CA-4948 group compared with the ones in the control group. (B) Megakaryocyte (MK) counts after CA-4948/Resiquimod/saline treatment in NOD mice. (C) MK morphology in control group. (D) MK morphology in CA-4948 group. (E) MK morphology in Resiquimod group. More naked nucleus MK were observed in the Resiquimod group, although without statistical significance. Red Arrow, MK (***p < 0.001).




TRL7 Pathway Blockage and Stimulation Induced Megakaryocyte Changes in Bone Marrow of NOD Mice

The counts and morphology of megakaryocytes (MK) in the bone marrow of NOD mice were evaluated. Compared to that in the control group (221.6 ± 31.7), the amount of MK in the CA-4948 group decreased slightly (202.1 ± 28.7) (p = 0.217), while the amount of MK in the Resiquimod group increased (251.6 ± 34.3) (p = 0.088) but without statistical significance (Figure 4B). More naked nucleus MK were observed in the Resiquimod group than the other two groups (Figures 4C–E). MK counts negatively correlated with average platelet counts (r = −0.455, p = 0.025).



TRL7 Pathway Intervention Induced Related Serum Marker Changes in NOD Mice

Serum biomarkers and downstream molecules of the TRL7 pathway were measured by ELISA and RT-PCR. To better understand the platelet count changes, TPO and MK-CSF were determined. Compared with the control group, treatment of NOD mice with CA-4948 led to a significant decrease in serum and peripheral blood mRNA expression of the TLR7 pathway molecules, IL-1β, IL-8, and MK-CSF levels and increase in serum TPO levels. However, the Resiquimod group showed the opposite trend. The serum levels of IL-1β, IL-8, and MK-CSF negatively correlated with average platelet counts (r = −0.475, −0.414, −0.442, respectively) (Supplementary Figure 4).



TLR7 Pathway Stimulation Induced IL-8 Expression in the Submandibular Glands in NOD Mice, Which Increases During the Development of SS-Like Disease

To confirm the effects of the TLR pathway intervention on submandibular glands, H&E - stained sections and IHC-stained sections were evaluated. Infiltration of lymphocytes in the interstitial tissue was observed in the salivary glands of controls at the age of 13 weeks, accompanied by ductal dilatation and scattered focal lymphocytic infiltration (Figure 5A). Expression levels of IL-1β, IL-8, and MK-CSF were stronger in the Resiquimod-treated group than in the saline control. However, decreased expression of IL-1β, IL-8, and MK-CSF and increased expression of TPO in the CA-4948 group were observed compared to that in the control group (Figures 5B–E). Quantitative western blot analyses revealed significantly increased expression of the TLR7 signaling pathway molecules, IL-1β, IL-8, and MK-CSF, and decreased expression of TPO in the submandibular glands of the Resiquimod-treated NOD mice (Figure 6).


[image: Figure 5]
FIGURE 5. Hematoxylin and eosin-stained sections and Immunohistochemical (IHC) stained sections of the submandibular gland tissue of NOD mice. Submandibular gland was obtained at the age of 13 weeks, 5 weeks after intervention of CA-4948/Resiquimod/saline. (A) Infiltration of scattered lymphocytes was present in interstitial tissue (original magnification × 100). (B) IHC of Interleukin (IL)-1β (original magnification × 400). (C) IHC of IL-8 (original magnification × 400). (D) IHC of Megakaryocyte Colony Stimulating Factor (MK-CSF) (original magnification × 400). (E) IHC of thrombopoietin (TPO) (original magnification × 400). Expression levels of IL-1β, IL-8, and MK-CSF were stronger in the Resiquimod-treated group than in the saline control. However, decreased expression of IL-1β, IL-8, and MK-CSF and increased expression of TPO in the CA-4948 group were observed compared to that in the control group.
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FIGURE 6. Western blot of TLR pathway and platelet-related markers of the submandibular gland tissue of NOD mice. Submandibular gland was obtained at the age of 13 weeks, after intervention of CA-4948/Resiquimod/saline for 5 weeks. C: control group treated with saline; I: inhibitor group (treated with CA-4948); A: activator group (treated with Resiquimod). Compared with saline control group, Resiquimod induced significantly increased expression of the TLR7 signaling pathway molecules, interleukin (IL)-1β, IL-8, and Megakaryocyte Colony Stimulating Factor (MK-CSF), and decreased expression of TPO in the submandibular glands. While CA-4948 group showed opposite expression trends of these molecules (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant).





DISCUSSION

Thrombocytopenia remains a serious systemic complication of pSS. However, the mechanisms involved remain unclear, which lead to challenges in the clinical management. The findings of this study indicate that TLR7 and its downstream signaling molecules are strongly expressed in patients with pSS-associated thrombocytopenia. This role of the TLR7 pathway has also been demonstrated in in vivo models of pSS.

Evidence confirms that lymphocytic disturbances play a significant role in SS, including ectopic germinal center formation and aberrations in cellular signaling (26). B cells are the dominant lymphocytes in severe salivary gland lesions (27). Given that B cell overactivity is a cardinal feature of pSS, as evidenced by the presence of profound hypergammaglobulinemia and several autoantibodies (28), direct or indirect targeting of B cells represents a therapeutic approach (29). In patients with pSS-associated thrombocytopenia, rituximab showed good efficacy and fair tolerance in a clinical observation study (30). Therefore, it is essential to screen for differences in gene expression in B cells of pSS-associated thrombocytopenia. Here, we exploited RNA-sequencing to provide in-depth transcriptional analysis of B cells from patients with pSS-associated thrombocytopenia, pSS without thrombocytopenia, and healthy controls. A total of 19 overlapped DEGs were identified between group 1 and group 2, and all DEGs were upregulated. In GO analysis, the DEGs were mainly enriched in the neutrophil chemotaxis, chemokine activity, inflammatory response, chemokine-mediated signaling pathway, and chemokine-mediated signaling pathway.

In our study, the TLR signaling pathway was the most significant pathway of pSS-associated thrombocytopenia, with the highest number of DEGs in the KEGG enrichment analysis. TLRs are an important part of the innate immune system and play an indispensable role in the pathogenesis of autoimmune diseases (8, 31). TLRs are an evolutionarily ancient family of pattern recognition receptors (PRRs) that recognize a wide range of pathogen-associated molecular patterns and activate a variety of immune cells, leading to the production of many immune-stimulatory cytokines and chemokines (8, 32). Several studies have demonstrated that aberrant activation of TLRs might result in unrestricted inflammatory responses, leading to the development of autoimmune diseases. The expression levels of TLR2-4 and TLR7 were higher in the labial salivary glands and/or in the cultured salivary gland epithelial cells in SS patients compared to controls (7, 33, 34). TLRs have also been shown to participate in thrombocytopenia in various diseases, including ITP and virus-induced thrombocytopenia (6, 35, 36).

Our present data demonstrated the increased expression of the TLR7 pathway molecules in B cells of patients with pSS-associated thrombocytopenia compared to pSS patients without thrombocytopenia. We also demonstrated that TLR7 activation could induce thrombocytopenia in a mouse model of pSS. TLR7 can be activated by endogenous host RNA and DNA. Then, it signals through the cytosolic adaptor MyD88, which associates with IRAK1/4, triggers TRAF6, and activates NF-κB to induce inflammatory cytokines and inflammatory responses (24). TLR7 was found to be significantly increased in some autoimmune diseases, including SLE and pSS (4, 6, 37). Yang et al. (6) also revealed that TLR7 contributes to autoantibody-mediated platelet destruction and correlates with disease activity in ITP. In this study, we showed that pSS-associated thrombocytopenia elicited a significantly stronger inflammatory response related to the TLR7 signaling pathway activation than in general patients with pSS, as indicated by increased inflammation, cytokine secretion, and NF-κB activity. Therefore, pSS-associated thrombocytopenia usually is usually correlated with a higher-grade inflammatory state and requires more aggressive treatment in clinical practice. Our findings suggest that pSS-associated thrombocytopenia might be a subset of pSS characterized by a systemic inflammatory state, which might be induced by stronger TLR7 pathway activation.

Another key finding from our analysis is the increased level of IL-8 and IL-1β expression in pSS-associated thrombocytopenia. IL-8 is a proinflammatory chemokine that belongs to the CXC family and induces neutrophil activation, binds to heparin, and is related to platelet factor 4 (38). Being a downstream signaling molecule of the TLR7 pathway, increase in IL-8 can reflect the activation of the TLR7 pathway and the pathogenesis leading to thrombocytopenia in pSS. Compared to healthy controls, there were no differences in serum IL-8 expression levels in patients with pSS (39). However, some studies revealed that IL-8 expression was significantly increased in induced tears and salivary glands of patients with pSS compared to healthy controls (40, 41). In healthy salivary gland epithelial cells, anti-Ro/SSA autoantibodies could stimulate the production of IL-8 (42). However, downregulating IL-8 levels would improve platelet recovery due to thrombocytopenia caused by myelodysplastic syndrome/acute myeloid leukemia (43). IL-8 could also cause the pathology of platelets, leading to platelet hyper-activation and spreading (44).

Another important proinflammatory cytokine, IL-1β, was also shown to be increased in pSS-associated thrombocytopenia compared to general pSS in our study. IL-1β can be induced by activation of the TLR7 signaling pathway (45). At the peripheral blood level, patients with pSS showed higher expressions of IL-1β than healthy controls, and the IL-1β level was related to disease damage (46). As for thrombocytopenia, studies revealed that IL-1β together with IL-6 and IL-8, could increase hypercoagulability of whole blood and induce platelet hyper-activation and spreading (44). Meanwhile, the complement-IL-1β loop could cause impairment of mesenchymal stem cells, leading to immune thrombocytopenia (47).

In patients with pSS-associated thrombocytopenia, no previous studies have reported the role of IL-1β or IL-8. According to our findings, platelets showed a negative correlation with serum levels of IL-1β and IL-8. Thus, IL-8 may be a promising biomarker to identify pSS-associated thrombocytopenia in general patients with pSS. It whould be helpful for monitoring disease progression and defining severity of this disease in the clinic. However, both IL-1β and IL-8 may also reveal disease activity of pSS-associated thrombocytopenia, but this still requires further study.

These findings have practical implications. Based on our findings, intervention in the TLR signaling pathway may help identify new treatment methods for pSS-associated thrombocytopenia. In our study, the TLR signaling pathway was the most significant pathway for pSS-associated thrombocytopenia, with the highest number of DEGs in the KEGG enrichment analysis. Hydroxychloroquine (HCQ) is widely used for autoimmune diseases via suppressing TLR signaling pathway. Torigoe et al. (48) found HCQ could markedly suppress the TLR9-mediated human B cell functions during inflammatory processes, including B cell subset differentiation, IgG production, and cytokines secretion. However, HCQ is a weak drug as a monotherapy in pSS associated thrombocytopenia treatment in our experience. We suspect that the immune-modulatory effect of HCQ on TLR signaling pathway may not be strong enough in this condition. Recently, new studies have focus on the intervention of several proteins in the TLR signaling pathways (e.g., IKK-2 and MyD88), which have been identified as potential therapeutic targets for the treatment of certain diseases [e.g., systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), etc.] (49). Recently, new studies have focused on the involvement of several proteins in the TLR7 signaling pathways (e.g., TLR7 and MyD88), which have been identified as potential therapeutic targets for the treatment of autoimmune diseases (49). Inhibition of TLR7 represents a potential therapeutic strategy to reduce anti-RNA autoantibody production and attenuate glomerulonephritis in lupus mice (50). Inhibition of the TLR7 pathway led to platelet count growth in the pSS mouse model in our study. Therefore, strategies inhibiting the TLR7 pathway may benefit patients with pSS-associated thrombocytopenia, which should be a major focus for further investigation in the clinic.

There are some limitations to our study. First, the limited sample number may have affected the power of this study to detect differences between divergent groups. Second, there is currently no standard animal model for pSS-associated thrombocytopenia. Meanwhile, as a more rigorous experimental design, B cell specific TLR7 knockout mice model should be used. These complex mechanisms need to be intensively investigated in the future.



CONCLUSION

In conclusion, the present study showed that pSS-associated thrombocytopenia might be a subset characterized by a systemic inflammatory state. The TLR7 signaling pathway was upregulated in patients with thrombocytopenia compared with that in patients without pSS. IL-1β and IL-8 might be promising biomarkers for this complication. TLR7 pathway regulation might be a potential new treatment option for patients with pSS-associated thrombocytopenia.
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Supplementary Figure 1. DEGs in pSS associated thrombocytopenia. (A) The hierarchical clustering heat maps of DEGs in group 1. (B) The hierarchical clustering heat maps of DEGs in group 2. (C) Volcano plot of DEGs in group 1. (D) Volcano plot of DEGs in group 2. (E) Venn diagram showing the number of DEGs in group 1 and group 2, with an overlap of 19 DEGs. DEGs, differentially expressed genes. * group 1: pSS associated thrombocytopenia patients and healthy controls. group 2: pSS associated thrombocytopenia patients and pSS patients.

Supplementary Figure 2. Pathway analysis of 19 differentially expressed genes (DEGs) in pSS associated thrombocytopenia. (A) Bar-plot of relevant and significantly enriched gene sets from KEGG data bases: each bar of KEGG terms represent DEGs counts enriched. (B) KEGG pathway network analysis: The large nodes in the network represent the KEGG terms, and the small nodes are DEGs. (C) KEGG mapper of toll-like receptor singaling pathway: red colors represent DEGs. DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, gene ontology.

Supplementary Figure 3. Visualization of PPI network and hub genes using cytoscape. (A) PPI network was identified for 13/19 DEGs: The color represents the degree of the nodes, and the darker the edge displayed, the higher the degree of interaction is. (B) Model PPI network originated from a with most significant interactions (MCODE score > 6). (C) Interaction network of hub genes. (D) The co-citation network of hub genes, the number on the line represents the number of studies co-cited. DEGs, differentially expressed genes; PPI, protein-protein interaction.

Supplementary Figure 4. Toll-like receptor (TLR) pathway intervention-induced expression of the TLR7 pathway and changes in the related serum markers in NOD mice. Peripheral blood or serum was obtained from NOD mice at the age of 13 weeks, 5 weeks after intervention of CA-4948/Resiquimod/saline. (A) mRNA relative expression levels TLR7, MyD88, IRAK4, TRAF6, and NF-κB. (B) mRNA relative expression levels IL-1β, IL-8, thrombopoietin (TPO), and Megakaryocyte Colony Stimulating Factor (MK-CSF) in peripheral blood. (C) Serum levels of IL-1β, IL-8, TPO, and ML-CSF. Compared with the control group, treatment of NOD mice with CA-4948 led to a significant decrease in serum and peripheral blood mRNA expression of the TLR7 pathway molecules, IL-1β, IL-8, and MK-CSF levels and increase in serum TPO levels (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant).

Supplementary Table 1. Real-time polymerase chain reaction primer sequences.

Supplementary Table 2. Expression (log FC) of DEGs in pSS-associated thrombocytopenia.
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Since B-cell hyperactivity and pathologic antibody response are key features in the immunopathogenesis of primary Sjögren’s syndrome (pSS), the role of follicular T helper (TFH) cells as efficient helpers in the survival and differentiation of B cells has emerged. Our aim was to investigate whether a change in the balance of circulating (c)TFH subsets and follicular regulatory T (TFR) cells could affect the distribution of B cells in pSS. Peripheral blood of 38 pSS patients and 27 healthy controls was assessed for the frequencies of cTFH cell subsets, TFR cells, and certain B cell subpopulations by multicolor flow cytometry. Serological parameters, including anti-SSA, anti-SSB autoantibodies, immunoglobulin, and immune complex titers were determined as part of the routine diagnostic evaluation. Patients with pSS showed a significant increase in activated cTFH cell proportions, which was associated with serological results. Frequencies of cTFH subsets were unchanged in pSS patients compared to healthy controls. The percentages and number of cTFR cells exhibited a significant increase in autoantibody positive patients compared to patients with seronegative pSS. The proportions of transitional and naïve B cells were significantly increased, whereas subsets of memory B cells were significantly decreased and correlated with autoantibody production. Functional analysis revealed that the simultaneous blockade of cTFH and B cell interaction with anti-IL-21 and anti-CD40 antibodies decreased the production of IgM and IgG. Imbalance in TFH subsets and TFR cells indicates an ongoing over-activated humoral immune response, which contributes to the characteristic serological manifestations and the pathogenesis of pSS.
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Introduction

Primary Sjögren’s syndrome (pSS) is a chronic autoimmune disease displaying slow progression and affecting primarily middle-aged women nine-times more frequently than men. Histologically, the hallmark feature of pSS is the periductal cellular infiltration of lacrimal and salivary glands resulting in the damage and dysfunction of glandular tissue. Clinically, patients suffer from mouth dryness (xerostomia) and eye dryness (xerophtalmia) predominantly; however, various exocrinopathic symptoms are also frequently present. The clinical manifestations in pSS are not homogenous, besides glandular symptoms; the disease can involve any organ system and present with a wide variety of extraglandular manifestations affecting skin, genitourinary tract, kidneys, cardiovascular, nervous or musculoskeletal systems (1).

The development of pSS is still unclear; however, recent lines of evidence support a complex network between salivary gland epithelial cells and the innate and acquired immune systems. Epithelial cells, besides being the target of extrinsic and intrinsic factors that cause disruption of glandular tissue integrity, are also active participants in the initiation and perpetuation of the inflammatory process, through the expression of activation markers and toll-like receptors. The upregulation of adhesion and chemokine molecules, along with metabolic stress induced apoptosis initiates the recruitment of innate immune cells and triggers an interferon-related inflammatory cascade (1). Type I interferon production by plasmacytoid dendritic cells induces infiltrating leukocytes and epithelial cells to secrete B-cell activating factor (BAFF), which promotes B-cell survival and not only contributes to B-cell hyperactivity, but also acts as a mediator between innate and adaptive immunity (2, 3). Local accumulation and sustained survival of autoreactive B cells promote the development of ectopic germinal centers (GCs), which establish the perfect niche for autoantibody production or lymphomagenesis (4, 5).

T cell support for B cells is a pivotal mechanism for optimal B-cell selection, development, and activation. A subset of CD4+ T cells, termed follicular T helper (TFH) cells, are responsible for T-cell dependent humoral response in the B-cell follicles of secondary lymphoid tissues. The cognate interaction between TFH and activated naïve B cells is required for the generation of short-lived plasma cells at the extrafollicular foci as well as the development of long-lived high-affinity, antibody-secreting plasma cells during GC response (6). The ability to differentiate into GC B cells and GC TFH cells depends on antigen-specific contact between these cells and the successful delivery of mutual signals from the very first stage of their interaction (7). T-cell-dependent B-cell response proceeds in three spatiotemporal phases in the lymphoid tissues, including extrafollicular, follicular, and GC reaction phase, which demands the expression of several molecules. B cells in GCs receive help through CD40 ligation (CD40L), inducible T cell costimulator (ICOS) expression as well as via cytokine signals, especially interleukin-(IL)-21, which promotes B-cell differentiation. Stable connection between TFH and B cells is essential to prolong cell–cell contact and the effective delivery of help, which is established by signaling lymphocyte activation molecule associated adaptor protein (SAP) (8, 9). In the GCs, B cells undergo repetitive cycles of somatic hypermutation, clonal proliferation, and selection with the specialized aid from TFH cells to ensure the development of memory B cells and high-affinity antibody-secreting plasma cells (10). Whereas the evolution of GCs provides potent immune protection against foreign antigens, the tight regulation of TFH and B-cell interaction is essential to maintain immunological self-tolerance to prevent autoreactivity (11). Regarding the origin of circulating (c) TFH cells, strong evidence is supporting that TFH cells can be transported to neighboring GCs and migrate to the periphery. Activated T cells with decreased expression of characteristic TFH cell markers appear in the blood, and they have the potential to form memory cells (9). These circulating CD4+ C-X-C chemokine receptor 5 (CXCR5)+ memory TFH cells share functional properties with GC TFH cells and express ICOS and programmed cell death protein 1 (PD-1) molecules, however, in a tempered level. Human blood memory TFH cells form a heterogeneous group and include several subsets with different phenotypes and functions according to the presence of ICOS, PD-1, C-C chemokine receptor type 7 (CCR7), CD62L, and chemokine receptors CXCR3, CCR6 (12, 13). The first set of parameters distinguishes CXCR5+CCR7−CD62L− effector memory and CXCR5+CCR7+CD62L+ central memory cTFH cells. The expression of the two molecules is probably promoting the migration of the cells to secondary lymphoid tissues. Memory cell types can be further divided into ICOS−PD-1+CCR7int and ICOS−PD-1−CCR7hi quiescent and ICOS+PD-1++CCR7lo activated memory cTFH cells. The second set of parameters defines CXCR3+CCR6− Th1-like cells (cTFH1), CXCR3−CCR6− Th2-like (cTFH2) and CXCR3−CCR6+ Th17-like (cTFH17) cells (14). Concerning their distinct functional roles, TFH2 and TFH17 cells are declared as efficient helpers since they induce naïve B cell differentiation into plasma cells and produce immunoglobulin (Ig)A, IgG, and its subclasses. On the other hand, TFH1 cells are not competent naïve B-cell helpers; the only exception is when this subset is in an activated state (ICOS+PD-1++), but their helper capacity is limited to memory B cells (15–18). Recently, a subpopulation of regulatory T cells expressing Foxp3 and CXCR5, called follicular regulatory T (TFR) cells, was identified, which have a capability to modify GC responses in several ways: direct regulation of TFH-cell proliferation via the interruption of costimulation or due to the modulation of metabolic pathways in TFH and B cells (19). Consequently, investigations on TFH and B cell interactions in pSS not only can shed light on disease pathogenesis, but can also show the potential use of TFH cells as a biomarker or therapeutic target in autoimmune diseases as an attractive possibility.

In our study, we investigated the disproportion of TFR and cTFH cell subsets and assessed their correlations with disease activity and with various circulating B cell subpopulations in patients with pSS and healthy individuals. Moreover, we evaluated the role of cTFH cells in helping B cells by an in vitro functional assay.



Materials and Methods


Subjects

Based on our clinical practice, patients underwent evaluation according to the American-European Consensus Group (AECG), and the diagnosis of pSS was based on it (20). The diagnosis of patients was also revised in agreement with the 2016 American College of Rheumatology (ACR)/European League Against Rheumatism (EULAR) criteria for pSS (21). A total of 38 patients with pSS (37 female and one male; median age: 54 (range 37–74) years) fulfilling both classification criteria were included in the present study. Patients were diagnosed at the Division of Clinical Immunology, University of Debrecen, where they received regular follow-up treatment. The median disease duration was 12 (range 1–25) years. Since immunosuppressive and immunomodulatory drugs fundamentally affect the functions and numbers of the investigated lymphocytes, pSS patients with ongoing immunomodulatory treatments were excluded from the study. Systemic disease activity in pSS was assessed with the EULAR Sjögren’s Syndrome Disease Activity Index (ESSDAI) at the time of the laboratory examinations (22). The mean ESSDAI was 2.44 (± 0.51, range 1–4), which indicated currently a low disease activity without the necessity of ongoing immunosuppressive drug administration. During the total disease course, 23 patients suffered from systemic manifestations, such as vasculitis, Raynaud’s phenomenon, polyarthralgia, and polyneuropathia, while 15 patients had common glandular involvements. Based on routine laboratory results, 24 patients were positive for anti-Ro/SSA autoantibody (SSA >10 U/ml); moreover, 14 of them showed anti-La/SSB seropositivity as well. Twenty-nine age and sex-matched healthy volunteers (27 female and two male; median age: 46 (36–57) years) served as controls. The characteristics of pSS patients and healthy participants are presented in Table 1. The study participants diagnosed with viral or bacterial infections were excluded. Informed written consent was obtained from all patients. The study has been approved by the Ethics Committee of our University (protocol number: 4879-2017) and the Policy Administration Services of Public Health of the Government Office (protocol number: 1660-4/2018). All data stored and all experiments carried out were in compliance with the Declaration of Helsinki.


Table 1 | Demographic characteristic of patients with pSS and healthy controls.





Cell Surface Staining and Flow Cytometric Analysis of TFH and B Cell Subsets in Peripheral Blood Mononuclear Cells

Immunophenotyping of lymphocytes was performed by multicolor flow cytometry. Venous blood was collected in vacutainer heparin tubes, and peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Histopaque (Sigma-Aldrich, St Louis, MO, USA) density-gradient centrifugation. Harvested cells were washed twice and stained with anti-IgD-fluorescein isothiocyanate (FITC) (clone: IADB6, Beckman Coulter Inc, Fullerton, CA, USA), anti-CD27-phycoerythrin (PE) (clone: 1A4CD27, Beckman Coulter), anti-CD19-phycoerythrin-Cyanine dye 5 (PE-Cy5) (clone: J3-119, Beckman Coulter), anti-CD38-FITC (clone: HIT2, BioLegend, San Diego, CA, USA), anti-CD24-allophycocyanin (APC) (clone: ML5, BioLegend), anti-CXCR5-Alexa Fluor 488 (clone: RF8B2, BD Biosciences, San Diego, CA, USA), anti-ICOS-PE (clone: DX29, BD Biosciences), anti-PD-1-Peridinin-chlorophyll protein-Cyanine dye 5.5 (PerCP-Cy5.5) (clone: EH12.1, BD Biosciences) and anti-CD4-APC (clone: RPA-T4, BioLegend) monoclonal antibodies. Cell staining was carried out for 20 min at 4°C in the dark, then washed twice, and prepared for measurements. In case of B cells, at least 10.000 CD19+ events were analyzed, while TFH cell data were collected from at least 75.000 CD4+ events per sample within the whole lymphocyte population.

As described by Morita et al., three TFH subsets could be identified according to the expression of CXCR3 and CCR6 chemokines (15). Based on this study, Th1-like TFH1 (CXCR3+CCR6−), TFH1/17 (CXCR3+CCR6+), Th2-like TFH2 (CXCR3−CCR6−) or Th17-like TFH17 (CXCR3−CCR6+) cells were defined in CD4+CXCR5+ blood T cells with the help of anti-CXCR3-PE (clone: G025H7, BioLegend) and anti-CCR6-PerCP-Cy5.5 (clone: G034E3, BioLegend) monoclonal antibodies. For the determination of TFR cells we used anti-CD127-PE (clone: R34.34) and anti-CD25-PE-Cy5 (clone: B1.49.9) (both from Beckman Coulter) monoclonal antibodies besides CD4 and CXCR5. Fluorescence Minus One (FMO) controls were used to determine gate settings in multicolor panels. The flow cytometric examination was performed with a FACS Calibur instrument (Becton Dickinson, Franklin Lakes, NJ, USA). Data were analyzed using FlowJo Software (Treestar, Ashland, OR, USA). Fig. 1A demonstrates the gating strategy and the division of TFH cell subpopulations. Cell viability was assessed in a number of fresh samples using 7-Aminoactinomycin D (7-AAD) staining. The percentages of non-viable cells were 3.69 ± 0.73 in total PBMCs, 0.13 ± 0.10 in CD4+ lymphocytes, and 0.03 ± 0.02 in case of CD19+ lymphocytes (Supplementary Figure 1C).



Cell Separation, Cell Culture and Functional Analysis

B cells were magnetically isolated from the PBMCs using CD19+ B cell isolation kit (Miltenyi Biotec; Bergisch Gladbach, Germany). CD4+ T cells were enriched from PBMCs using CD4+ T cell isolation kit, then CXCR5− and CXCR5+ cell populations were separated within these cells with the application of CD185 (CXCR5)-biotin antibody and anti-biotin microbead (all from Miltenyi Biotec) according to the manufacturer’s instructions (healthy controls, n = 7; pSS patients, n = 5). Cell purity was assessed by flow cytometry: it was greater than 98% for B cells, while the purity was above 80% for cTFH cells. B cells were pre-activated by cross-linking of B-cell receptor (BCR) with 2.5 μg/ml affinity purified F(ab′)2 fragment of goat anti-human IgG + IgM (H + L) (Jackson ImmunoResearch, Baltimore, PA, USA) in the presence of recombinant human IL-2 and IL-10 proteins (both 50 ng/ml) (PeproTech, Cranbury, NJ, USA) for 24 h at 37°C in 5% CO2 milieu in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% heat-inactivated fetal bovine serum in 96-well flat-bottom plates. For in vitro co-culture assay, 5 × 104 autologous B cells were cultured with 5 × 104 CD4+CXCR5− T cells or 5 × 104 CD4+CXCR5+ cTFH cell in the presence of staphylococcal enterotoxin B (SEB) (Sigma-Aldrich; Steinheim, Germany) (1 μg/ml) in 96-well U-bottom plates. Blocking of T–B cell interaction was performed using 3 μg/ml anti-human IL-21 neutralizing antibody (clone MT216G/21.3m, MabTech Ab) and 5 μg/ml anti-human CD40/TNFRSF5 (clone 82102; R&D Systems, MN, USA). At day 7, supernatants were collected and stored at −70°C until further measurements, while cells were harvested then stained with the combination of anti-CD38-FITC, anti-CD27-PE, anti-CD4-APC monoclonal antibodies and 7-AAD viability solution. Plasmablasts were assessed using FACS Calibur flow cytometer and further analyzed with FlowJo software.



Enzyme Linked Immunosorbent Assay

IgG and IgM concentrations were measured in the supernatant of the co-culture by enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s protocols (MabTech AB, Nacka Strand, Sweden).



Assessment of Routine Laboratory Parameters

All patients were followed up on a routine basis, and their records contain detailed information on symptoms, clinical conditions, laboratory, and other findings of each visit. Routine laboratory measurements were carried out at the Department of Laboratory Medicine, Faculty of Medicine, University of Debrecen. Blood cell counts including total lymphocyte counts were analyzed with ADVIA 2120i hematology system (Siemens, Munich, Germany). Autoantibody levels were determined by enzyme-linked immunosorbent assay (ELISA) with AUTOSTAT II kits (Hycor Bio-medical, Indianapolis, IN, USA), according to the manufacturer’s instructions (anti-Ro/SSA; normal: ≤10 U/ml and anti-La/SSB; normal: ≤10 U/ml). Serum Ig concentrations were analyzed by turbidimetric method (Dialab GmbH, Wiener Neudorf, Austria). Rheumatoid factor (RF; normal: ≤20 IU/ml) was measured by quantitative nephelometry (Dialab). Circulating immune complexes (ICs) were detected by polyethylene glycol precipitation method. Laboratory reference range was an extinction of 0 to 170 for IC. The results were given according to the analytical measurement range stated in the manufacturers’ instructions.



Statistical Analysis

Data and statistical analyses were performed with GraphPad Prism 8 software (GraphPad Software, San Diego, USA). Descriptive data was represented in box plots of interquartile range (IQR) with a line in the middle as median and “+” sign as the mean value. Tukey whiskers show the 25th percentile minus 1.5IQR and 75th percentile plus 1.5IQR. Functional assay data displayed in scattered dot plots and bars with mean ± standard deviation. Kolmogorov–Smirnov and Shapiro–Wilk normality tests were used to assess normal distribution. In cases of normal distribution, one-way analysis of variance (ANOVA) with Tukey’s post hoc test for pairwise multiple comparisons was carried out. When data sets deviated from normality, Kruskal–Wallis test followed by Dunn’s post hoc test for pairwise multiple comparison was used. Two-way ANOVA with posttest Tukey’s test or Bonferroni’s test for multiple comparisons was used to assess data in in vitro experiments. Statistics and visualization of the correlation matrices were done with the R 3.4.0 software, using the Hmisc and Corrplot packages (23–25). Spearman’s correlation analysis was used for the correlations between the percentages of cell subsets and serological parameters, and R-values were obtained using Corrplot function. Differences were considered statistically significant at p ≤ 0.05.




Results


Changes in the Proportions of Circulating TFH Cell Subsets and TFR Cells in Patients With pSS

We previously described elevated percentages of circulating TFH cells in pSS (26). In order to confirm our former observation, we determined cTFH cell frequencies in a significantly larger patient cohort with well characterized B-cell abnormalities. Additionally, we further characterized blood TFH cell subsets in these patients. Lymphocytes were gated based on a forward and side scatter plot followed by a CD4+ cell gate. The percentages of TFH cell subsets, including TFH1, TFH2, TFH17, and TFH1/17 were quantified within the CD4+CXCR5+ lymphocytes of peripheral blood (Figure 1A). Several studies have shown that cTFH cells belong to memory CD45RA−CD4+ T cells (15). To confirm the credibility of our protocol, we evaluated the relative fluorescence expression of CD45RA on circulating CD4+CXCR5+ as well as CD4+CXCR5+PD-1+ T cells and reinforced that both subsets barely expressed CD45RA compared to CXCR5− T cells; thus they resembled memory cells (Supplementary Figure 2B). To assess whether cTFH subsets were altered in pSS, CXCR3+CCR6− TFH1, CXCR3+CCR6+ TFH1/17, CXCR3−CCR6− TFH2, and CXCR3−CCR6+ TFH17 cells were identified and quantified. There was no detectable difference in percentages of each TFH subsets in pSS patients in comparison to controls or in either designated group within pSS (Figures 1B–E). Interestingly, the entire group of pSS patients (p = 0.0248) and patients with anti-Ro/SSA positivity (p = 0.0047) showed a significantly increased frequency of activated ICOS+PD-1+ cTFH cells, compared to healthy individuals (Figure 1F).




Figure 1 | The distribution of cTFH subsets and TFR cells in patients with pSS and their association with laboratory serological markers. PBMCs were isolated from 38 pSS patients and 29 healthy controls (HC) then were stained with fluorochrome-labeled antibodies as described previously. Peripheral circulating (c)TFH subsets were quantified as their percentage within CD4+CXCR5+ lymphocyte population. (A) Representative dot plots show the gating strategy and the division of TFH cell subpopulations. Percentages of cTFH1 (B), cTFH1/17 (C), cTFH2 (D), cTFH17 (E) in pSS patients (n = 38), pSS without anti-SSA(−) (n = 14), pSS with anti-SSA(+) (n = 24) and HCs (n = 29). (F) Representative dot plots show the gating of ICOS+PD-1+ activated cTFH cells in pSS and HC. Percentages of activated cTFH cells. (G) Representative dot plots display the gating of TFR cells in pSS and HC. Frequencies of TFR cells. (H) Correlation analysis of the percentages of TFH cell subsets and TFR cells with different serological parameters in patients with pSS. One-way ANOVA with Tukey’s multiple comparisons test (B, D, E) or Kruskal–Wallis test with Dunn’s multiple comparisons test (C, F, G) was used. Correlation analysis was performed using Spearman’s test (H). Box plots represent the interquartile range (IQR) with a line in the middle as median and “+” sign as the mean value. Statistically significant differences are indicated by *p < 0.05; **p < 0.01.



Blood TFR cells were identified as CD127−CD25bright cells within the CD4+CXCR5+ T cell population (Figure 1G). Although the percentages of TFR cells in the whole population of pSS patients were similar to that of healthy controls, when patients were divided into two subgroups based on the presence or absence of autoantibodies, we found that the proportion of TFR cells in patients having anti-Ro/SSA antibodies was significantly higher than those measured in autoantibody negative patients (p = 0.0363, Figure 1G). Regarding the absolute number of circulating TFR cells, pSS patients had significantly decreased values compared to healthy individuals. This observation presumably stems from the fact that pSS patients have lower lymphocyte counts, which tends to bias the comparative analysis of absolute number of T cell subsets between pSS patients and healthy individuals (27, 28). Nevertheless, among patients, a significant elevation in absolute numbers of TFR cell was detected in anti-Ro/SSA positive individuals, compared to autoantibody negative patients (p = 0.0157) (Supplementary Figure 3F).



Altered Circulating TFH Subset and TFR Cell Frequencies Are Associated With Serological Findings

We investigated whether the alterations in activated cTFH cells as well as TFH cell subsets were associated with the disease etiology and other serological findings in pSS. Interestingly, the percentages of activated cTFH cells showed a significant positive correlation with the levels of anti-La/SSB autoantibody (R = 0.3504; p = 0.0310) and with serum IgA titer (R = 0.3530; p = 0.0297) (Figure 1H). In addition, we found that the proportion of TFH1 (R = 0.3368; p = 0.0387) and TFH1/17 cells (R = 0.3734; p = 0.0209), but not of TFH2 cells, was significantly positively correlated with the levels of ICs (Figure 1H). The frequency of TFH1 cells also showed a significant positive correlation with the levels of serum IgG (R = 0.3977; p = 0.0134) and anti-La/SSB autoantibody (R = 0.3948; p = 0.0142) (Figure 1H). Interestingly, significant positive associations were found between the ratio of TFR cells and levels of anti-La/SSB autoantibody (R = 0.5158, p = 0.0140; Figure 1H). Associations between the percentages of TFR cells and other TFH cell subsets are shown in the supplement, but it is worth mentioning that there was a positive correlation between the frequency of TFR cells and activated TFH cells (R = 0.5054, p = 0.0164) (Supplementary Figure 4A).



Altered Distribution of Peripheral B Cell Subpopulations Is a Characteristic Feature of pSS

In parallel with the assessment of circulating TFH subsets in pSS, we measured the proportions of different B cell subpopulations, in order to get a better view on TFH–B cell axis in pSS pathogenesis. Lymphocytes were first gated on their characteristic scatter pattern and then gated on the CD19+ population. Memory B cell subsets and naïve or mature-naïve B cells were identified according to IgD, CD27, CD38, and CD24 expression (Figure 2A). Proportions of CD19+IgD+CD27− naive B cells were significantly increased in pSS patients compared to healthy individuals (p = 0.0009, Figure 2B). As expected, patients with anti-Ro/SSA seropositivity had significantly higher percentages than controls (p < 0.0001, Figure 2B). On the other hand, the frequency of CD19+IgD+CD27+ un-switched memory B cells was significantly diminished in the total pSS population (p = 0.0010, Figure 2C), while the difference was more pronounced in patients with anti-Ro/SSA antibodies (p < 0.0001, Figure 2C) compared to controls. Interestingly, the proportion of un-switched memory B cells in autoantibody-negative patients was similar to control results (Figure 2C). Peripheral CD19+IgD−CD27+ switched memory B-cell percentages closely followed the above described tendency, since they were significantly reduced in the whole pSS patient group compared to controls (p = 0.0016, Figure 2D). Moreover, the anti-Ro/SSA positive group showed a significant diminished ratio compared to healthy controls (p = 0.0007, Figure 2D), as well. The percentages of CD19+CD38hiCD24hiCD27− transitional B cells were significantly elevated in the total patient group (p = 0.0029), along with anti-Ro/SSA antibody positive patients (p = 0.0002) (Figure 3E) compared to control values. On the other hand, we found that the proportion of transitional B cells had a tendency to be increased in patients having autoantibodies compared to the autoantibody-negative patient population (p = 0.0662, Figure 2E). The ratio of CD19+CD38intCD24int mature-naïve B-cell subset followed a similar tendency as naïve B cells (HC vs. Total: p = 0.0064; HC vs. aSSA+: p = 0.0038, Figure 2F). The percentages of CD19+CD38−CD24hiCD27+ primarily memory B cells were significantly diminished in the total pSS patients (p = 0.0005) as well as in the anti-Ro/SSA subgroup (p < 0.0001) (Figure 2G) in comparison with healthy subjects.




Figure 2 | Abnormal distribution of different B cell subsets reflects the pathophysiology of pSS. Peripheral blood B cell subsets were quantified as their percentage in CD19+ lymphocyte population. (A) Representative dot plots indicate the gating strategy and determination of different B cell subsets. Percentages of IgD+CD27- naive B cells (B), IgD+CD27+ un-switched memory B cells (C), IgD-CD27+ switched memory B cells (D), CD38hiCD24hiCD27− transitional B cells (E), CD38+CD24+ mature-naive B cells (F), CD38-CD24hiCD27+ primarily memory B cells (G) in pSS patients (n =38), pSS without anti-SSA(−) (n = 14) and pSS with anti-SSA(+) (n = 24) and healthy controls (HC; n = 29). (H) Frequencies of certain B cell subsets of pSS patients were acquired, and correlation analysis with serological parameters as well as with the percentages of cTFH subsets was carried out. Data analyses were performed using one-way ANOVA with Tukey’s multiple comparisons test (D, E) or Kruskal–Wallis test with Dunn’s multiple comparisons test (B, C, F, G). Correlation analysis was carried out with Spearman’s test (H). Box plots represent the interquartile range (IQR) with a line in the middle as median and “+” sign as the mean value. Statistically significant differences are indicated by *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.






Figure 3 | The effects of anti-human CD40/TNFRSF5 and anti-IL-21 on B-cell differentiation and antibody production. (A) Graphical representation of B-TH/cTFH co-culture assay. Magnetically isolated CD19+ B cells were pre-activated with F(ab′)2 fragment in the presence of recombinant IL-2 and IL-10 for 24 h. Isolated CD4+CXCR5+ cTFH or CD4+CXCR5− TH cells were co-cultured for 7 days with autologous B cells under stimulation by SEB and in the presence or absence of anti-human CD40/TNFRSF5 and anti-human IL-21 antibodies. (B) Representative dot plots show the neutralization effect of anti-human CD40 and IL-21 on plasmablast differentiation. Percentages of 7-AAD−CD4-CD27+CD38hi viable plasmablasts were measured by flow cytometry in healthy controls (HC; n = 6) and pSS patients (n = 3). Two-way ANOVA followed by Bonferroni’s posttest was used. Bars represent mean with SD. (C–F) Concentration and fold decrease of IgM and IgG were measured by ELISA in patients with pSS (n = 5) and HCs (n = 7). Bars show the mean with SD and each data point represents an individual subject. Data analysis performed with two-way ANOVA followed by Tukey’s multiple comparison tests. Statistically significant differences are defined as *p < 0.05.



Upon assessing the associations between B cell subpopulations and other measured parameters, we identified a significant negative correlation between the levels of serum anti-Ro/SSA and the frequency of switched memory B (R = −0.4047; p = 0.0117), un-switched memory B (R = −0.4046; p = 0.0118) and primarily memory B cells (R = −0.4311; p = 0.0069), while they showed positive correlation with naïve B cell percentages (R = 0.3957; p = 0.0139) (Figure 2H). The presence of serum anti-La/SSB showed a significant negative correlation with switched memory B (R = −0.3232; p = 0.0478) and primarily memory B cells (R = −0.3888; p = 0.0159), whereas their serum concentrations revealed a significant positive association with the frequencies of naïve B (R = 0.3532; p = 0.0296) as well as transitional B cells (R = 0.4641; p = 0.0033) (Figure 2H). The levels of IgG and IgA showed a similar correlation as autoantibodies, since they correlated negatively with the proportion of primarily memory B cells (IgG: R = −0.3258; p = 0.0459, IgA: R = −0.3233; p = 0.0477), while IgG also displayed a significant positive association with the percentages of naïve B cells (R = 0.3490; p = 0.0318) and a significant negative correlation with the frequency of un-switched memory B (R = −0.3570; p = 0.0278) (Figure 2H). Interestingly, we found a positive association between the percentages of transitional B cells and serum levels of IgG (R = 0.5861; p = 0.0001) and IgA (R = 0.5882; p = 0.0001) (Figure 2H). Levels of serum IgA also showed a significant positive correlation with the percentages of plasmablasts (R = 0.3821; p = 0.0179) while IgM exhibited a positive correlation with primarily memory B cells (R = 0.3237; p = 0.0474) (Figure 2H). Moreover, the presence of serum ICs correlated positively with naive (R = 0.3794; p = 0.0188) and transitional B cells (R = 0.4049; p = 0.0117), and negatively with switched memory B cells (R = −0.3302; p = 0.0429) (Figure 2H).

We also assessed the possible associations between peripheral TFH cell subsets and B cell subpopulations. The frequency of activated cTFH cells within CD4+CXCR5+ cells revealed a significant positive correlation with the percentages of transitional B cells (R = 0.5520; p = 0.0003) and plasmablasts (R = 0.3960; p = 0.0139), whereas it showed a significant negative correlation with un-switched memory B cell proportions (R = −0.3345; p = 0.0401) (Figure 2H). Interestingly, only the frequency of TFH2 subset showed any association with B cell subsets. A significant positive correlation was found with every memory B cell subpopulation (switched B: R = 0.3640; p = 0.0246, un-switched B: R = 0.4301; p = 0.0070, DN B: R = 0.3826; p = 0.0177; primarily memory B: R = 0.3986; p = 0.0132), while a significant negative correlation was observed with the frequency of naïve B cells (R = −0.4645; p = 0.0033) and mature-naïve B cells (R = −0.3967; p = 0.0137) (Figure 2H). Of note, significant positive associations were found between the proportion of TFR cells and transitional B cells (R = 0.5438, p = 0.0089) (Figure 2H). In summary, the present results reinforced our previously published observations on the distribution of B cell subsets in pSS (29). Moreover, our current findings on the proportions of certain B cell subsets along with the high percentages of activated cTFH cells and TFR cells, point at the crucial role of TFR–TFH–B cell axis in the development of aberrant humoral immunity in pSS.



TFH Cells Help B Cells in the Peripheral Blood of pSS Patients

It is known that TFH cells play an important role in B-cell proliferation and high-affinity antibody production by elevated expression of costimulatory signals as well as secreting stimulating cytokines, including IL-21. Our aforementioned results suggested a direct association between activated TFH cells and B cells in the early differentiation state or with antibody production. To further investigate this issue, we co-cultured B cells with isolated T helper or circulating TFH cells in vitro in the presence of SEB superantigen and investigated the competence of certain T cell subsets to induce B cell differentiation into CD27+CD38hi plasmablasts (Figure 3A). In order to reinforce the key function of TFH cells in pSS, we investigated the neutralization of T and B-cell interaction in co-culture, blocking antibodies against IL-21, and CD40/TNFRSF5 was added in T–B co-cultures. As expected, cTFH cells supported B-cell differentiation and plasmablast development more efficiently than CD4+CXCR5− T cells in both controls and pSS patients (HC untreated: p = 0.0314 and pSS untreated: p = 0.0432, Figure 3B), but we failed to detect any difference after neutralization. The results of pSS patients and controls in IgM and IgG production showed similar patterns, but a tendency towards lower production of IgM in healthy individuals after simultaneous treatment with anti-IL-21 and anti-CD40 was evident (p = 0.0539, Figure 3C). When we measured the fold decrease in the production of IgG and IgM antibodies, patients with pSS appeared to be more affected by both neutralizations than healthy individuals. There was a 31-fold decrease in IgM secretion by the treatment with both CD40 and IL-21 blockade in patients with pSS (p = 0.0125, Figure 3D) compared to a 12-fold decrease in healthy subjects. In case of IgG production, we found a 15-fold decrease after anti-CD40 and anti-IL-21 treatment in pSS patients (p = 0.0105, Figure 3F) in comparison with a six-fold decrease in controls. These data reinforce the importance of the TFH–B cell axis in the development of aberrant humoral immunity in pSS.




Discussion

Disturbance of B-cell homeostasis and autoantibody production are key hallmarks of pSS (30). We have previously shown the important role of TFH cells and their IL-21 secretion in autoreactive B cell activation and autoantibody production in pSS (26). Recently, we also demonstrated decreased percentages of peripheral IL-10+ regulatory B cells in pSS and confirmed the strong relationship between IL-21 production of blood TFH cells and the characteristic aberrant distribution of circulating B-cell subsets in the disease (29). In the present study, we confirmed the increased frequency of activated cTFH cells in an independent cohort of pSS patients and that their altered distribution is associated with anti-Ro/SSA seropositivity. Previous studies have examined circulating ICOS+PD-1+ TFH cells in pSS patients and have found a correlation with ESSDAI or with the presence of ectopic lymphoid structures (31–33). Other studies focused on CCR7loPD-1+ or PD-1+ cTFH cells and found a positive association with the degree of focal lymphocytic infiltration in the salivary gland and also with ESSDAI (34, 35). An important difference between our study and former research is that we included only patients with low disease activity without the necessity of ongoing immunosuppressive treatment. We investigated the distribution of recently described subtypes of cTFH cells in a relatively large number of pSS patients. Although the ratio of these cells did not differ significantly in pSS patients compared to healthy controls, the percentages of TFH1 cells tended to increase within the CD4+CXCR5+ cTFH pool. However, the alteration in the distribution of TFH subsets is still a matter of debate. The previously published data of Li et al. described that frequencies of Th17-like cells within CXCR5+CD4+ T cells were significantly higher in pSS patients than in healthy controls (36). In contrast, another study showed that the frequency of circulating CXCR5+ Th17 cells is decreased in pSS patients, as a result of their extensive infiltration towards the site of the inflammation related to the local expression of CCL20 ligand (37). In support of our data, Kim et al. recently reported similar distributions of TFH cell subsets in pSS compared to healthy subjects (34), Interestingly, patients with IgG4-related disease (RD) are also in the center of interest concerning TFH research, but the results are more in agreement with the original work by Morita et al. (15) stating that CXCR5+ Th2 and Th17 cells are more proficient B cell helpers than the Th1 phenotype. In line with this, Akiyama et al. described that only cTFH2 cells induce the differentiation of naïve B cells, enhance the production of IgG4, and associate with disease activity in patients with untreated IgG4-RD (38). Based on the similarity of organ involvement, pSS patients were enrolled as controls in that study, but did not show any difference in TFH subsets compared to healthy individuals (38). In another investigation, IgG4-RD was also characterized by a shift toward Th2/TFH2 and Th17/TFH17 polarization, but patients with pSS failed to show any abnormality in the TFH subsets (39). Our data are in support of no specific abnormality within TFH subsets, but rather an enhanced activation status.

Since their discovery, cTFH cell subsets were investigated extensively in several autoimmune diseases, including systemic lupus erythematosus (40–44), rheumatoid arthritis (45–48), myasthenia gravis (49), multiple sclerosis (50), and IgA vasculitis (51) with varying results. Considering the contradictions as well as limited amount of data in pSS, we attempted to resolve this discrepancy and clarify the distribution of blood TFH subpopulations. Since the assessment of peripheral B cells is lacking in several previous studies (33, 52), we measured a wide spectrum of B-cell subsets to assess how their characteristic distribution correlates with the proportions of TFH subsets.

We correlated the expression of activation markers ICOS and PD-1 with the percentages of cTFH subsets and discovered that mainly cTFH1 cells were activated while cTFH17 and cTFH2 cells were probably in a quiescent state in the peripheral blood of patients with pSS. Correlation analysis with serological markers reinforced our previous findings that activated cTFH cells are in relation with serum IgA and anti-La/SSB but regarding the cell subsets, only cTFH1 and partially cTFH1/17 cells seem to play a role in the pathogenesis of pSS. In order to correlate the ratio of cTFH cells and B cells, we measured a wide variety of B cell subpopulations. Our results on B cells confirmed previous observations (29); moreover, the present pSS patient group showed a more characteristic imbalance regarding memory B cells and transitional B-cell distributions. Hence, according to our data, significant correlation with B cells was restricted only to activated cTFH and cTFH2 cells. Activated cTFH showed negative correlation with un-switched memory B cells and correlated positively with transitional B cells and plasmablasts, while, cTFH2 cells correlated positively with memory B cell subtypes and demonstrated negative association with naïve and mature-naive B cells. Inevitably, these data raise the question of how the counterintuitive decrease in memory B cell and altered cTFH cell frequencies could contribute to humoral autoimmunity in pSS. Central and peripheral tolerance checkpoints are known to be defective in patients with autoimmune diseases, leading to the expansion of transitional and naïve autoreactive B cells in peripheral blood. A recent study has demonstrated that activated naive B cells could generate highly polyclonal antibody-secreting cells and could be responsible for serum autoantibody repertoire in lupus (53). From several studies it has become clear that the decreased ratio of peripheral memory B cells may be interpreted by the upregulation of CXCR4 and CXCR3 chemokines which arrange their recruitment into the inflamed tissues of affected organs (3, 54–57). Ectopic expression of chemokines, including CXCL13, CCL21, and CXCL12 not only induces the migration and survival of memory B cells and long-lived plasma cells, but supports lymphoid neogenesis in the pSS salivary glands (58). Upregulated expression of CXCL10 and CCL20 in the salivary gland tissue of pSS raises the possibility that an altered TFH subset distribution at the periphery may be a consequence of their migration towards the affected organs (37).

Besides revealing the alterations and associations of the distribution of cTFH cell subsets, the present study also explored the possible importance of TFR cells in pSS. Our study defined peripheral TFR cells as CD127lo/−CD25hi within CD4+CXCR5+ cTFH cells and found that their frequency and absolute number were increased in pSS patients with seropositivity for anti-Ro/SSA autoantibody compared to seronegative patients. In addition, we investigated the relationship between TFR cells and the investigated TFH subsets and demonstrated a positive correlation with activated cTFH and cTFH1 cells, whereas a negative correlation was found with cTFH17 cells. Furthermore, the ratio of TFR cells also showed a positive association with the percentages of transitional B cells as well as the serum levels of anti-La/SSB and IgM. Our observations on TFR ratios are in accordance with the recent findings of Kim et al. and Fonseca et al., who also reported such increased percentages of TFR cells in pSS (34, 59). Additionally, when the latter workgroup compared the suppressive capacity of TFR cells and CXCR5− Treg cells, they found that TFR cells do not have specialized humoral regulatory capacity, but these cells were able to up-regulate CXCR5 upon in vitro activation and migrate towards CXCL13 gradient, therefore circulating TFR cells could be recruited into subsequent GC responses (59). It is assumed, that blood TFR cells form before the full differentiation into follicle resident TFR cells and retain the expression of CD25 and CXCR5, but lack BCL6 expression as well as the humoral suppression capacity of the mature phenotype (60). Therefore, the increase in cTFR ratio in the peripheral blood could indicate an ongoing humoral response and not a measure of suppressor activity (31, 59). Possibly, the elevated IL-21 production during the follicular and GC phase inhibits TFR commitment through the down-regulation of Foxp3 and CD25 (61, 62), thus the elevation of pre-TFR cells and their traffic to the periphery could be a part of an increased counter-regulatory reaction. Hence, the negative correlation of TFR/TFH17 in the peripheral blood may be not the outcome of a TFR-mediated suppression, but it is rather derived from the imbalance of the differentiation process in secondary lymphoid tissue.

Costimulatory and cytokine-mediated signals are needed to support T cell-dependent B-cell responses (8). Since CD40 ligation is necessary for the survival and differentiation of GC B cells, blockade of CD40L signaling or disruption of CD40L–CD40 interaction could be beneficial for preventing autoantibody production and B cell abnormality (63). The role of this interaction has been implicated by others, as an increased expression of CD40 has been observed in the salivary gland of pSS and in mice (64, 65). IL-21 is a pleiotropic cytokine, mainly secreted by TFH cells, and it signals through IL-21 receptor which is broadly expressed by different types of lymphoid and myeloid cells. This cytokine has a crucial role not only in the development of TFH cells but also in the differentiation of B cells and the generation of humoral immune responses as well (66). Of note, in vitro analyses on TFH mediated B cell responses with blocking CD40L–CD40 interaction and neutralizing IL-21 effects in pSS were previously performed only in animal models (67, 68). To further clarify the role of costimulation in our in vitro assay, anti-human CD40/TNFRSF5 and anti-human IL-21 antibodies were added together or by itself to inhibit TFH-B-cell interaction. To examine their functions, CXCR5− T helper and CXCR5+ cTFH cells were isolated from CD4+ lymphocytes. As expected, blood TFH cells offered more efficient B-cell help than conventional T helper cells, resulting in the generation of more CD19loCD27+CD38hi plasmablasts in the T–B co-culture in both patients and controls. Nevertheless, B cells co-cultured with CD4+CXCR5− T cells were still able to differentiate into plasmablast. Of note, a recent study defined a population of PD-1hi expressing CD4+CXCR5− peripheral helper T (TPH) cells that effectively induce the formation of ectopic lymphoid structures by recruiting B cells via CXCL13 secretion and support their survival and maturation by the production of IL-21 (69). There was a clear difference in the expression of factors associated with B-cell help between the PD-1− and PD-1hi populations within the CD4+CXCR5− T cells for the benefit of the latter; presumably this subset interfered with our results. Blockade of CD40 decreased the production of both IgM and IgG in the in vitro assay, suggesting a CD40L–CD40 dependent interaction between CD4+ T cells and B cells. Neutralization of human IL-21 bioactivity affected IgG and IgM production similarly, but simultaneous treatment with both substances proved to be more effective. When we analyzed the fold-decrease of Ig production, we were able to demonstrate a difference between patients with pSS and healthy individuals, since the neutralization effect was more pronounced in pSS. The limitation of our study is the use of total CD4+CXCR5+ T and CD19+ B cells in our functional analysis, as the B-cell population consists of an increased proportion of naive B cells in patients with pSS; furthermore cTFR cells probably occur within CD4+CXCR5+ T cells. Since Fonseca et al. demonstrated in a functional assay that blood TFR cells suppress TFH cell and naïve B cell proliferation, thus it could have influenced the outcome of the assay in pSS patients compared to controls (59). Other limitations are the inclusion of patients with a broad range of disease duration and small sample size in the functional analysis.

Of note, the blockade of the CD40–CD40L co-stimulatory pathway is a promising therapeutic approach in pSS. A phase II study on subcutaneous or intravenous administration of an inhibitory monoclonal antibody against CD40 (iscalimab/CFZ533) revealed a decrease in circulating CXCL13 levels and B-cell activation (70). Another study demonstrated that there was no significant difference in ESSDAI score between subcutaneous iscalimab and placebo; therefore therapeutic potential for CD40 blockade in pSS should be further investigated (71).

In conclusion, our findings suggest that there may be no detectable imbalance in the distribution of cTFH subsets in the periphery of pSS. However, our study points out that increased ratios of activated cTFH cells and TFR cells are involved in the pathogenesis of pSS by providing help to B cells. Neutralization of CD40 and/or IL-21 reduced antibody production more effectively in pSS than in healthy controls in vitro; thus, the interruption of T and B-cell collaboration may be a potential therapeutic approach for down-regulating pathological humoral immunity in pSS.
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Primary Sjogren’s syndrome (pSS) is a chronic progressive autoimmune disease with clinical phenotypic “Sicca symptoms”. In some cases, the diagnosis of pSS is delayed by 6–7 years due to the inefficient differential diagnosis of pSS and non-SS “Sicca”. This study aimed to investigate the difference between these two diseases, and in particular, their immunopathogenesis. Based on their gene expression profiles, we systematically defined for the first time the predicted disease-specific immune infiltration pattern of patients with pSS differentiated from normal donors and patients with non-SS “Sicca”. We found that it was characterized by the aberrant abundance and interaction of tissue-infiltrated immune cells, such as a notable shift in the subpopulation of six immune cells and the perturbed abundance of nine subpopulations, such as CD4+ memory, CD8+ T-cells and gamma delta T-cells. In addition, we identified essential genes, particularly long non-coding RNAs (lncRNAs), as the potential mechanisms linked to this predicted pattern reprogramming. Fourteen lncRNAs were identified as the potential regulators associated with the pSS-specific immune infiltration pattern in a synergistic manner, among which the CTA-250D10.23 lncRNA was highly relevant to chemokine signaling pathways. In conclusion, aberrant predicted disease-specific immune infiltration patterns and relevant genes revealed the immunopathogenesis of pSS and provided some clues for the immunotherapy by targeting specific immune cells and genes.
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Highlights

(1) This study systematically and for the first time defined the predicted disease-specific immune infiltration patterns in primary Sjogren's syndrome, characterized by the altered abundance and interaction of tissue-infiltrating immune cells.

(2) Essential genes, particularly long non-coding RNAs, are associated with this aberrant reprogramming of predicted immune infiltration patterns.

(3) The lncRNA CTA-250D10.23 is a potential regulator associated with the chemokine signaling pathway and immune infiltration



Introduction

Sjogren’s syndrome (SS) is a chronic progressive autoimmune disease presented with clinical phenotypic “Sicca symptoms” on mucosa surfaces (mouth and eyes dryness) and characterized by damage and dysfunction of exocrine glands and principally reduced secretory functions of the salivary and lacrimal glands (1, 2). In particular, SS has been reported to occur in isolation or in combination with another systemic autoimmune rheumatic disorder and, thus is subdivided into primary SS (pSS) and secondary SS (sSS). The latter is known to be accompanied by lesions due to immunologic abnormalities or vasculitic involvement, such as systemic lupus erythematosus (SLE), rheumatoid arthritis, systemic sclerosis, and dermatomyositis (2–4).

The term “Sicca syndrome” has been used as a synonym for SS (5). However, “Sicca syndrome” and SS are not equivalent, neither clinically nor pathologically. Patients complaining of oral and ocular dryness, typically termed as “Sicca syndrome”, but not fulfilling the criteria of pSS, are referred to as non-Sjögren’s syndrome sicca (non-SS) patients (6, 7). It has been reported that up to 30% of people older than 65 y of age might exhibit dryness of both eyes and mouth (8), whereas the prevalence of pSS is known to be 0.03 to 2.7% depending on the applied diagnostic criteria (9). In some cases, the diagnosis of patients with pSS is delayed by 6–7 years after the onset of the disease due to the inefficient differential diagnosis of pSS and non-SS. Therefore, it is worthwhile to investigate the difference between these two groups of patients, which would be beneficial to the early diagnosis of pSS.

The development of pSS has been reported to be influenced by the interaction between multiple environmental factors and individual genetic susceptibility. From the immunopathological perspective, autoimmune epithelitis in pSS patients is a widely supported mechanism suggesting the involvement of inflammatory lesions of the epithelium with immune responses to the autoantigens Ro/SSA and La/SSB (10, 11). The consequence of abnormal interaction cycle between the epithelial cells of the salivary gland (SGECs) and immune cells results into the establishment of long-term autoimmune responses (10–12). Despite the accumulated knowledge on the epithelial–immune interaction cycle revealing the roles of immune cells in pSS, the systematic pattern of immune infiltration and cell interaction, which might provide a global perspective and a comprehensive image of the epithelial–immune interaction cycle, has not been defined yet.

To date, topically and systemically administered symptomatic treatments are considered as the primary therapies for the management of both diseases (8). Due to lack of understanding of the mechanisms of pSS, effective immunotherapy is still missing. Therefore, identification and comparison of the molecular mechanisms of these two diseases could identify disease-specific targets and facilitate the development of novel immunotherapy approaches for the treatment of pSS. In this context, we employed an integrated bioinformatics method to define the patterns of predicted immune cell infiltration in pSS and “Sicca” and then identified the disease-specific features of pSS by comparing these two diseases. Based on these defined features, we built the links between the common or disease-specific immune features and transcriptomes in each case, serving as a reference to advance the early diagnosis and treatment of pSS.



Materials and Methods


Data Preprocessing and Differential Expression Analysis

The GEO dataset: GSE40611 was obtained from the National Center For Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) (7) using the “Sjogren’s Syndrome” and “parotid” criteria. This microarray dataset has been based on the platform of Affymetrix Human Genome U133 Plus 2.0 Array (HG-U133_Plus_2) and contains parotid tissue samples from 20 healthy donors, 19 patients with Sjogren syndrome, and 20 patients with “Sicca syndrome”. Before differential expression analysis, background correction and quantile normalization were performed using the robust multi-array analysis (RMA) method with the limma R package (v3.11) (13), thus generating the normalized gene expression matrix. In addition, differentially expressed genes (DEGs) were identified using the criteria of false discovery rate (FDR) <0.05 or <0.1, depending on the proportion of DEGs among the total.



Definition of Predicted Immune Infiltration Patterns

The relative abundance of 22 types of tissue infiltrating immune cells, including CD8+ T-cells, naïve CD4+ T-cells, resting memory CD4+ T-cells, activated memory CD4+ T-cells, follicular helper T-cells, regulatory T-cells (Tregs), gamma delta T-cells, three types of macrophages (M0, M1, and M2), naïve B-cells, memory B-cells, plasma cells, resting natural killer (NK) cells, activated NK cells, monocytes, resting dendritic cells, activated dendritic cells, resting mast cells, activated mast cells, eosinophils, and neutrophils were estimated using the CIBERSORT deconvolution algorithm (CIBERSORT R script v1.03) (14) based on the LM22 Signature (https://cibersort.stanford.edu/, Supplemental Table 1). Then, the normalized gene expression matrix was converted to the immune cell matrix, which was further filtered according to the criteria of P <0.05. Comparisons of the relative abundance in pSS or “Sicca” with those in control (healthy donors) were performed using the Wilcoxon signed-rank test. Principal component analysis (PCA) was also performed to determine the overall difference between the three groups. The associated networks of predicted 22 types of tissue infiltrating immune cells were constructed using Pearson correlation analysis. The immune states were defined by three indexes, including the overall immune score, immunostimulator score, and immunoinhibitor score, which were estimated using the ESTIMATE and ssGSEA algorithms (Supplemental Table 2) (15, 16).



Identification of Gene Modules Associated With The Predicted Disease-Specific Immune Infiltration Patterns

Considering the variance of gene expression, the top 25% including 5,836 genes were inputted in weighted correlation network analysis (WGCNA) to build the gene network using the WGCNA R package (v1.69) (17). Briefly, the soft-thresholding power was determined using the softConnectivity and pickSoftThreshold functions. When the scale-free topology fit index reached 0.9 at powers <30 and the network harbored an appropriate network connectivity, the soft-thresholding power was considered suitable for constructing a scale-free network. Then, the adjacency matrix was calculated under this power and converted into the topological overlap matrix (TOM), based on which gene modules were identified using the minModuleSize = 30 and deepsplit = 2 parameters in the Dynamic Tree Cut algorithm function and further merged using the hierarchical clustering and merged dynamic algorithm (cutheight = 0.25). Finally, the eigengenes representing the corresponding modules were employed to calculate the correlation between the modules and features, and quantified using the Pearson correlation. Modules with a Pearson correlation coefficient r >0.4 and P <0.05 were considered as significant modules.



Functional Annotations of Immune Infiltration-Relevant Gene Modules

The ClusterProfiler R package (v3.14.3) was employed to analyze the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) to annotate immune infiltration-relevant genes (18). Based on hypergeometric distribution, the enrichGO and enrichKEGG functions were utilized to perform enrichment analysis for GO terms and KEGG pathways, the results of which were visualized with bubble plots. Gene Set Enrichment Analysis (GSEA) and single-sample GSEA (ssGSEA) were employed to determine whether an a priori defined set of genes showed statistically significant differences between the groups or samples using the GSEA software v4.1.0 (19) and GSVA R package (v3.11) (16).



Identification of Essential Genes Associated With the Predicted Common or Disease-Specific Immune Infiltration Patterns

The critical genes contributing to the common features of the immune infiltration patterns of pSS and “Sicca” were defined as the common DEGs correlating with the abundance of the commonly infiltrated immune cells. The correlations between the common DEGs and immune cell abundance were estimated using the Pearson correlation coefficient. The genes associated with predicted disease-specific immune infiltration patterns were defined as the gene modules that were specifically and statistically significant for pSS or “Sicca” in WGCNA. In addition, essential lncRNAs contributing to immune infiltration patterns were identified using the annotations of the Ensembl database (Release 98).



Independent Dataset Validation

Independent GEO dataset: GSE23117 was employed to validate the expression of lncRNAs in pSS patients. With the same platform with GSE40611, GSE23117 contains 15 gene expression profiles of minor salivary gland of pSS patients and control (20). Data process and method of dataset validation were the same with GSE40611.



Statistical Analysis

Comparisons between the two groups were performed using the unpaired two-tailed Student’s t-test, whereas the one-way ANOVA statistics method was employed for comparison among multiple groups. All data were displayed as means ± SD and analyzed using the GraphPad Prism software version 7.0. P < 0.05 was considered statistically significant.




Results


Disease-Specific Predicted Immune Infiltration Pattern and Enhanced Immune Response in pSS

To investigate the functions and mechanisms of immune infiltration in pSS, we first investigated the predicted immune infiltration pattern using an estimation based on the microarray data. Given that the main common manifestations of pSS and “Sicca” are similar, we speculated that the comparison of the immune infiltration pattern of pSS with that of “Sicca” would be disease-specific, thus revealing the mechanisms underlying the development of pSS.

As shown in Figure 1A and Supplemental Table 3, we estimated the relative proportion of the 22 subpopulations of immune cells, defined as the “immune infiltration pattern”, using the CIBORSORT algorithm. We observed that the structure of predicted immune infiltration in pSS differed significantly from that in normal or “Sicca” and was characterized by a notable shift in the numbers of six subpopulations, including M0 macrophages, M1 macrophages, naïve B-cells, naïve CD4 T-cells, memory activated CD4 T-cells, and gamma delta T-cells, whereas the remaining subpopulations were decreased or did not differ in pSS compared with control or “Sicca”. Indeed, we found that the abundance of four subpopulations of cells was significantly increased (P < 0.05, Wilcoxon signed-rank test) in pSS versus normal samples, whereas it was decreased in six subpopulations. In contrast, only three subpopulations were shown to be increased, whereas one was decreased in “Sicca” compared with normal samples (Figures 1B, C, Supplemental Table 4). We identified that the increased number of M1 macrophages was the common feature in pSS and “Sicca”, suggesting that this feature might contribute to the common manifestations of these two diseases.




Figure 1 | Predicted disease-specific immune infiltration patterns of pSS and “Sicca”. (A) The heatmap of the relative number of 22 types of immune cells estimated using the CIBERSORT algorithm and hierarchical clustering shows the landscape of the infiltration characteristics of pSS, “Sicca”, and control. RMSE, root mean squared error; correlation, Pearson correlation coefficient; P value; pSS, primary Sjögren syndrome. (B) Comparisons of infiltrating immune cell subpopulations of pSS versus control. Eleven subpopulations were identified as disease-relevant features of pSS. Blue, decreased subpopulation; red, increased subpopulation. (C) Comparisons of infiltrating immune cell subpopulations of “Sicca” versus control. Four subpopulations were identified as disease-relevant features of “Sicca”. (D) Principal component analysis (PCA) of 22 types of infiltrating immune cells. Four types of immune cells, including resting memory CD4 T-cells, CD8 T-cells, gamma delta T-cells, and plasma cells, were the principal elements contributing to the differences between the control, “Sicca”, and pSS. (E) Association network of infiltrating subpopulations estimated with the Pearson coefficient. Red, positive correlation; green, negative correlation. (F) Immune states of control, “Sicca”, and pSS estimated by ImmuneScore, Immunostimulator, and Immunoinhibitor using the ssGSEA algorithm. ##P < 0.01, pSS versus control; **P < 0.01, pSS versus “Sicca”; ns, not significant.



In the context of these differences in immune infiltration patterns, we aimed to explore whether these features were disease-specific, thus contributing to the distinguishment between these two diseases. As shown in Figure 1D, principle component analysis (PCA) revealed that four subpopulations, including memory activated CD4 T-cells, CD8 T-cells, gamma delta T-cells, and plasma cells, were identified as the main contributors; however, the boundary between pSS and “Sicca” was not distinct. Moreover, we noted that the obtained immune infiltration pattern failed to distinguish between the samples of “Sicca” and normal. We also investigated the association of subpopulations to explore disease-specific regulation patterns (Figure 1E). Accordingly we found that the diversity of association network was lower in pSS compared with “Sicca” and was characterized by a reduced connectivity of memory B-cells and a shift in the “leading subpopulation” defined as the cell type harboring the largest connectivity number in the association network. (pSS: activated dendritic cells, 4°; “Sicca”: memory B-cells, 6°)

As we identified differences in immune infiltration, we also investigated whether the overall status of the immune system differs among the three groups. Indeed, the immune scores of pSS estimated using ssGSEA, and in particular, the immune-stimulator score, were found to be significantly elevated, whereas no difference was observed between the “Sicca” and the normal groups (Figure 1F), suggesting a stronger immune response in pSS compared with Sicca and normal. Taken together, we demonstrated that the predicted disease-specific immune infiltration pattern of pSS was characterized by the sharped structure of infiltrated subpopulations and a reprogrammed regulation pattern, resulting in an elevated overall immune response compared with that in “Sicca” and normal.



Common Genes and Long Non-Coding RNAs Associated With The Consistent Predicted Immune Infiltration Features of pSS and “Sicca”

Given that we found a common feature of immune infiltration in pSS and “Sicca”, namely the increased abundance of M1 macrophages, we explored the common mechanisms underlying these two diseases before investigating the disease-specific mechanisms of pSS.

As shown in Figures 2A, B, Supplemental Figure 1, Supplemental Table 5, and Supplemental Table 6, we identified a total of 57 commonly up-regulated or downregulated genes in pSS or “Sicca” versus normal, among which five long non-coding RNAs (lncRNAs), LINC00478, LOC101929072, LOC101929709, MIR205HG, and RAD51-AS1 were shown to account for ~8% of the overlapped differentially expressed genes (DEGs). Due to the notable roles of lncRNAs elucidated in recent years, we speculated that these five lncRNAs might be relevant to the common features of pSS and “Sicca” and aimed to investigate their functions if shown to be significantly relevant.




Figure 2 | Common genes and lncRNAs associated with the consistent immune-infiltration features of “Sicca” and pSS. (A) Overlap of up-regulated or downregulated genes in “Sicca” and pSS compared to control. A total of 57 genes were identified as the common genes of the two diseases. (B) Heatmap of 57 common genes shows five lncRNAs, including LINC00478, LOC101929072, LOC101929709, MIR205HG, and RAD51-AS1. (C) Coexpressed genes and common GO/Kegg items relevant to LINC00478, LOC101929072, LOC101929709, and MIR205HG. (D) Top-five significant GO and Kegg items of LINC00478, LOC101929072, LOC101929709, and MIR205HG. (E) Correlation of M1 macrophage infiltration with common genes and lncRNAs. Heatmap shows the 32 common genes and 1 lncRNA, LOC101929709 (blue) harboring a Pearson correlation coefficient larger than 0.4, among which the top-10 significant genes are labeled in purple color. (F) The M1 macrophage-relevant genes coexpressed with LOC101929709 lncRNA. (G) A model of potential mechanisms of common genes and lncRNAs linked to M1 macrophage infiltration in “Sicca” and pSS. *P<0.05, **P<0.01, ***P<0.001.



To address this question, we calculated the Pearson correlation coefficient of genes and identified the coexpressed genes of lncRNAs (r >0.4 or <−0.4 and P < 0.05), including 144, 184, 245, 759, and 766 genes for RAD51-AS1, LINC00478, LOC101929709, LOC101929072, and MIR205HG lncRNA, respectively. The functional annotations of these relevant genes revealed that LINC00478, LOC101929709, LOC101929072, and MIR205HG were highly functionally relevant, sharing 39 common genes, six items of GO biological processes, and 17 KEGG pathways, whereas RAD51-AS1 failed to be functionally annotated because of the biological irrelevance of its coexpressed genes (Figure 2C). Interestingly, we observed that these four lncRNAs were involved in multiple immune-related biological processes and signaling pathways, such as lymphocyte function, type I interferon signaling pathway and chemokine signaling pathway (Figure 2D), suggesting the potential synergistic effects of lncRNAs on immune regulation.

In the context of the high relevance of these lncRNAs, we aimed to explore whether they were associated with the predicted increased abundance of M1 macrophages in pSS and “Sicca” and the mechanisms underlying their connection to the other common genes. We calculated the Pearson correlation coefficient of the abundance of M1 macrophages and common genes. As shown in Figure 2E, we identified a total of 32 genes, accounting for ~56% of the total common genes, with high relevance to M1 infiltration. To investigate if these 32 genes were included in the M1 gene signature of LM22 prediction reference, we took their intersection with M1 gene signature to avoid the potential circular analysis. As shown in Supplemental Figure 2, only six out of 32 were included in the M1 gene signature. Moreover, we considered the top 10 genes ranked by the Pearson correlation coefficient as the key relevant genes in M1 infiltration, with only one lncRNA, LOC101929709, reaching statistical significance (r = −0.49, P < 0.001). To elucidate the mechanism by which LOC101929709 might be involved in M1 infiltration, we identified the M1 infiltration-related genes that were also relevant to LOC101929709, including PSMB8, PSMB9, FOSB, IFI27, and ISG15 using a cutoff of r >0.4 or <−0.4 and P <0.05 (Figure 2F). Based on the strong correlation of these genes, we considered that the commonly regulated genes, including lncRNAs, could be responsible for M1 infiltration in a synergistic manner, thus revealing the potential mechanisms of M1 infiltration (Figure 2G).



Gene Modules Associated With Predicted pSS-Specific Immune Infiltration Patterns

Following the identification of common genes potentially linked to M1 infiltration, we further investigated the mechanisms of pSS-specific immune infiltration patterns. We employed the WGCNA method, where we assigned coexpressed genes into modules and calculated the relationship of modules and phenotypes, including disease type and infiltration subpopulation, to identify disease- or subpopulation-relevant modules (Figure 3A and Supplemental Table 7). As shown in Figure 3B, we identified three significant modules, Blue, Darkgreen, and Darkorange, as pSS-relevant modules. Interestingly, the Blue module was shown to be not significant for “Sicca” but was highly relevant to multiple infiltrated subpopulations except for neutrophils, suggesting that this module might be linked to the pSS-specific immune infiltration patterns. Moreover, we applied the ssGSEA method to calculate the estimated score of these three modules in normal, “Sicca”, and pSS. We accordingly observed that the estimated score of the Blue module was consistently higher in pSS compared with that in “Sicca” and normal, whereas the estimated score of the Darkgreen module was not significant in either pSS or “Sicca” in comparison with that in normal (Figure 3C). The Darkorange module was demonstrated to be significant in the comparison between pSS and normal, but not significant for pSS versus “Sicca” (Figure 3C). Similarly, the results of ssGSEA suggested that the disease-specific difference of pSS should be attributed to the Blue and not to the other two modules. Taken together, the Blue module was the module selected to be subjected to further analysis.




Figure 3 | Gene modules associated with pSS-specific immune infiltration patterns. (A) Gene dendrogram calculated by average linkage hierarchical clustering. The color row underneath the dendrogram shows the assigned original module and the merged module. (B) Heatmap of the correlation between module eigengenes and disease or immune-infiltration features. The value in each square reflects the Pearson correlation coefficient, with the P value in parentheses. pSS vs ctl, comparison of pSS versus control; “Sicca” vs ctl, comparison of “Sicca” versus control; pSS vs “Sicca”, comparison of pSS versus “Sicca”. P, plasma cells; T1, CD8 T-cells; T2, memory activated CD4 T-cells; T3, gamma delta T-cells; NK, resting NK cells; M0, M0 macrophages; M, activated mast cells; D, resting dendritic cells; N, neutrophils. (C) Enriched score of the Blue, Darkgreen, and Darkorange immune-relevant modules in control, “Sicca”, and pSS samples estimated using the ssGSEA method. *P < 0.05, **P < 0.01, “Sicca” or pSS versus control; ##P < 0.01, pSS versus “Sicca”; all P values were estimated using one-way ANOVA. (D) Functional annotation of the Blue module using GO and KEGG. (E) Heatmap of gene expression of the Blue module in the control, “Sicca”, and pSS samples. Three subgroups were identified (color blue, purple, and red). (F) Enriched score of the Blue modules of the three subgroups in pSS. **P < 0.01, “Sicca” or pSS versus control; ##P < 0.01, pSS versus “Sicca”; P values were estimated using one-way ANOVA. (G) Principle component analysis (PCA) of the three subgroups of pSS samples based on the Blue module. (H) PCA of the three subgroups of pSS samples based on the disease-specific infiltrated immune cells. Plasma cells and gamma T-cells were the robustly-contributing elements in PCA. (I) Gene Set Enrichment Analysis (GSEA) of the subgroups of pSS. NES, normalized enrichment score; FDR, false discovery rate, P values were estimated using one-way ANOVA and adjusted with the Benjamini–Hochberg method. ns, not significant.



We performed functional annotations of the Blue module that revealed the potential mechanisms of immune infiltration (Figure 3D). KEGG analysis suggested that the Blue module was relevant to multiple autoimmune diseases, such as rheumatoid arthritis, inflammatory bowel disease (IBD), and autoimmune thyroid disease. This module was also found to be involved in multiple immune-relevant signaling pathways, including the NF-kappa B signaling pathway, B-cell receptor signaling pathway, chemokine signaling pathway, and NOD-like receptor signaling pathway. GO analysis revealed that the genes of the Blue module were involved in the functions of lymphocytes and leukocytes, as well as in the production and secretion of cytokines through the regulation of the function of CCR receptors, MHC protein complexes, cysteine-type endopeptidases, and tyrosine kinases. These result suggested the functional relevance of the Blue module in predicted pSS-specific immune infiltration patterns.

Based on the Blue module, we identified three subgroups in the pSS samples, the high-, medium-, and low-scoring groups (Figure 3C).Consecutively, we plotted the gene expression pattern and calculated the estimated score of the subgroups (Figures 3E, F). We accordingly found that the three subgroups exhibited a correlation to this module. PCA results showed that the Blue module could serve as the parameter separating these three subgroups, whereas the immune-infiltration patterns of subgroups 1 and 2 showed no significant difference (Figures 3G, H), suggesting that the changes in the level of gene expression of the Blue module might occur before the remodeling of the infiltration pattern, hence driving the onset of this remodeling. However, subgroup 3 was shown to be significantly different from the other two in terms of both gene expression and infiltration pattern. To this end, we merged subgroups 1 and 2 into a single subgroup, namely subgroup A, with subgroup 3 being renamed as subgroup B. Further pathway analysis showed that the difference between subgroups A and B was the T- and B-cell receptor signaling pathways (Figure 3I).



CTA-250D10.23 Associated With Predicted pSS-Specific Immune Infiltration Patterns by Chemokine Pathways

Based on our finding that lncRNAs associated with the common phenotype of “Sicca” and pSS, we also investigated whether lncRNAs were involved in the differences in immune infiltration patterns. We identified 14 lncRNAs in the Blue module, including CTA-250D10.23, RP11-389C8.2, KIAA0125, HCP5, LOC100505812, BZRAP1-AS1, LINC01215, PSMB8-AS1, ITGB2-AS1, AC079767.4, LINC00926, LOC100505549, LOC101928152, and LOC101929272. According to gene significance (Figure 4A), CTA-250D10.23 lncRNA was identified as the most significant gene contributing to this module among these 14 lncRNAs. Our PCA and heatmap plot results showed that the 14-lncRNA signature was able to separate the pSS samples from the normal and “Sicca” samples and further distinguish between the two subgroups of pSS (Figures 4B, C). Again, CTA-250D10.23 was the most significant contributor in PCA, suggesting the critical connection between CTA-250D10.23 and the predicted disease-specific immune infiltration pattern.




Figure 4 | CTA-250D10.23 lncRNA associated with the predicted pSS-specific immune infiltration patterns and chemokine pathways. (A) Scatter plot of the gene significance (GS) for weight vs the module membership (MM) in the Blue module, estimated by WGNCA. Fourteen lncRNAs were identified in the Blue module, among which CTA-250D10.23 was the most significant one based GS and MM. (B) PCA of control, “Sicca”, pSS subgroup A and pSS subgroup B based on the 14-lncRNA signature in the Blue module. The CTA-250D10.23 lncRNA was the main contributor in the PCA plot in distinguishing between the pSS and non-pSS, and the subgroup A and subgroup B (C) Heatmap of the expression of 14 lncRNAs in the pSS subgroup A and B (D) GSEA of high- and low-expressing CTA-250D10.23 pSS samples shows the relevance to chemokine pathways. (E) ssGSEA estimated scores of chemokine pathways in high- and low-expressing CTA-250D10.23 pSS samples. The estimated scores of high-expressing group were higher than the low-expressing group. (F) Heatmap of the expression of chemokine-relevant genes coexpressed with CTA-250D10.23 lncRNA. (G) The expression of 14 lncRNAs in pSS patients in independent validation dataset GSE23117. 10 out of 14 lncRNAs were up-regulated in early or moderate/severe pSS or both. #P < 0.05, early pSS versus control; *P < 0.05, moderate/severe pSS versus control. (H) The correlation of the expression of CTA-250D10.23 lncRNA and the genes involved in chemokine pathways in the pSS patients (n = 11) of the independent validation dataset GSE23117. CTA-250D10.23 shows strong correlation with CXCL13 and CCL5. (I) A model of potential mechanisms of the immune infiltration-relevant CTA-250D10.23 lncRNA and chemokine pathways linked to predicted pSS-specific immune infiltration patterns.



To better understand the potential mechanisms, we compared the differences observed in the pathways between the high- and low-expressing CTA-250D10.23 groups. GSEA results showed that the genes involved in the chemokine signaling pathway were more potently up-regulated in the high- than in the low-expressing group (Figure 4D). ssGSEA results also showed the relevance of CTA-250D10.23 lncRNA in multiple chemokine-relevant signaling pathways, including chemokine biosynthesis and activity, except for chemokine secretion (Figure 4E). Moreover, we identified the genes relevant to chemokine signaling pathways that were also coexpressed with CTA-250D10.23 lncRNA. As shown in Figure 4F, these genes, such as CXCLs and CCRs, were up-regulated in subgroup B compared with those in subgroup A, suggesting the relevance of CTA-250D10.23 lncRNA, chemokine, and immune infiltration. Finally, we employed an independent dataset to validate the expression of these 14 lncRNAs in pSS patients and correlations of CTA-250D10.23 and the genes involved in chemokine pathway (Figures 4G, H). Strikingly, 10 out of 14 lncRNAs were up-regulated in early or moderate/severe pSS or both, including CTA-250D10.23. Besides, CTA-250D10.23 showed strong correlation with CXCL13 and CCL5 in validation.




Discussion

The pivotal point in distinguishing between pSS and “Sicca” is the definition of disease-specific features of immunopathological mechanisms. In the present study, we initially investigated the structural mode of disease-specific immune infiltration patterns among groups of normal donors, patients with pSS, and patients with non-pSS “Sicca” and found the specific structural changes of this pattern characterized by an sharply elevated immune proportion in pSS compared with that of the others. In addition, we identified the common genes, including lncRNAs, linked to these consistent immune-infiltration features, which might contribute to the mechanism of mucous membrane dryness. The most important finding was the identification of immune infiltration-relevant targets and the underlying mechanisms that might linked to pSS-specific immune infiltration patterns, in particular, the links between chemokine genes associated with predicted immune features and certain lncRNAs.

pSS is an autoimmune condition characterized by systemic B-cell activation and product of autoantibody within the salivary gland. Based on previous research associated with pSS, the immune-mediated inflammatory cellular infiltration has been associated with ectopic production of lymphoid chemokines, T/B cell segregation, and ectopic germinal center formation (21–23) as well as lymphocytic infiltration with a high degree of correlation between both morphological changes and immunological patterns and SS pathogenesis (24). Exocrine gland lymphocytic infiltration and B-cell hyperactivation have been recognized as the most relevant characteristics of the pSS disease model (25), resulting in abnormal and dysregulated responses from the activation of B-cells, such as the systemic elevation in immunoglobulins and autoantibodies (24, 26, 27).

Regarding the analysis of the 22 types of immune cell infiltration in this study, the pSS group demonstrated a more active ratio of immune response in six subpopulations, such as that of naïve B-cells. Glauzy et al. (28) also illustrated that the frequencies of mature naive B-cells expressing increased autoreactive antibodies in patients with pSS and the impairment of peripheral B-cell tolerance might be potentially correlated with pSS pathogenesis. Although we noted that a total of 10 subpopulations exhibited disease correlation with pSS, only four types of immune cells, including memory activated CD4 T-cells, CD8 T-cells, gamma delta T-cells, and plasma cells, were demonstrated to be involved in the distinction between the control, “Sicca”, and pSS. The progressive enlargement of pSS inflammatory foci with B-cell hyperactivity was shown to be a key factor related to the pathogenesis and progression of pSS, whereas T-cells and plasma cells were only found to contribute to the disease-specific immune infiltration of pSS, which differed from that of the control and “Sicca”.

Memory CD4+ T-cells are highly relevant to autoimmune diseases because of their long-lived nature, efficient responses to antigens, and specific potential to mediate recurring autoimmune responses (29). However, many critical questions about the potential contribution of memory CD4+ T-cells to autoimmune diseases remain unanswered. Joachims et al. (30) reported the crucial study that focused on the difference between pSS and non-SS “Sicca” in terms of memory CD4+ T-cells and revealed that the proportions and numbers of memory CD4+ T-cells in the salivary gland were related to key SS features; however, the interrelationship between memory T-cells and the specificity of pSS is still not fully understood. Determining the immunobiological contributions of CD4+ memory and CD8+ T-cells in chronic autoimmune diseases is pivotal toward developing improved targeted therapies for CD4+ or CD8+ T-cell-driven autoimmune diseases. In addition, the increased gamma delta T-cell population potentially contributes to distinguish pSS from “Sicca”. Ichikawa et al. reported that the proportion of activated cells in the gamma/delta + T-cell subset was significantly higher in the peripheral blood of the pSS patients than in the control and the frequency of activated cells was correlated with the duration of disease in pSS patients (31). Following their study, Gerli et al. reported that the relative elevated proportion of gamma/delta+ T-cell subset proposed that this T-cell subpopulation may be functional in the pathological immune response encountered in pSS (32). However, the solid evidence of the involvement of this T-cell subset is scarce so far. Recently some notable studies driven by the great interests of this subset have added a novel layer of understanding of its functions in multiple fields, including but not limited to tumor microenvironment and lung immune response. Generally, this T-cell subset has a role in tissue homeostasis and in surveillance of infection (33). In future study, the experimental validation and the demonstration of gamma delta T-cells in pSS would be of great interest because our understanding of its role in pSS pathogenesis is still rare.

When investigating the underlying mechanisms of the immune infiltration pattern, we found a notable involvement of lncRNAs. A pilot study by Dolcino et al. (34) identified 199 differentially expressed lnRNAs, such as LINC00657 and LINC00511, in peripheral blood mononuclear cells (PBMCs), suggesting that lncRNAs might be involved in the pathogenesis of pSS. Inamo et al. (35) demonstrated that the LINC00487 lncRNA was significantly up-regulated in B-cells and associated with the dysregulation of B-cells in pSS. In addition, the PVT1 lncRNA was found to be involved in glycolytic metabolism reprogramming and proliferation upon activation of CD4+ T-cells (36). However, the function of lncRNAs remains elusive. In this study, we identified 14 lncRNAs associated with immune infiltration events, the functional annotation of which also highlighted their roles in immune-relevant signaling pathways, including the NF-kappa B signaling pathway, B-cell receptor signaling pathway, chemokine signaling pathway, and NOD-like receptor signaling pathway (Figure 4I). Given that these pathways are highly relevant to pSS pathogenesis, it would suggest a strong connection between these lncRNAs and disease. In particular, the CTA-250D10.23 lncRNA, which was identified as the most significant gene associated with infiltration events, is located close to TNFRSF13C and annotated as lnc-TNFRSF13C-1 in the LNCipedia database (version 5.2), which might suggest the link between CTA-250D10.23 and TNFRSF13C and the potential role of CTA-250D10.23 in B-cell survival. Interestingly, our study found a strong correlation between CTA-250D10.23 and CXCL13. Serum CXCL13 is a biomarker of salivary gland local pathology (37) and local increased of CXCL13 also serves as one of features of the pSS patient subset (38). As an echo to these lines of evidence, CXCL13 was identified as the most robustly up-regulated gene in pSS (Supplemental Figure 1). With a strong connection to this chemokine, it would not be surprising that, even if it is a speculation yet, CTA-250D10.23 also has an incredible role in pSS by the involvement of CXCL13.

The previous study performed by Woon et al. found seven pSS-relevant co-expressed gene modules by WGCNA, of which four were up-regulated and three were downregulated in pSS patients compared with the non-pSS sicca and controls. In their study, they mainly distinguished pSS patients from the non-pSS sicca and controls, while they did not make the comparison of pSS and non-pSS sicca. The main goal of this study is to compare the pSS patients with the non-pSS sicca patients to explore the pSS-specific mechanisms, in particular, the immunopathogenesis and disease-specific immune infiltration pattern. As shown in Supplemental Figure 3 and Supplemental Table 8, the immune infiltration-relevant Blue module identified in our study has a big overlap with the Magenta and the Brown module out of the seven pSS-relevant modules identified by Wong et al. (7), suggesting the consistency between the two studies. Beyond these consistent findings, we also identified 27 genes that were not mentioned in Wong’s results, which include 12 lncRNAs that we identified as the pSS immune infiltration-relevant lncRNAs in our study.

Several limitations in the present study should be acknowledged. First, although the 14 lncRNAs were validated by another independent dataset, all data analyses were based on a single dataset, which might downgrade the universality of the conclusion. Secondly, limitations of data analysis study should be taken into consideration and the interpretations and conclusions should be addressed carefully. It is no doubt that the evidence from clinical human samples would be the most expected way to validate the predicted immune infiltration and add another layer of significance to this study. Moreover, further studies of pSS-specific animal models may also help to confirm our results. Except for the limitations of in-silico study, the adjustment for potential confounding clinical features would be helpful to get more reliable results and conclusions. However, from the database we did not find the clinical information corresponding to each gene profile, which means it would be hard to eliminate the bias induced by the potential confounding clinical features.



Conclusion

Aberrant predicted disease-specific immune infiltration patterns and relevant genes revealed the potential immunopathogenesis in pSS and provided some clues for the improved immunotherapy of the disease by targeting specific immune cells and genes.
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Background

Dry eye is often the first presenting manifestation of primary Sjögren’s syndrome (pSS). Because of the high prevalence of dry eye disease in normal population, ophthalmologists urgently need a non-invasive and reliable screening test to diagnose dry eye associated SS patients, other than ocular symptoms and signs. Currently, there is no single test available. The correlation of serum IL-14α with pSS has been found in pSS mouse model.



Purpose

To evaluate whether IL-14α can serve as a biomarker to stratify dry eye in primary Sjögren’s syndrome and its correlation to BAFF in a cohort of patients with non-SS dry eye (NSDE), pSS with dry eye disease, rheumatoid arthritis (RA), and healthy controls (HC).



Methods

Retrospective study based on serum levels of IL-14α (defined by Western Blot) and BAFF (measured by ELISA) were evaluated among pSS with dry eye disease, NSDE, RA, and HC groups. Serum levels of SS related autoantibodies (Ro, La, SP1, PSP, and CA6) were also measured by ELISA.



Results

One hundred and eighty patients were included for the current study, patients were separated into four groups as defined by pSS (n=65), NSDE (n=20), RA (n=50) and HC (n=45). The level of serum IL-14α in pSS was significantly higher compared to NSDE, RA, and HC (p=0.0011, p=0.0052 and p<0.0001, respectively). The levels of serum BAFF in pSS was significantly higher than in NSDE and HC (p=0.0148 and p<0.0001, respectively, whereas the levels of serum BAFF in RA was only significantly higher than in HC (p=0.001), but the level of BAFF was no significant difference between pSS and RA. In pSS, there was a decrease in the serum levels of IL-14α associated with a longer duration of the disease. Also, there was a correlation between the serum levels of IL-14α and SS related autoantibodies such as anti-SSA/Ro and anti-SSB/La in pSS patients.



Conclusions

This is the first paper to report both IL-14α and BAFF could serve as a critical cytokine biomarker for the stratification of dry eye in primary Sjögren’s syndrome. This may help ophthalmologists to develop non-invasive metrics for the diagnosis of dry eye associated pSS.
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Highlights

	Interleukin 14, a B cell growth factor, plays an essential role in the early pathophysiology of pSS.

	IL-14α and BAFF may work in different pathways to maintain the abnormal B cell activation.

	Interleukin 14 can serve as a biomarker to stratify dry eye related to pSS from non-pSS dry eye.





Introduction

Sjögren’s syndrome (SS) is a chronic autoimmune disease characterized by salivary and lacrimal gland destruction as well as the involvement of many other systemic organs (such as lung, kidney, and liver) (1–4). SS affects 0.5% of the population and shows a strong female predominance (1, 5). SS can be classified as either primary or secondary when it coexists with other systemic autoimmune diseases. Primary SS (pSS) is characterized by severe dry mouth (98% of pSS patients) and dry eye (93% of pSS patients) as the major symptoms due to inflammation and dysfunction of salivary and lacrimal glands (6, 7). About 4% of patients with pSS will develop non-Hodgkin lymphomas later on in their life (8–10). The estimated standard index ratio (SIR) of lymphomas complicating primary Sjögren’s syndrome is between 4.9 to 44.4 (11). Due to its diverse presentation of symptoms, there is a significant delay at an average time of 6.5 years in the diagnosis of SS (12). Early detection of pSS is critical for significantly improving the efficacy of biological treatment within the first 5 years of the therapeutic window of pSS (13).

Studies have shown that up to 10% of dry eye patients have SS, and it took approximately 12 years of the patients suffering from dry eye symptom before being diagnosed as pSS (14, 15).

Therefore, ophthalmologists are the first care provider to meet the patients with dry eye, who could play a key role to shorten the diagnostic time and effectively treat the patients in their early phase of pSS. However, conventionally, ocular symptoms and signs in isolation have been poorly predictive of extraocular objective signs required for the diagnosis of SS patients, as multiple autoimmune diseases may present with dry eye symptoms without any known symptoms specific for SS-related dry eye (16). A serological biomarker that helps stratify SS from the dry eye patients without SS would significantly improve the diagnosis of SS. Recent studies have shown IL-14α can induce pSS and may play an essential role in the development of related clinical symptoms including dry eye (17–19).

B cell hyperactivity is a dominant feature of SS, manifested by hypergammaglobulinemia, autoantibody production, and cryoglobulinemia (20). Most studies of B cell hyperactivity in SS focus on B cell activating factor (BAFF), a cytokine that promotes the survival and proliferation of B cells. Increased expression of BAFF is associated with the hyperactive B cell response in pSS (21, 22). BAFF expression level in pSS patient’s serum is enhanced and correlated with classic SS autoantibodies such as anti-SSA/Ro, anti-SSB/La, and rheumatoid factor (RF) (23). Another B cell growth factor, interleukin 14 (IL-14, also known as Taxilin), has also been shown to play an essential role in the pathophysiology of pSS (24). IL-14 can promote the proliferation of germinal center (GC) B cells (24). Previous studies have shown that IL-14 can selectively act on memory B cells to enhance its function (17, 25, 26). Based on recent reviews, it was further proposed that IL-14α can induce SS by converting low-affinity autoreactivity into high-affinity memory B cells (17, 26). Studies show that transgenic mice overexpressing human IL-14α (IL-14αTG) can develop many clinical features of pSS in the same relative time frame as seen in patients. In the IL14αTG mouse model, it showed a group of antibodies targeting specific antigens expressed in salivary and lacrimal gland tissue such as salivary gland protein 1 (SP1), carbonic anhydrase 6 (CA6), and parotid secretory protein (PSP), a group of autoantibodies, also known as tissue-specific autoantibodies (TSA) (17). The IL14αTG mouse also developed anti-SSA/Ro antibodies. However, the TSA developed were early in the SS disease course before the anti-SSA/Ro antibodies (17). These findings have also been found in human studies of SS and patients with idiopathic dry mouth and dry eye disease (27). Studies also suggest that the TSA antibodies may serve as serological biomarkers to identify early SS, particularly among patients who are seronegative for anti-SSA/Ro autoantibody (17–19, 27, 28).

In this study, we investigated the expression of IL-14α associated with dry eye patients of pSS. Our purpose is to evaluate whether IL-14α can serve as a biomarker to stratify dry eye and along with BAFF to correlate in a cohort of patients with non-SS dry eye (NSDE), pSS with dry eye disease, rheumatoid arthritis (RA), and healthy controls (HC).



Material and Methods


Study Group Design

Enrollment in the current study occurred between March 2016 and October 2017 in Peking University People’s Hospital. Institutional Review Board approval of the study protocol was obtained before the study. Informed consent was obtained from all subjects. Serum was collected and aliquoted before transferring to -80 °C freezer for long-term storage. To be enrolled in the study the subjects fulfilled the following criteria. The subjects in the pSS group had to meet the 2016 ACR/EULAR classification criteria for primary SS (29). The disease duration of pSS was determined by calculating the time elapse between disease onset point (through collecting the first manifestation of pSS and time of its emergence from patients’ medical records) and endpoint of this study (the last time to collect the patient serum). The RA patients had to meet ACR/EULAR 2010 rheumatoid arthritis classification criteria (30). The NSDE patients were first screened based on symptoms (dry eye questionnaire - DEQ-5 ≥ 6 or ocular surface disease index-OSDI ≥ 13) and then evaluated by homeostasis markers (Tear break up time (TBUT < 5S)) according to the 2017 dry eye workshop (DEWS) II Diagnostic Methodology report (31). NSDE patients were evaluated according to the 2016 ACR/EULAR classification criteria for primary SS. In general, NSDE patients has no SS related symptoms except dry eye. Further evaluation of autoantibodies such as ANA, the classical autoantibodies (Ro and La) and immunoglobulin levels were all negative for our NSDE patients. Tissue-specific autoantibodies (TSA), which had been reported as diagnostic biomarkers for pSS and appeared early in the disease, were also all negative for NSDE patients. The HC group subjects were selected based on the medical history. Only subjects without a history of any autoimmune disease were enrolled for this study. Furthermore, the NSDE and HC group also had to show the negative serology test results for SS related autoantibodies (SSA/SSB) to be included in the study.



Western Blot

Western blot assays were run following manufacturer instructions as previously described (32). In brief, 4ul serum samples were taken from 1:100 diluted serum of patient, then the samples were mixed with 20ul PBS and 6ul 5X loading buffer. Mixed samples were boiled for 8 minutes and 15ul of the boiled mixed samples were loaded and separated by 10% SDS-PAGE gel and transferred onto a nitrocellulose membrane. The membrane was blocked for 2h at room temperature (RT) and incubated overnight at 4°C with 1:1000 IL-14α antibody (San Ying Biotechnology Co. Ltd., Wuhan, China) in a blocking buffer. After washing three times for 10 min each with TBST buffer, the membrane was incubated with the HRP conjugated goat anti-mouse IgG secondary antibody for 2h at RT. The membrane was washed three times for 10 min each with TBST before substrate was added to visualize the result using ChemiDoc™ gel imaging system (Bio-Rad, Hercules, CA).



Calculation of the Relative Intensity Ratio for Serum IL-14α Levels

Since different batches of gels were run for multiple samples, after optimized the experimental condition, one negative IL-14α patient serum was chosen to be run in each western blot as internal control for the normalization of all the patient samples through the study, at the same time, one positive IL-14α patient serum was also used in each western blot as positive control for the reproducibility of results. A ratio of mean density reflecting the actual relative expression level of IL-14α was calculated (see Data Sheet 4 and Data Sheet 5 in Supplementary Materials).



ELISA

To measure serum BAFF levels, ELISA assay was run following manufacturer instructions (R&D Systems, Minneapolis, MN) as previously described (32). For SS related autoantibodies (Ro, La, SP1, PSP, and CA6), ELISA kits were acquired from Trinity Biotech, Buffalo, NY, and run following manufacturer instructions. In brief, the plate was firstly washed three times with PBS containing 0.05% Tween-20 (PBST) before 100ul of the diluted samples and standards were added to separate well. After incubation for 2h at RT, the plate was washed three times with PBST again. 100uL per well of HRP labeled goat anti-human secondary antibody was added and incubated for 2h at RT. After washing three times with TBST, the plate was developed using TMB Peroxidase EIA substrate kit (Pierce, Rockford, IL, USA) and incubated for 10 min at RT. The reaction was stopped with 2M H2SO4, and the optical density was read at 450 nm on a Biotek ELISA reader (Biotek, Winooski, VT).



Statistical Analysis

SPSS (version 16.0, IBM) or Prism (version 6.0, GraphPad Software) were used to analyze the statistical significance of data generated from the current study. Data were presented as mean ± standard deviation (SD). The unpaired two-tailed Student’s test was used to compare the difference between the two groups. Normal distribution of the data was assessed by Shapiro-Wilk test with P>0.05. Pearson correlation coefficient was used to analyze the correlations between two variables and P values < 0.05 were considered as statistically significant.




Results

The patient population and their basic clinical characteristics were shown in Table 1. Patients were divided into four groups: 45 HC, 65 patients with pSS, 50 patients with RA, and 20 patients with NSDE. The HC were age and sex matched.


Table 1 | Basic clinical characteristics of study groups.




The Mean Serum IL-14α and BAFF Levels in HC, NSDE, pSS, and RA Groups

The mean relative intensity ratio for serum IL-14α levels between the HC group was 2.13 ± 0.81, the NSDE group was 2.11 ± 0.99, the pSS group was 2.93 ± 0.93 and the RA group was 2.41 ± 0.97. Serum IL-14α levels in the pSS group significantly increased compared to the HC group (p<0.0001), the NSDE group (p=0.0011), and the RA group (p=0.0052), whereas serum IL-14α of RA had no significant difference compared that of HC or NSDE (p=0.13 and 0.24, respectively) (Figure 1A).




Figure 1 | (A) Relative intensity ratio for serum IL-14α levels in HC, NSDE, pSS, and RA groups. (B) Serum BAFF levels in HC, NSDE, pSS, and RA groups.



Mean serum BAFF levels (pg/ml) in the HC group were 323.56 ± 65.85, the NSDE group were 355.21 ± 87.86 (p=0.11), the pSS group were 455.94 ± 155.16 (p<0.0001) and the RA group were 418.15 ± 175.99 (p=0.001). The mean serum BAFF levels of the pSS group also showed a significant increase compared to that of the HC or NSDE group (p<0.0001 and p=0.0148, respectively). The mean serum BAFF level of the RA group also significantly increased compared to that of the HC group (p=0.001, respectively) (Figure 1B).



The Association Between Serum IL-14α Levels and TSA Autoantibodies in Patients of pSS

Tissue-specific autoantibodies (TSA) which include antibodies to salivary protein 1 (SP1), parotid secretory protein (PSP), and anti-carbonic anhydrase 6 (CA6) are reported to be diagnostic biomarkers of pSS and appeared early in the disease. The panel was deemed to be positive if any one of these three antibodies was positive. We found that there was no difference with serum IL-14α levels between TSA panel negative or panel positive patients (p=0.9356) (Figure 2A). The results showed that serum IL-14α levels significantly correlated with the classical autoantibodies anti-Ro (p=0.0497) (Figure 2B), and anti-La (p=0.0031) (Figure 2C).




Figure 2 | (A) The relationship between serum IL-14α levels and TSA panel (anti-SP1 antibody, anti-PSP antibody, and anti-CA6 antibody). (B) The relationship between serum IL-14α levels and anti-Ro antibody. (C) The relationship between serum IL-14α levels and anti-La antibody.





The Change of Serum IL-14α and BAFF Levels Associated With the Disease Duration of pSS

In pSS patients, the mean serum level of IL-14α was significantly higher in the disease duration less than 5 years compared to that of either longer than 5 years up to 10 years or longer than 10 years (3.33 ± 0.95 vs 2.63 ± 0.80, p=0.01; 3.33 ± 0.95 vs 2.52 ± 0.79, p=.0056; respectively) (Figure 3A). The serum levels of BAFF (pg/ml) was not change within different disease duration times [(<5 years, 443.82 ± 142.35; 5-10 years, 457.33 ± 191.09 (p=0.7783), and >10 years, 463.38 ± 139.55 (p=0.8658)] (Figure 3B).




Figure 3 | (A) The mean serum IL-14α levels with disease duration. (B) The mean serum BAFF levels with disease duration.






Discussion

Studies have shown that B cells play a central role in the pathogenesis of pSS. characterized by early polyclonal B-cell hyperactivity. There is a switch later in the disease process to the expansion of monoclonal B-cells that results in the development of B-cell lymphoma in pSS patients (8–11). The role of BAFF in the pathogenesis of pSS is well established (23). BAFF is a cytokine that promotes B cell maturation, proliferation, and survival, which has been well established in animal models (21–23). BAFF transgenic mice develop features of SLE and later clinical characteristics of pSS, such as sialadenitis. Approximately 3% of these mice develop lymphoma spontaneously between 12-18 months (33). Increased levels of BAFF in the salivary gland can induce B cell hyperactivity and contribute to SS pathogenesis (34, 35). The BAFF levels are associated with increased antigen production and disease activity scores in pSS patients (36, 37). Serum BAFF levels are enhanced and correlate with levels of classic SS related autoantibodies such as anti-Ro, anti-La, and RF in pSS (19).

IL-14, a B cell growth factor, has been shown to play an essential role in the pathophysiology of pSS. Studies have shown that the IL14αTG mice develop clinical symptoms of dryness of the mouth and eyes with foci of lymphocytic infiltration in the salivary glands and develop mucosal associated lymphomas as seen in the human pSS patients (17, 18, 26–28). The time frame of the IL14αTG developing symptoms mirrors the human pSS. The disease progression in the IL14αTG could be divided into four different stages. In the initial stage, there is minimal clinical manifestation but there are serological abnormalities of the development of TSA. No histological abnormalities in the salivary or lacrimal gland are noted. In the second stage, the clinical features of dry mouth and/or eye become evident. There is also mild to moderate lymphocytic infiltration of lacrimal and submandibular glands. Stage three of the disease is characterized by systemic organ involvement. Moderate lymphocytic infiltration is seen in the salivary, lacrimal glands, lungs, kidney, pancreas, and liver. Stage four shows moderate to severe lymphocytic infiltration of all affected organs. B cell mucosal associated lymphoma is observed, mainly in the gut. Based on pSS progression in this animal model, TSA is identified and later found in patients with SS both together and without classic anti-Ro autoantibody, as well as in patients with idiopathic dry mouth and dry eye disease (27).

While both IL14 and BAFF transgenic mice share lots of similar features an animal model for pSS, such as lymphocytic infiltration of the lacrimal and submandibular gland (38, 39), there are significant differences between these two animal models. For example, BAFF transgenic mice do not spontaneously develop lymphoma, as in IL14α TG mice. BAFF transgenic mice also develop more severe proliferative glomerulonephritis compared to IL14αTG mice (40). The correlation of BAFF with pSS has been well established in multiple clinical studies (20, 23). Previous studies of IL-14α in pSS focused on animal models, and human studies are scarce. In the only clinical study involving the human subject, IL-14α gene expression is shown to be overexpressed in the peripheral blood leukocytes (18). Data from the current study provide strong evidence to support that IL-14, like BAFF, is a critical B cell related cytokine and can promote autoantibody production in SS pathogenesis. Serum IL-14α levels in pSS correlated well with the classical autoantibodies anti-Ro, and anti-La. Serum IL-14α and BAFF levels were significantly increased in pSS group compared to HC and NSDE group. Both IL-14α and BAFF could serve as a critical cytokine biomarker for the stratification of pSS from NSDE.

While the difference between RA and pSS group was not significant for serum BAFF levels, there was a significant difference between RA and pSS group for serum IL-14α levels. In pSS patients, the serum levels of IL-14α were higher within the first 5 years of disease duration, whereas the serum levels of BAFF did not. Based on these observations, we speculate that IL-14α and BAFF may work in different ways to maintain the abnormal B cell activation as seen in pSS patients. The correlation of these cytokines and autoantibodies may provide new insights to understand the early disease progression in the pathogenesis of pSS and hence may help to find novel therapeutic targets for the treatment of pSS.

Future follow-up longitudinal studies of recently diagnosed dry eye patients with pSS and their cytokines levels, mainly IL-14α and BAFF, have been planned, to elucidate any correlation.
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Sjögren’s syndrome (SS) is an autoimmune disease that mainly affects salivary glands (SG) and is characterized by overactivation of the type I interferon (IFN) pathway. Type I IFNs can decrease the levels of hsa-miR-145-5p, a miRNA with anti-inflammatory roles that is downregulated in SG from SS-patients. Two relevant targets of hsa-miR-145-5p, mucin 1 (MUC1) and toll-like receptor 4 (TLR4) are overexpressed in SS-patients and contribute to SG inflammation and dysfunction. This study aimed to evaluate if hsa-miR-145-5p modulates MUC1 and TLR4 overexpression in SG from SS-patients in a type I IFN dependent manner. Labial SG (LSG) biopsies from 9 SS-patients and 6 controls were analyzed. We determined hsa-miR-145-5p levels by TaqMan assays and the mRNA levels of MUC1, TLR4, IFN-α, IFN-β, and IFN-stimulated genes (MX1, IFIT1, IFI44, and IFI44L) by real time-PCR. We also performed in vitro assays using type I IFNs and chemically synthesized hsa-miR-145-5p mimics and inhibitors. We validated the decreased hsa-miR-145-5p levels in LSG from SS-patients, which inversely correlated with the type I IFN score, mRNA levels of IFN-β, MUC1, TLR4, and clinical parameters of SS-patients (Ro/La autoantibodies and focus score). IFN-α or IFN-β stimulation downregulated hsa-miR-145-5p and increased MUC1 and TLR4 mRNA levels. Hsa-miR-145-5p overexpression decreased MUC1 and TLR4 mRNA levels, while transfection with a hsa-miR-145-5p inhibitor increased mRNA levels. Our findings show that type I IFNs decrease hsa-miR-145-5p expression leading to upregulation of MUC1 and TLR4. Together, this suggests that type I interferon-dependent hsa-miR-145-5p downregulation contributes to the perpetuation of inflammation in LSG from SS-patients.
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Introduction

Sjögren’s syndrome (SS) is a chronic autoimmune disease that primarily affects exocrine glands (mainly salivary and lachrymal), causing signs and symptoms of secretory dysfunction (1). SS-patients have increased systemic and glandular levels of pro-inflammatory cytokines, synthesized by inflammatory and epithelial cells (2–4). Accumulating evidence shows the involvement of interferons (IFNs) in both the initiation and progression of SS (5, 6).

IFNs are a family of cytokines originally defined by their anti-viral activity and are divided into three classes: type I, type II, and type III. The type I IFN class comprises 13 IFN-α subtypes, as well as IFN-β, IFN-ε, IFN-κ and IFN-ω. The type II IFN class comprises IFN-γ, while the type III IFN class consists of IFN-λ1, IFN-λ2 and IFN-λ3 (IL-29, IL-28A, and IL-28B, respectively) (6). Type I IFNs mainly signal through IFNα/β receptor (IFNAR), consisting of two subunits IFNAR1 and IFNAR2. Type I IFNs binds to IFNAR and transactivate the associated Janus protein kinases (JAKs) Tyk2 and Jak1, which are autophosphorylated. Activated Tyk2 and Jak1 then phosphorylate tyrosines on the intracellular receptor domains which recruit the Signal Transducer and Activator of Transcription (STAT) 1 and STAT2 heterodimers (6–8). The binding of interferon-regulatory factor 9 (IRF-9) to STAT1/STAT2 leads to the formation of a complex known as IFN-stimulated gene factor 3 (ISGF3). This complex induces the expression of IFN-stimulated genes (ISGs) by binding to IFN-stimulated response elements (ISRE) (6–8). Thus, type I IFN activation is commonly measured by evaluating the expression of ISGs, also called the “type I IFN signature” (6).

The ISG proteins have a wide variety of anti-viral/antineoplastic effector functions (9). However, type I IFNs also have several immunomodulatory roles, including isotype switching (10), induction of B cell-activating factor (BAFF) (11), and cytotoxicity mediated by T-cells and natural killers (12). Thus, tight regulation of type I IFN is required to avoid collateral tissue damage induced by excessive host defense responses (8).

Upregulated ISGs are present in labial salivary gland (LSG) biopsies and ocular epithelial cells (13) of SS patients using global gene expression profiling and real-time PCR (13–15). Among the most studied ISGs to determine type I IFN signature are Myxovirus (Influenza Virus) resistance 1, interferon-inducible (MX1); Interferon Induced Protein with Tetratricopeptide Repeats 1 (IFIT1); Interferon Induced Protein 44 (IFI44); and Interferon Induced Protein 44 Like (IFI44L) (16). In a microarray analysis using enriched epithelial cell fractions obtained from SS-patient LSG, MX1 and IFIT1 were upregulated (17). ISG overexpression was found in peripheral blood mononuclear cells (PBMCs), isolated monocytes, plasmacytoid dendritic cells, and B cells of SS-patients (13, 14, 18–21). Together, these observations indicate overactivation of the type I IFN pathway in SS. Systemic upregulation of type I IFN was associated with higher serum IgG, lower complement C3 levels, lower lymphocyte and neutrophil counts, and the presence of anti-Ro/SSA and anti-La/SSB autoantibodies (7, 22). Additionally, several studies show increased EULAR Sjögren’s syndrome disease activity index (ESSDAI) scores in type I IFN positive SS-patients (22–24). Local upregulation of type I IFN in the LSG of SS-patients was also associated with higher prevalence of abnormal findings on sialometry, leukopenia, hyperglobulinemia, high-titer antinuclear antibody, anti-SSA, and a high focus score of the LSG biopsy (25): emphasizing the key role of these cytokines in the pathogenesis of SS.

While the regulation and role of protein-coding genes involved in type I IFNs responses are well characterized, the involvement of non-coding microRNAs (miRNAs) is less studied (26). MiRNAs are single-stranded, non-coding small RNAs whose sizes range from 18 to 25 nucleotides. They play indispensable roles in regulating gene or protein expression by enhancing mRNA degradation or translational repression by binding to the 3’-untranslational region (3’-UTR) of target mRNAs (27, 28). Through their role in regulating gene expression, miRNAs participate in immune homeostasis and inflammatory responses, and their expression is altered in various autoimmune diseases, including SS (27). Interestingly, microRNAs themselves may be induced or repressed directly through type I IFN signaling (26). Type I IFNs inhibit miR-145 gene transcription, leading to decreased hsa-miR-145-5p levels (28), a miRNA with anti-inflammatory roles, and is downregulated in the LSG of SS-patients (29). The hsa-miR-145-5p inhibits IL-6 secretion in airway smooth muscle cells, and its absence leads to an induction of pro-inflammatory signals of the innate immune response (30, 31). Hsa-miR-145-5p levels decrease in T cells from systemic lupus erythematosus patients (32), as well as in skin biopsies and fibroblasts from systemic sclerosis patients (33), in the damaged renal vessels of patients with lupus nephritis (34, 35), and in PBMCs from patients with myasthenia gravis (36). Interestingly, two relevant hsa-miR-145-5p targets are overexpressed in LSG from SS-patients: mucin 1 (MUC1) (37, 38) and toll-like receptor 4 (TLR4) (39, 40), which have important roles in innate immunity, inflammation and glandular dysfunction.

MUC1 transcripts generate three types of isoforms: transmembrane proteins with or without variable numbers of tandem repeats (VNTR) and secreted proteins (37, 41–44). MUC1/SEC corresponds to secreted MUC1 isoform and does not contain the cytoplasmic and transmembrane domains (43, 45). Also this isoform is the only one that contains a unique 11 amino-acid peptide at the COOH terminus (43, 45). This sequence is known as immuno-enhancing peptide (IEP) and can enhance the immune response (46, 47). Interestingly, IEP modulates both the innate and adaptive immune responses (46, 48). Overexpression of cytokines may be induced by MUC1/SEC, mediated by IEP, and/or via the formation of complexes with MUC1/Y (44). The production of cytokines and modulation of the immune response could be triggered by the binding of MUC1/Y and MUC1/SEC (37, 49). MUC1/Y induces the transcription of pro-inflammatory cytokines via NF-kB (50). mRNA and protein levels of both isoforms are significantly increased in LSG from SS-patients (37). Moreover, MUC1 is overexpressed and accumulates in the endoplasmic reticulum (ER) of LSG from these patients. Pro-inflammatory cytokines induced aberrant MUC1 accumulation, suggesting that chronic inflammation alters the secretory process of MUC1, causing ER stress and could affect the quality of saliva in SS patients (38).

The Toll-like receptors (TLR) belong to a conserved family of type I transmembrane receptors, and each member recognizes distinct elements of bacteria, fungi, or viruses known as pathogen-associated molecular patterns (PAMPs) (51). TLR can also recognize damage-associated molecular patterns (DAMPs) such as histones, S100 proteins, heat shock proteins, and some extracellular proteins (52). TLR activation primes the adaptive immune system and initiates inflammatory responses by inducing proinflammatory cytokines, chemokines, co-stimulatory and adhesion molecules (53, 54). Furthermore, the development and progression of organ-specific autoimmune lesions in various experimental animal models suggest a role for TLR triggering in the pathogenesis of autoimmune disorders (55–57). This study specifically aimed to evaluate if hsa-miR-145-5p modulates the increased MUC1 and TLR4 expression in LSG from SS-patients in a type I IFN dependent manner.



Materials and Methods


Patients With SS and Controls

The study group included 9 patients diagnosed with primary SS, based on the 2016 American College of Rheumatology/European League against Rheumatism Classification Criteria (58). The control group included 6 subjects, who did not fulfill the primary SS classification criteria, did not suffer systemic diseases, and whose LSG biopsy analysis was normal or revealed mild diffuse chronic sialadenitis. Table 1 summarizes the demographic, serological, and histological characteristics of SS-patient and control subjects. All individuals signed an informed consent according to the Declaration of Helsinki and the study was approved by the Ethics Committee of the Facultad de Medicina, Universidad de Chile (registration code CEISH 010-2016).


Table 1 | Demographic and serological characteristics of SS-patients and control subjects.





Biopsies

The LSG biopsies were obtained as described by Daniels et al. (59). Collected samples were immediately frozen in liquid nitrogen.



Taqman Assays

Total RNA extraction enriched in small RNAs was performed using the miRNeasy mini kit (QIAGEN Sciences, Maryland, USA). 40 ng of total RNA were reverse transcribed into cDNA using Taqman™ MicroRNA Reverse Transcription Kit (Applied Biosystems, CA, USA) and Taqman™ MicroRNA assays (Applied Biosystems, CA, USA) that include specific RT probes for hsa-miR-145-5p. To determine the expression levels of the miR-145-5p, Taqman™ Universal Master Mix II, no UNG (Applied Biosystems, CA, USA), and Taqman™ MicroRNA assays that include specific PCR probes for this miRNA were used. qPCR reactions for the hsa-miR-145-5p miRNA (20 μL reaction volume) were performed (at least in triplicate) using an MxPro 3000 termocycler (Stratagene). hsa-miR145-5p levels were normalized to those of the U48, and for calculating relative expression levels the efficiency-calibrated model was used (60).



Real Time-PCR

Total RNA was extracted using the miRNeasy mini kit (QIAGEN Sciences, Maryland, USA). 1 µg of total RNA was reverse transcribed with oligo (dT), random primers, and the Superscript II enzyme (Invitrogen by Thermo Fisher Scientific, USA). Specific primers for the MUC1, TLR4, IFN-α, IFN-β, MX1, IFIT1, IFI44, IFI44L, and h18S genes were designed with the AmplifiX 1.4 software (Supplementary Table 1). For real-time PCR reactions, the 5X Hot FirePol EvaGreen qPCR Mix Plus (Solis BioDyne, Estonia) was used. The relative expression ratio of a target gene was compared to h18S. Relative quantification of target mRNAs was accomplished by comparative Ct, using the efficiency-calibrated model (60).



Calculation of the Type I IFN Scores

The mean and standard deviation of each ISGs (MX1, IFIT1, IFI44, and IFI44L) obtained by real-time PCR in the control group LSGs were used to standardize the expression levels of each of these genes for each SS-patient, and IFN scores were calculated as described in previous studies (16, 22, 61, 62). Standardized expression levels were subsequently summed for each SS-patient to provide a type I IFN expression score, where i = each of the 4 IFN-inducible genes, Gene iSS= the gene expression level in each SS-patient, and Gene iCtr = the gene expression in controls:

	



Type I IFN Stimulation and Functional Assays

Human submandibular gland (HSG) cells were cultured as previously described (40, 63) and incubated with or without 10 ng/mL human recombinant IFN-α (Biolegend, CA, USA) or IFN-β (R&D systems, MC, USA) in serum-free medium for 24 h and subsequently lysed to isolate RNA. For functional assays, HSG cells were transfected with 100 nM of specific hsa-miR-145-5p mimic and inhibitor (Applied Biosystems, CA, USA) at 24 h. Transient transfections were performed using HiPerFect transfection reagent (QIAGEN Sciences, Maryland, USA). Transfected HSG cells were lysed, and extraction of total RNA enriched in small RNAs was performed as described above.



Protein Extraction and Western Blotting

HSG cells incubated with or without 10 ng/mL human recombinant IFN-α (Biolegend, CA, USA) or IFN-β (R&D systems, MC, USA) were homogenized using RIPA buffer and the Complete™ Protease Inhibitor Cocktail Mini Tablets (Roche, Mannheim, Germany). Proteins were quantified using the Bradford method (64) and separated according to their molecular weights by SDS-PAGE on 8% gels under reducing conditions. Separated proteins were transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, USA) for 15 h at 4°C. Membranes were blocked for 1 h at room temperature (RT) in 5% skimmed-milk prepared in TBS-T buffer (10 mM Tris HCl [pH 7.5], 150 mM NaCl, 0.1% Tween 20). Blots were then separately incubated with primary antibodies against MUC1 or TLR4 (Supplementary Table 2) prepared in TBS-T buffer overnight at 4°C. After washes in TBS-T buffer, membranes were incubated with goat anti-mouse or anti-rabbit HRP-conjugated secondary antibodies (Supplementary Table 2) for 1 h at RT (Pierce® by Thermo Scientific, IL, USA). Target proteins were detected by chemiluminescence (Pierce, IL, USA). Protein bands were quantified by densitometry. Protein levels were normalized to β-actin.



Statistical Analysis

Mean values in SS-patients and controls groups or between different culture cell conditions were compared using the Mann-Whitney test. Spearman rank correlation analysis was also performed with P values less than 0.05 considered significant.




Results


hsa-miR-145-5p Is Downregulated in LSG From SS-Patients and Inversely Correlates With IFN-β and Type I IFN Score

Using TaqMan miRNA assays in LSG from 9 SS-patients and 6 controls, we validated hsa-miR-145-5p level. We observed decreased expression in SS-patients compared to controls (p=0.0004) (Figure 1A). Then, we assessed IFN-α and IFN-β transcript levels and their association with hsa-miR-145-5p. IFN-α transcript levels were near the limit of detection and no significant differences were found between groups (p=0.25) (Figure 1B), while IFNβ transcript levels were significantly increased in LSG from SS-patients compared to controls (p=0.0014) (Figure 1D). Spearman’s analysis showed a negative correlation between hsa-miR-145-5p and IFN-β (Figure 1E). However, there was no correlation between miR-145-5p and IFN-α (Figure 1C).




Figure 1 | hsa-miR-145-5p is downregulated in LSG from SS-patients and inversely correlates with IFN-β mRNA levels. (A) hsa-miR-145-5p levels in SS-patients (n=9) and control subjects (n=6). U48 snRNA was used as a housekeeping. (B) IFN-α transcript levels in SS-patients and control subjects. h18S was used as a housekeeping gene. (C) Spearman correlation between hsa-miR-145-5p and IFN-α mRNA levels in SS-patients and controls. (D) IFN-β transcript levels in SS-patients and control subjects. h18S was used as a housekeeping gene. (E) Spearman correlation between hsa-miR-145-5p and IFN-β mRNA levels in SS-patients and controls. Data are representative of at least three independent measurements. (*) p-value ≤ 0.05 was considered significant.



The assessment of type I IFN score by real-time PCR analysis of multiple genes preferentially induced by type I IFNs or ISGs is a useful technique to determine the activation of the type I IFN pathway or type I IFN signature (16, 62). Therefore, the relative expression of MX1, IFIT1, IFI44, and IFI44L and the type I IFN score in LSG from SS-patients and controls were determined. As shown in Figure 2, mRNA levels of MX1 (p=0.0002), IFIT1 (p=0.0024), IFI44 (p=0.0002), and IFI44L (p=0.0002), were significantly higher in LSG from SS-patients compared to controls (Figures 2A–D). We calculated the type I IFN score and the results showed that the mean IFN score in SS patients was 34.5, with a range of 11.2 to 70.6, and in controls, the mean IFN score was -0.3, with a range of -3.5 to 3.6. Thus, the type I IFN score was significantly higher in SS-patients (p=0.0002) (Figure 2E), and there was a negative correlation between hsa-miR-145-5p levels and type I IFN score (p=0.0002) (Figure 2F).




Figure 2 | Overexpression of MX1, IFIT1, IFI44, and IFI44L and increased type I IFN score in LSG from SS-patients. Relative expression ratios of MX1 (A), IFIT1 (B), IFI44 (C) and IFI44L (D) in 9 SS-patients and 6 controls. h18S was used as a housekeeping gene. (E) Type I IFN score was calculated by summing the MX1, IFIT1, IFI44, and IFI44L standarized expression levels. (F) Spearman correlation between hsa-miR-145-5p levels and type I IFN score in SS-patients and controls. Data are representative of at least three independent measurements. (*) p-value ≤ 0.05 was considered significant.





MUC1 and TLR4 Are Overexpressed in LSG From SS-Patients and Inversely Correlate With hsa-miR-145-5p

We measured MUC1 and TLR4 transcript levels by real-time PCR in LSG samples and evaluated their association with hsa-miR-145-5p. Results showed an increase in MUC1 and TLR4 transcripts levels in SS-patients (p=0.044 and 0.0014, respectively) (Figures 3A, C). Spearman’s analysis showed a negative correlation between hsa-miR-145-5p and MUC1 transcript levels (Figure 3B) and between hsa-miR-145-5p and TLR4 (Figure 3D) transcript levels.




Figure 3 | MUC1 and TLR4 are overexpressed in LSG from SS-patients and inversely correlate with hsa-miR-145-5p. (A) MUC1 transcript levels in SS-patients and control subjects. h18S was used as a housekeeping gene. (B) Spearman correlation between hsa-miR-145-5p and MUC1 mRNA levels in SS-patients and controls. (C) TLR4 transcript levels in SS-patients and control subjects. h18S was used as a housekeeping gene. (D) Spearman correlation between hsa-miR-145-5p and TLR4 mRNA levels in SS-patients and controls. Data are representative of at least three independent measurements. (*) p-value ≤ 0.05 was considered significant.





hsa-miR-145-5p Levels Are Inversely Correlated With Glandular Inflammation

According to its anti-inflammatory role, we found a negative correlation between hsa-miR-145-5p levels and clinical parameters of SS-patients: Ro autoantibodies (r= -0.82, p<0.001); La autoantibodies (r= - 0.59, p= 0.021), and focus score (r= -0.81, p<0.001) (Table 2). Additionally, we observed a positive correlation between these clinical parameters and mRNA levels of TLR4, ISGs, and type I IFN score (Table 2). ISGs negatively correlated with hsa-miR-145-5p levels, while ISGs and mRNA levels positively correlated with IFN-β and TLR4 (Table 3).


Table 2 | Spearman’s rank correlation coefficients between hsa-miR-145-5p levels, ISGs mRNA levels and clinical parameters of SS-patients and control subjects.




Table 3 | Spearman’s rank correlation coefficients between hsa-miR-145-5p levels and mRNA levels of each analyzed gene in LSG from SS-patients and control subjects.





Type I IFN Stimulation Downregulates hsa-miR-145-5p and Induces MUC1 and TLR4 Overexpression in HSG Cells

To evaluate if the decreased levels of hsa-miR-145-5p observed in SS-patients are associated with type I IFNs and the activation of this specific pathway, we assessed the effect of IFN-α or IFN-β stimulation on hsa-miR-145-5p levels and its targets MUC1 and TLR4 in HSG cells. First, to assess type I IFN pathway activation, we measured ISG expression in HSG cells stimulated with IFN-α or IFN-β. Stimulation with 10 ng/mL IFN-α induced an increase of MX1 (p<0.0001) (Figure 4A), IFIT1 (p<0.0001) (Figure 4B), IFI44 (p<0.0001) (Figure 4C), and IFI44L (p<0.0001) (Figure 4D) mRNA levels. In addition, stimulation of HSG cells with 10 ng/mL IFN-β induced the expression of MX1 (p<0.0001) (Figure 4E), IFIT1 (p<0.0001) (Figure 4F), IFI44 (p<0.0001) (Figure 4G), and IFI44L (p<0.0001) (Figure 4H) transcripts. A significant decrease of hsa-miR-145-5p levels were observed in HSG cells stimulated with 10 ng/mL IFN-α (p<0.0001) (Figure 5A). IFN-α stimulation also induces the expression of MUC1 (p<0.0001) (Figure 5B) and TLR4 (p=0.0012) (Figure 5C) transcript levels, which inversely correlated with hsa-miR-145-5p levels (Figures 5D, E). Stimulation with 10 ng/mL IFN-β also reduced hsa-miR-145-5p levels (p<0.0001) (Figure 5F), and increased MUC1 (p<0.0001) (Figure 5G) and TLR4 (p<0.0001) (Figure 5H) transcript levels. MUC1 and TLR4 mRNA levels negatively correlated with hsa-miR-145-5p levels in IFN-β stimulated HSG cells (Figures 5I, J). In addition, MUC1 and TLR4 protein levels were significantly increased after 10 ng/mL IFN-α or IFN-β stimulation (Figures 6A–D).




Figure 4 | Overexpression of MX1, IFIT1, IFI44, and IFI44L in IFN-α or IFN-β-stimulated HSG cells. Relative expression ratios of MX1 (A), IFIT1 (B), IFI44 (C) and IFI44L (D) in HSG cells stimulated with or without 10 ng/mL human recombinant IFN-α for 24 h. h18S was used as a housekeeping gene. Relative expression ratios of MX1 (E), IFIT1 (F), IFI44 (G) and IFI44L (H) in HSG cells stimulated with or without 10 ng/mL human recombinant IFN-β for 24 h. h18S was used as a housekeeping gene. Data are representative of at least three independent experiments. (*) p-value ≤ 0.05 was considered significant.






Figure 5 | hsa-miR-145-5p is downregulated and MUC1 and TLR4 are overexpressed in type I IFNs-stimulated HSG cells. (A) hsa-miR-145-5p levels in HSG cells stimulated with or without 10 ng/mL human recombinant IFN-α for 24 h. U48 was used as a housekeeping gene. Transcript levels of MUC1 (B) and TLR4 (C) in HSG cells stimulated with IFN-α. Spearman correlation between hsa-miR-145-5p and MUC1 (D) or TLR4 (E) transcript levels in IFN-α stimulated HSG cells. (F) hsa-miR-145-5p levels in HSG cells stimulated with or without 10 ng/mL human recombinant IFN-β for 24 h. U48 was used as a housekeeping gene. Transcript levels of MUC1 (G) and TLR4 (H) in HSG cells stimulated with IFN-β. Spearman correlation between hsa-miR-145-5p and MUC1 (I) or TLR4 (J) transcript levels in IFN-β stimulated HSG cells. Data are representative of at least three independent experiments. (*) p-value ≤ 0.05 was considered significant.






Figure 6 | IFN-α and IFN-β increase MUC1 and TLR4 protein levels in HSG cells. (A, C) representative MUC1 western blot (90-300 kDa) in HSG cells stimulated with 10 ng/mL IFN-α or IFN-β for 24 h. Relative protein levels were normalized to the control condition. β-actin was used as a loading control. (B, D) representative TLR4 western blot (95 kDa) in HSG cells stimulated with 10 ng/mL IFN-α or IFN-β for 24 h. Relative protein levels were normalized to the control condition. β-actin was used as a loading control. Data are representative of at least three independent experiments. (*) p-value ≤ 0.05 was considered significant.





hsa-miR-145-5p Overexpression Downregulates MUC1 and TLR4

Upregulation and downregulation assays identify target genes regulated by specific miRNAs. When evaluating whether hsa-miR-145-5p modulates MUC1 and TLR4 expression in HSG cells, we used mimic and inhibitor miRNAs which are chemically synthesized double-stranded RNA molecules imitating mature miRNA duplexes. HSG cells transfected with 100 nM of mimic hsa-miR-145-5p significantly increased miRNA levels (p<0.0001) (Figure 7A), while 100 nM of the hsa-miR-145-5p inhibitor decreased miRNA levels (p=0.05) (Figure 7B). MUC1 transcript levels were decreased in HSG cells transfected with mimic hsa-miR-145-5p (p= 0.0369) and increased in HSG cells transfected with the miRNA inhibitor (p=0.0003) (Figure 7C). Transfection with the mimic hsa-miR-145-5p significantly decreased TLR4 transcript levels (p=0.0062), and transfection with the miRNA inhibitor increased them (p=0.0345) (Figure 7D).




Figure 7 | Expression of MUC1 and TLR4 after hsa-miR-145-5p overexpression or inhibition. (A) Increased hsa-miR-145-5p levels in HSG cells transfected with the mimic miRNA. (B) Decreased hsa-miR-145-5p levels in HSG cells transfected with inhibitor miRNA. (C) Relative expression ratio of MUC1 transcripts in HSG cells transfected with mimic hsa-miR-145-5p or inhibitor (D) Relative expression ratio of TLR4 transcripts in HSG cells transfected with mimic hsa-miR-145-5p or inhibitor. Data are representative of at least three independent experiments. (*) p-value ≤ 0.05 was considered significant.






Discussion

This study aimed to evaluate if miR-145-5p modulates MUC1 and TLR4 expression in LSG from SS-patients in a type I IFNs dependent manner. To our knowledge, this is the first study validating hsa-miR-145-5p levels in LSG from SS-patients by real-time PCR. Our results confirm the observations from a previous study showing a significant decrease of hsa-miR-145-5p in a miRNA expression profile generated by miRNA microarrays in LSG from SS-patients compared with control subjects (29). We observed a negative correlation between hsa-miR-145-5p and type I IFN score in LSG together with our in vitro results showing decreased hsa-miR-145-5p levels after IFN-α or IFN-β stimulation. These results suggest that type I IFNs and the activation of its pathway could downregulate hsa-miR-145-5p in LSG from SS-patients. Hsa-miR-145-5p is downregulated in LPS-stimulated macrophages, which depends on type I IFN production and the downstream IFNAR-JAK1-STAT1 signal cascade (28). Functional analyses in LPS-triggered macrophages have demonstrated that hsa-miR-145-5p functions as an anti-inflammatory molecule, promoting IL-10 expression by directly targeting the epigenetic Il10 gene silencer HDAC11 (histone deacetylase 11). In these cells, type I IFNs decrease hsa-miR-145-5p expression, thus alleviating HDAC11 repression, resulting in IL-10 production and precise coordination of innate immune responses (28). Therefore, hsa-miR-145-5p could help avoid overactivation of immune responses and subsequent inflammatory damage to host tissue (28).

In this study, hsa-miR-145-5p inversely correlated with MUC1 and TLR4 mRNA levels, two targets overexpressed in LSG from SS-patients (37–40). Our functional results show reduced MUC1 mRNA levels after transfection with mimic hsa-miR-145-5p, while MUC1 mRNA levels increased after hsa-miR-145-5p inhibition. These results complement those from a previous report showing that MUC1 is a direct target for hsa-miR-145, and suppression of MUC1 is dependent on the 3′-UTR in metastatic breast cancer cell lines, demonstrated by luciferase reporter assays (65). MUC1 has several splicing variants that share the same 3′-UTR: therefore, hsa-miR-145-5p is expected to suppress all variants. This was supported by Western blot results showing decreased levels of large and small isoforms of MUC1 after expression of hsa-miR-145-5p in breast cancer cell lines (65). Hsa-miR-145-5p was downregulated in freshly frozen ovarian carcinoma samples and ovarian carcinoma cell line (SKOV3) based on Northern blot and microarray analysis (66). MUC1 was overexpressed in ovarian (66), breast, colon, pancreas, and bladder tumors and was often associated with the epithelial-mesenchymal transition of different cancer cells, being considered an important metastasis gene (67, 68). Hsa-miR-145-5p overexpression inhibits SKOV3 cell migration and invasion and remarkably reduced the protein but not mRNA expression of MUC1 (69). To further explore the mechanism by which hsa-miR-145-5p inhibits invasion and metastasis, Wang et al. cloned the wild type and mutant miR-145 target sequences of the MUC1 3-’UTR into luciferase reporter vectors and performed the luciferase reporter gene assay, demonstrating that hsa-miR-145-5p negatively regulates MUC1 expression by directly targeting the MUC1 3-’UTR (69). Moreover, MUC1 overexpression alleviated the hsa-miR-145-5p-mediated inhibition of cell invasion, suggesting that miR-145 regulates cell growth and invasion, functioning as a tumor suppressor by directly targeting MUC1 (66). Interestingly, several MUC1 variants are overexpressed and aberrantly localized in LSG from SS-patients (37, 38). Under physiological conditions, salivary mucins are only secreted towards the mouth and are efficient mucosal moisturizers that prevent desiccation (70). One serious problem that SS-patients suffer daily is the dryness of their oral mucosa. We previously demonstrated that this dryness is not just a consequence of the reduced saliva volume (70, 71), but also that mucins play a leading role in mucosa hydration and protection, with hydrophilic groups essentially retaining water molecules in the epithelial surface (70). Previous evidence from our laboratory revealed that MUC1 accumulates in the ER, co-localizing and co-precipitating with GRP78, a chaperone that binds to unfolded proteins in the ER lumen in LSG from SS-patients (38). Also, changes indicative of ER stress and altered unfolded protein response in LSG from SS-patients, such as ER cistern dilation (72), decreased IRE1α/XBP1 pathway activation (73), and ATF6α pathway activation promoting increased ER-associated protein degradation (ERAD) (63) have been observed. In the present study, increased MUC1 mRNA induced by IFN-α and IFN-β together with functional assays using mimic hsa-miR-145-5p and inhibitors suggest that the type I IFN signaling increases MUC1 synthesis mediated by hsa-miR-145-5p inhibition in LSG of SS-patients. This mechanism could contribute to the MUC1 overexpression leading to ER synthesis machinery overload, MUC1 accumulation, and ER stress observed in LSG from SS-patients. MUC1 also induces pro-inflammatory cytokines (46, 49, 50), therefore, MUC1 overexpression mediated through type I dependent hsa-miR-145-5p downregulation could contribute to perpetuating glandular inflammation in LSG from SS-patients.

LSG from SS-patients present significantly increased TLR4 expression compared to controls (39, 40). In the present study, we confirmed TLR4 overexpression in LSG from a different cohort of SS-patients. Also, TLR4 mRNA levels significantly increased after IFN-α and IFN-β stimulation and were repressed by hsa-miR-145-5p overexpression. Hsa-miR-145-5p was down-regulated in high glucose-treated retinal endothelial cells (a cellular model of diabetic retinopathy), and hsa-miR-145-5p overexpression significantly reduced TLR4 at both the protein and mRNA levels (74). Additionally, several studies using luciferase reporter assays provided evidence that the 3’-UTR of TLR4 mRNA is a direct target of hsa-miR-145-5p (74–77). High glucose levels increased TNF-α and IL-1β expression in retinal endothelial cells and were substantially suppressed by hsa-miR-145-5p overexpression, with consequent TLR4 downregulation (74). Furthermore, hsa-miR-145-5p overexpression attenuated the oxidative stress and inflammation induced by high glucose levels, suggesting that hsa-miR-145-5p might exert both anti-oxidative and anti-inflammatory roles in diabetic retinopathy (74). TLR4 expression was decreased in osteoporotic samples compared with nonosteoporotic samples, while hsa-miR-145-5p levels were higher in osteoporotic samples, revealing a significantly negative correlation (75). The luciferase activity of HEK293T cells cotransfected with mimic hsa-miR-145-5p and TLR4‐WT was significantly reduced, while the luciferase activity of cells cotransfected with hsa-miR-145-5p and TLR4‐mutant was similar to control conditions (75). In other study, hsa-miR-145-5p was significantly down-regulated both in mice with acute lung injury and LPS-induced type II alveolar epithelial cells (77). Hsa-miR-145-5p overexpression decreased IL-1β, IL-6, and TNF-α expression levels. Also, it blocked LPS-induced activation of nuclear factor kappa B (NF-κB) pathway and reactive oxygen species (ROS) accumulation in LPS-induced type II alveolar epithelial cells. In these cells, it was confirmed that TLR4 mRNA is a direct target of hsa-miR-145-5p by dual luciferase assays (77). Additionally, hsa-miR-145-5p overexpression alleviated lung tissue injury, decreased the expression levels of IL-1β, IL-6, and TNF-α and reduced myeloperoxidase activity in acute lung injury mouse model, demonstrating that miR-145-5p participated in the progression and development of acute lung injury by decreasing the production of pro-inflammatory cytokines (77). Also, hsa-miR-145-5p inhibits tumor occurrence and metastasis through the NF‐κB signaling pathway by targeting TLR4 in malignant melanoma (76). This miRNA was downregulated in melanoma tissues and cells and suppressed TLR4 expression by binding to its 3’-UTR in melanoma cells (76). Moreover, TLR4 overexpression abolished the inhibition of cell proliferation, colony formation, migration, and invasion abilities induced by hsa-miR-145-5p in melanoma cells (76). Meanwhile, hsa-miR-145-5p restrained melanoma tumor growth in vivo by targeting TLR4. Furthermore, hsa-miR-145-5p overexpression inactivated the NF-κB pathway in melanoma in vitro and in vivo, which was reversed by TLR4 overexpression, suggesting that miR-145-5p hindered the occurrence and metastasis of melanoma cells (76). Also, alterations in cell polarity lead to loss of the innate epithelial barrier function in LSG from SS-patients, triggering a series of changes that result in mucin release to the extracellular matrix (78, 79). Epithelial cell TLR4 recognizes ectopic mucins (mucin obtained from bovine submaxillary glands; MUC5B isolated from human whole saliva; and synthetic sulpho-Lewis (SO3-3Galβ1-3GlcNAc) antigen, and initiates a pro-inflammatory response through transcription of IFN-α, IFN-β, TNF-α, IL-6, IL-1β, and CXCL8 in HSG cells (40). These signals, produced initially by epithelial cells, could attract inflammatory cells, perpetuating inflammation and developing a chronic disease (40).

Finally, TLR4 is an N-glycoprotein that is synthesized in the ER and consequently can cause ER stress. The crosstalk between TLR4-mediated signaling and ER stress promotes the production of pro-inflammatory cytokines (80). TLR4 activation can trigger the IRE1α/XBP-1s axis of the UPR and promote pro-inflammatory cytokine expression, such as IL-6 (81). Moreover, TLR4 activation and ER stress inducers synergize the production of pro-inflammatory cytokines, mainly mediated by upregulated p38 expression via ATF6 (82): a UPR transcriptional factor increased in SG from SS-patients (63). Since SS-patients exhibit ER stress and ER stress can synergize pro-inflammatory cytokine production mediated by TLR4, overexpression of TLR4 could further favor an inflammatory response in the SG of SS-patients.

In conclusion, our findings suggest that type I IFNs could downregulate hsa-miR-145-5p leading to MUC1 and TLR4 overexpression in LSG from SS-patients. Both MUC1 and TLR4 contribute to inflammation and glandular dysfunction in LSG from SS-patients; thus, these results suggest the anti-inflammatory role of hsa-miR-145-5p and unveil the contribution of type I IFNs in the perpetuation of inflammation.
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Objective

Patients with primary Sjögren’s syndrome (pSS) may develop a potentially severe disease with extra-glandular involvement and lymphoma insurgence. Minor salivary gland biopsy is routinely used in the disease diagnosis, but its potential role as a biomarker for clinical disease presentation and prognosis is still poorly understood.



Methods

We performed a systematic review and meta-analysis on clinical presentation and prognosis in pSS patients who underwent minor salivary gland biopsy at diagnosis according to the PRISMA guidelines.



Results

We included five retrospective studies and 589 pSS patients. Ectopic GCs presence was not associated with a significant increase in the odds ratio for the clinical variables explored such as salivary gland swelling, arthritis, and Raynaud’s phenomenon. As far as serological features are concerned, ectopic GCs presence accounted for an increased ratio of antibodies anti-SSA (OR = 3.13, 95% CI: 1.25–7.85, p = 0.02, I2 = 79%), anti-SSB (OR = 3.94, 95% CI: 1.50–10.37, p = 0.0005, I2 = 80%), and RFs presence (OR = 3.12, 95% CI: 1.94–5.00, p < 0.00001, I2 = 0%).



Conclusions

This study showed that the association between ectopic GC in salivary glands identifies a clinical subset characterized by autoantibodies presence, and probably pSS patients affected from a more severe disease.





Keywords: Sjӧgren’s syndrome, minor salivary gland biopsy, focus score, germinal center, clinical features, serological biomarkers, autoantibodies



Introduction

Primary Sjögren’s syndrome (pSS) is an autoimmune disorder characterized by chronic exocrine gland infiltration, sicca syndrome, extra-glandular manifestations, and an increased risk of lymphoma development (1). The disease mainly affects middle-aged women, and its incidence ranges between 3 and 11 per 100,000 individuals per year (1, 2). More than half of the affected patients develop systemic involvement (3, 4). In severe patients, the excess of mortality is mainly related to the development of B cell lymphoma and visceral involvement, like interstitial lung disease, renal failure, hypokalemic paralysis, and severe cryoglobulinemic vasculitis (5). T and B-lymphocytes, together with other immune cells, home into salivary glands, promoting the disease development and determining the specific histologic pattern, known as focal lymphocytic sialadenitis (LFS) (6), used for diagnostic and classificative purposes. Minor salivary glands biopsy (mSGB) represents the main criteria used in the disease classification. In fact, from 2002, when the American–European Consensus Group (AECG) classification criteria for pSS have been proposed, to 2016, when the last set of classification criteria were released, the presence of LFS with a focus score (FS) ≥1 remains the “gold standard” for pSS classification (7–9). The first description of the minor salivary gland infiltrate related to keratoconjunctivitis and sicca syndrome is from H. Sjögren in the 1933 (10). Successively, Chisholm and Mason, Greenspan and Daniels, and Tarpley suggested three different scoring systems for mSGB. Chisholm and Mason proposed a score based on five grades, from 0 to 4, considering the presence of slight or moderate lymphocytic infiltration and/or focus of lymphocytes (11). Greenspan and Daniels introduced in 1974 the concept of LFS and FS. The FS was defined as the number of foci in a 4 mm2 area of normal-appearing tissue, and LFS was defined as an FS ≥1 (12). Finally, Tarpley proposed a score including acinar destruction and fibrosis, associated with the number of immune cell aggregates, to graduate mSGB (13). So far, different studies analyzed the role of mSG involvement as a specific tool for diagnosis, and data from a previous systematic literature review showed a wide range of sensitivity and specificity for pSS diagnosis, from 63.5 to 93.7% and from 61.2 to 100%, respectively (14). Furthermore, a large variability was observed concerning the estimated positive predictive value of mSGB, which ranged from 74.2 to 100%, and the estimated predictive negative value, which ranged from 39.1 to 96.1% (14). Despite these wide ranges, the diagnostic role of mSGB in pSS is largely recognized and recommended, while its role in pSS patients’ stratification and systemic disease prognosis still remain poorly known.

On these bases, we designed and conducted a systematic literature review (SLR) and meta-analysis to assess the value of mSGB for pSS patients’ stratification. Furthermore, we explored the possible predictive role of mSGB in systemic disease development.



Materials and Methods


Protocol

This study was conducted according to the Cochrane Collaboration and the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) statement (15). The PRISMA checklist is presented in Table 1.


Table 1 | PRISMA 2009 Checklist.





Eligibility Criteria

In this study, we included all peer-reviewed published articles that reported demographic, clinical, and serological characteristics of pSS according to their mSGB histology. We selected all the studies conducted in pSS patients with a confirmed diagnosis (Population) who performed a mSGB (Intervention and Control) that reported the demographic, clinical, and serological associated factors (Outcome). We did not introduce temporal limits in our search strategy. Review articles, case reports, opinion articles, letters, brief reports, non-English publications, and those with missing data were excluded.



Search Strategy and Study Selection

We conducted a systematic search in MEDLINE, Cochrane Library, and SCOPUS databases to identify all relevant English-language publications, with the terms: ((“Histology”[MeSH Terms] AND “Salivary Glands”[MeSH Terms]) OR “focus score” OR “lymphomononuclear infiltrates” OR “Chisholm and Mason” OR “Tarpley”) AND “Sjogren’s syndrome”[MeSH Terms]). Two independent reviewers (OB and PR) first screened the retrieved papers based on the title and abstract (Figure 1). If it was not clear from the title and abstract whether the paper contained relevant data, the full paper was retrieved. The list of all excluded papers after full-text assessment is reported in Supplementary Table 1. Finally, we scrutinized the reference lists of the identified articles to find additional pertinent studies.




Figure 1 | PRISMA 2009 Flow Diagram.





Data Extraction

Data from the selected articles were extracted according to the first author; publication year; number of participants; number of female; clinical features [xerostomia, xeroftalmia, parotid swelling, arthritis, renal involvement, hematological involvement, lung involvement, cutaneous involvement, peripheral nervous system (PNS) involvement, central nervous system (CNS) involvement, lymphoma, muscular involvement, and Raynaud’s phenomena (RP)], and serological features [anti-SSA antibodies, anti-SSB antibodies, rheumatoid factor (RF), complement components (C3, C4), cryoglobulinemia, hypergammaglobulinemia, leukopenia and anti-nuclear antibodies (ANA)]. Wherever data were missing or inconsistent, the authors were contacted to obtain the necessary information.



Assessment of Methodological Quality

The quality of studies included in the quantitative analysis was assessed using the “star system” of the Newcastle-Ottawa Quality Assessment Scale (NOS) (16). The minimum and maximum scores that could be awarded were zero stars and nine stars, respectively (Table 2). Studies that scored ≥seven stars were regarded as high quality. The quality assessment was performed by two reviewers (OB and PR), and any disagreement was resolved by a third reviewer (SD’A) who re-evaluated the original study.


Table 2 | Newcastle-Ottawa Assessment Scale.





Statistical Analysis

The relationship between ectopic GCs presence and glandular swelling, arthritis, Raynaud’s phenomena (RP), anti-SSA antibodies, anti-SSB antibodies, or rheumatoid factor (RF) was assessed using odds ratio (OR) and 95% CI as well as Mantel–Haenszel estimates. A significant heterogeneity was expected among studies. Data were combined using random effect models, which assumes that the included studies have varying effect sizes, thus providing a conservative estimate of the overall effect. The Cochrane chi-square (Cochrane Q) test and I2 test were carried out to analyze the heterogeneity among the results of different studies. An I2 value <25% was considered indicative of no heterogeneity, while I2 >50% and/or P <0.05 indicated substantial heterogeneity (17). The extracted data were analyzed using the statistical software R (version 3.0.3; R Foundation for Statistical Computing, Vienna, Austria) and the Review Manager (RevMan) of the Cochrane Library (version 5.3; Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark).




Results


Study Selection and Characteristics

A total of 424 articles were retrieved by using the above-mentioned search strategy, and after screening titles and abstracts, 222 articles were selected for full-text assessment. After review, nine studies were included in the qualitative and five studies were included in the quantitative analysis. Among the studies included in the quantitative analysis, two studies were conducted in Norway (18, 19); one in Italy (20); one in China (21); and one in Korea (22). All of them referred to pSS patients fulfilling the revised criteria proposed by the American-European Consensus Group (7), and all the studies were retrospective. In all the included research studies the mSGBs were performed and analyzed according to the standard procedures (12). The main characteristics of the selected studies are reported in Table 3. The overall quality of the selected studies is high, but all the retrieved studies were retrospectively designed (Table 2). The main demographic, clinical, and serologic characteristics of pSS patients are reported in Tables 3, 4.


Table 3 | Main demographic and clinical characteristics of patients in selected studies.




Table 4 | Main serological characteristics of patients in selected studies.





Germinal Center Influence on Clinical and Serological Features in pSS

Among clinical features, the presence of ectopic GC and its association with glandular swelling (Figure 2A), arthritis (Figure 2B), and RP (Figure 2C) were explored. Ectopic GCs presence was not associated with a significant increase in the odds ratio for all the explored variables. As far as the glandular swelling is concerned, the lack of association was maintained after the “leave one out” test with a significant reduction in the heterogeneity, from 50 to 0%, confirming the reliability of the results. Concerning the serological features, ectopic GCs presence accounted for an increased ratio of anti-SSA, anti-SSB autoantibodies, and RF presence. The ectopic GCs presence at histologic evaluation increased the anti-SSA presence probability (OR = 3.13, 95% CI: 1.25–7.85, p = 0.02), as shown in Figure 3A. A significant heterogeneity was observed among the studies (p for heterogeneity = 0.0007, I2 = 79%), which was mainly observed in the study of Carubbi et al. (20). However, removing this study from the analysis did not change the outcome confirming the association (Figure 3B). Ectopic GCs presence at the histologic evaluation increased the probability of anti-SSB antibodies’ presence (OR = 3.94, 95% CI: 1.50–10.37, p = 0.0005, I2 = 80%), and also this outcome was maintained during the “leave one out” test. Finally, ectopic GCs presence increased the probability of RFs presence in pSS patients’ sera (OR = 3.12, 95% CI: 1.94–5.00, p < 0.00001, I2 = 0%), without any heterogeneity among the selected studies (Figure 3C).




Figure 2 | Meta-analysis of the presence of salivary gland swelling (A), arthritis (B), and Raynaud’s phenomena (C) between patients with Sjögren’s syndrome with or without ectopic germinal center. The size of squares is proportional to the weight of each study. Horizontal lines indicate the 95% CI of each study; diamond, the pooled estimate with 95% CI; N, the number of persons at baseline; and OR, odds ratio; GC, germinal center; RP, Raynaud’s phenomena.






Figure 3 | Meta-analysis of the presence of anti-SSA (A), anti-SSB (B), and rheumatoid factor (C) between patients with Sjögren’s syndrome with or without ectopic germinal center. The size of squares is proportional to the weight of each study. Horizontal lines indicate the 95% CI of each study; diamond, the pooled estimate with 95% CI; N, the number of persons at baseline; and OR, odds ratio; GC, germinal center; RF, rheumatoid factor.





Focus Score Influence on Clinical and Serological Features in pSS

Due to the different classification systems based on FS used in the retrieved papers, quantitative analysis was not possible. Thus we summarized the available data. Wise et al. in 1993 explored the correlation between pSS clinical features and mSGB results: this study, for the first time, pointed out the lack of correlation between FS and clinical features but unmasked the link between FS and serological markers. In fact, in this cohort, among the selected clinical features (dry eyes, Shirmer test, dry mouth, salivary swelling, pulmonary findings, renal findings, GI findings, thyroid disease, cutaneous lesions, adenopathy, neurologic findings), only the salivary swelling was significantly present in patients with FS >1. On the other hand, serologic findings, defined as ANA, anti-SSA, anti-SSB, and RFs presence, were significantly increased in patients with FS >1, when they were considered individually or as a group (23). Reksten et al., in 2009, did not confirm these results, showing that patients in the FS− group had a higher frequency of both anti-SSA and anti-SSB antibodies when compared to patients in the FS+ group, which may be related to the specific inclusion criteria used in the study (19). Successively, Daniels et al. explored the associations between SG histopathologic changes and phenotypic features in 1,726 pSS patients from the database of the Sjögren’s International Collaborative Clinical Alliance (SICCA). They found that FS >1 was significantly associated with serum anti-SSA and anti-SSB positivity, RF, but not with symptoms of dry mouth and/or dry eyes. Patients with positive anti-SSA/SSB were nine times (95% CI: 7.4–11.9) more likely to have a focus score of >1 than those without anti-SSA/SSB. Of note, patients with an unstimulated whole salivary flow rate of <0.1 ml/min were two times (95% CI 1.7–2.8) more likely to have a focus score of >1 than those with a higher flow rate (25). In 2015, Carubbi et al. confirmed the variability of pSS disease spectrum among patients with different FSs. In their experience, higher FS values were associated with a significant higher frequency of salivary gland swelling and lymphoma. Furthermore, reduction of C4, hypergammaglobulinemia, circulating monoclonal component, and double association anti-SSA and anti-SSB were more common in patients with FS ≥1 (24). The main characteristics of patients enrolled in these studies are summarized in Tables 3, 4.



Salivary Gland Biopsy Prognostic Role

In the 2014, Risselada et al. explored the prognostic role of mSGB in pSS patients’ follow-up. In a retrospective study, they analyzed the prognostic value of FS and the percentages of IgA+, IgM+, and IgG+ plasma cells in mSGBs on disease outcomes. Their results showed that mean FS was significantly higher in patients developing non-Hodgkin lymphoma (NHL) (3.0 ± 0.894 vs 2.25 ± 1.086; p = 0.021), and FS ≥3 foci had a positive predictive value of 16% for NHL and a negative predictive value of 98%. Only FS ≥3 contributed significantly and independently to NHL development in a standard multiple regression model (26). The prognostic value of FS on lymphoma development was confirmed in 2015 by Carubbi et al. In fact, in a multivariate analysis, they showed that patients with higher FS had a higher risk of developing lymphoma (OR = 1.314, 95% CI: 1.090–1.585, p = 0.004) (24). In another retrospective study, a FS ≥4 was, together with age and male gender, a risk factor for interstitial lung disease (ILD) development in pSS patients (OR = 3.954, 95% CI: 1.423–10.987, p = 0,008) (27).




Discussion

mSGB is a cornerstone in pSS diagnosis, but to date, its role is underestimated in the follow-up of pSS patients, and behind its valuable role in pSS classification criteria, its potential use in different clinimetric settings is still poorly recognized. Our SLR pointed out the limited number of studies that explored the association between histologic scores and pSS clinical presentation and prognosis, confirming what was already reported (28, 29). Furthermore, in the analyzed studies, different standards and different definitions were used to evaluate the results of mSGBs and any study that independently selected the clinical features of disease presentation, making challenging the comparison of the results and the quantitative analysis. Furthermore, mSGB interpretation and GCs detection could be influenced by the pathologist’s experience.

Here, analyzing data derived from 589 pSS patients enrolled in five studies, we did not find any association between ectopic GCs presence at diagnosis and salivary gland swelling, arthritis, and RP presence. On the other hand, patients with ectopic GCs presence, in their mSGBs, showed a higher OR for anti-SSA, anti-SSB, and RF positivity. B lymphocyte accumulation in pSS salivary glands is a key feature of the disease, and ectopic GC structures promote their chronic stimulation and activation. B lymphocytes producing autoantibodies were described at the borders of ectopic GCs (30). To date, the sites involved in autoantibodies’ production during pSS are not fully elucidated, but affected salivary glands seem to contribute to the production. The presence of plasma cells with intracytoplasmic immunoglobulins with anti-SSA activity in the mSGs, the finding of autoreactive B lymphocytes in the ectopic GC structures, and the evidence of autoantibodies in the saliva contribute to support this hypothesis (30, 31). Furthermore, in vitro studies demonstrated the ability of epithelial salivary gland cells in the exposure of Ro60/TRIM, Ro52/TROVE2, and La/SSB during their death, fueling the autoimmune response (32, 33). Our data mirrors what has been already reported in the literature, in which ectopic GCs presence in mSGBs, hosting B lymphocyte chronic activation, selection, and affinity maturation (34), may be associated with serological presentation and autoimmune phenomena activation, characterizing a pSS phenotype with potentially a more severe disease. Furthermore, FLS and ectopic GC being a continuum in the inflammatory infiltrate characterizing the mSGs of pSS patients, these results reinforce the reported association between FS and serologic features (23–25), lymphoma (24, 26), and ILD development (27).

To our knowledge, this systematic review and meta-analysis is the first report to provide a comprehensive analysis of the clinical findings and laboratory abnormalities associated with histologic markers in pSS patients. Despite the low number of high-quality published data, after combining all the studies using the conservative random-effects model, the obtained results may be considered robust and reliable.

We are aware that our results may be influenced by the lack of randomized control studies as well as by the small number of available studies, mainly retrospective in nature. Therefore, the overall generalizability of our meta-analysis results may be outdated in the future when randomized studies will be published.

In conclusion, pSS patients with ectopic GC, despite exhibiting similar glandular dysfunction and clinical presentation with the patients without ectopic GCs presence, show different features across laboratory parameters, which are mainly related to B lymphocyte hyperactivity. The formation of ectopic GC within the salivary glands of pSS patients may be an important step in the process leading to lymphocytic sialadenitis. Although our study failed to identify any significant associations between the presence of ectopic GC and clinical features, ectopic GC positive pSS patients do exhibit distinct serological features, highlighting the importance of mSGBs behind pSS diagnosis. Studies specifically designed are necessary to confirm these results in larger cohorts to definitively assess the importance of these laboratory abnormalities and their relevance for the clinical outcomes.
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Sjögren’s Syndrome (SS) is an autoimmune exocrinopathy characterized by the progressive damage of salivary and lacrimal glands associated with lymphocytic infiltration. Identifying new non-invasive biomarkers for SS diagnosis remains a challenge, and alterations in saliva composition reported in patients turn this fluid into a source of potential biomarkers. Among these, proteases are promising candidates since they are involved in several key physio-pathological processes. This study evaluated differentially expressed proteases in SS individuals’ saliva using synthetic fluorogenic substrates, zymography, ELISA, and proteomic approaches. Here we reported, for the first time, increased activity of the serine protease dipeptidyl peptidase-4/CD26 (DPP4/CD26) in pSS saliva, the expression level of which was corroborated by ELISA assay. Gelatin zymograms showed that metalloproteinase proteolytic band profiles differed significantly in intensity between control and SS groups. Focusing on matrix metalloproteinase-9 (MMP9) expression, an increased tendency in pSS saliva (p = 0.0527) was observed compared to the control group. Samples of control, pSS, and sSS were analyzed by mass spectrometry to reveal a general panorama of proteases in saliva. Forty-eight protein groups of proteases were identified, among which were the serine proteases cathepsin G (CTSG), neutrophil elastase (ELANE), myeloblastin (PRTN3), MMP9 and several protease inhibitors. This work paves the way for proteases to be explored in the future as biomarkers, emphasizing DPP4 by its association in several autoimmune and inflammatory diseases. Besides its proteolytic role, DPP4/CD26 acts as a cell surface receptor, signal transduction mediator, adhesion and costimulatory protein involved in T lymphocytes activation.




Keywords: saliva, Sjögren’s syndrome, DPP4/CD26, protease inhibitors, protease activity, proteome



Introduction

Sjögren’s Syndrome (SS) is a systemic autoimmune disease characterized by the destruction of exocrine glands, mainly salivary and lacrimal. With a prevalence of approximately 0.5% in the general population, SS is one of the most frequent autoimmune disorders in women (nine in 10 patients are women). It can be defined as primary SS (pSS) or associated/secondary SS (sSS) if combined with another systemic autoimmune disease (1, 2). SS’s main symptom is dryness of oral mucosa and eyes due to decreased secretion of saliva and tears (3). Oral manifestations include hyposalivation and an increased risk for cervical dental caries and dental erosion (4), oral candidiasis, angular cheilitis, and severe swallowing and speech difficulties (5). Moreover, extra-glandular manifestations can occur in the cardiovascular, respiratory, and digestive systems (6). Disease severity associated with B cell lymphoma development, organ-specific manifestations, and infections can lead to excess mortality (7).

SS glandular lesions are due to massive infiltration of inflammatory cells (including T and B lymphocytes, natural killer cells, dendritic cells, and macrophages) and the formation of ectopic germinal centers (8–11). So far, SS etiology involves poorly elucidated genetic factors. Human leukocyte antigen (HLA) class II genes, mainly HLA-DRB and HLA-DQA alleles, seem to produce genetic susceptibility to SS. They may favor autoantibody synthesis against the Ro/La system (anti-Ro/SSA and anti-La/SSB) (12). These autoantibodies recognize different epitopes on the Ro/La proteins associated with small RNAs situated in the cytoplasmic and nuclear compartments (13). Also, in SS, miRNA differential expression has been reported (14). Recently, miR200b-5p expression in the minor salivary glands was related to the prediction of lymphomagenesis in SS patients (15). The SS etiology may also encompass environmental factors such as viral infections (16). The Human T Lymphotropic Virus Type 1 (HTLV-1) may trigger the disease, considering that antibodies for HTLV-1 were highly identified from pSS individuals’ sera in endemic areas (17, 18).

SS diagnosis relies on subjective and objective criteria (19, 20). These include clinical information collected from the patient’s history, autoantibodies in the serum, especially anti-Ro/SSA and anti-La/SSB, imaging analysis, and histopathological analyses of minor salivary glands. Occasionally, there is no autoantibody detection, mainly in the disease’s early stage (21). Also, the autoantibodies might be identified in mothers who gave birth to infants with neonatal lupus (22). Moreover, the autoantibodies are not exclusive to SS pathology. For instance they are also present in the serum of systemic lupus erythematosus patients (23). Thus, despite autoantibody detection, a biopsy of minor salivary glands remains necessary (13).

Studies comparing salivary protein composition between healthy individuals and patients of pathological conditions have identified potential disease biomarkers (24–28). Additionally, a diagnosis based on salivary samples is a non-invasive, low-cost method that can reduce anxiety and discomfort to the patient when submitted to biopsy. It also allows for more effective longitudinal monitoring (29). Either for oral or systemic disorders, such as periodontitis, cancer, AIDS, and even SS, saliva has been considered a potential tool for diagnosis (30–33).

Among potential saliva-derived biological markers, proteases are promising candidates since they are involved in several fundamental physiological processes, and their activity is tightly controlled through numerous redundant mechanisms (34). Proteolysis regulates vital mechanisms, such as embryological development, immune response, blood clotting and whole-body metabolism (35). Also, studies have related protease activities with autoimmune diseases. For instance metalloproteinase-9 (MMP9) is augmented in the sera of systemic lupus erythematosus patients (36) and dipeptidyl peptidase-4/CD26 (DPP4/CD26) in sera of type 1 diabetes, rheumatoid arthritis, systemic lupus erythematosus and inflammatory bowel disease (37).

To date, few studies have associated SS and salivary proteases (38, 39). The purpose of the present study was to analyze the proteolytic profile in stimulated whole saliva (SWS) protein samples from healthy individuals and patients with pSS or sSS using synthetic fluorogenic substrates, zymography, ELISA and mass spectrometry (MS). Here we propose that the protease DPP4/CD26 could be further explored as a potential biomarker in the saliva of SS patient diagnosis. Moreover, our proteomic analysis resulted in 208 identified protein groups. Among them, the serine proteases neutrophil elastase (ELANE), cathepsin G (CTSG) and myeloblastin (PRTN3) were found only in the saliva from SS patients.



Materials and Methods

The present study was conducted following the principles of the Declaration of Helsinki. The Research Ethics Committee of the Faculty of Health Sciences, University of Brasilia, approved all procedures (CEP/FS, 073/11). All individuals provided written informed consent before participating in the study.


Study Design

A control–case study was performed with 40 adults matched by age, gender, and socioeconomic situation. The control group was composed of 20 healthy individuals. They had no history of dry eyes or mouth, no salivary gland disease, and they were not taking any drugs associated with xerostomia, such as anti-depressives, birth control pills, and hormonal replacement. The affected group was composed of 20 SS individuals, 10 primary-SS (pSS) and 10 secondary-SS (sSS). They were diagnosed following with the American-European Consensus (19). The study was carried out with 38 women, one man in the SS group and one man in the control group. Exclusion criteria were all patients diagnosed with HIV, HCV, HVB, or HTLV-1 infections, diabetes, sarcoidosis, lymphoma, smokers, patients with a history of head and neck radiotherapy treatment, and patients using anticholinergic drugs. The manifestation of other systemic autoimmune diseases was registered. Clinical information about the appearance of oral mucosa (normal or dry), the clinical appearance of tongue (normal, dry, atrophic, atrophic with fissures or savory), the saliva aspect (normal, sticky or foamy) and the clinical presence of candidiasis (no signs, angular cheilitis or erythematous lesions) were collected (Supplementary Table 1).



Saliva Collection and Sample Preparation

Patient samples of stimulated whole saliva (SWS) were obtained after a 2-h fast between 9 am and 11 am to reduce the influence of circadian rhythm, followed by chewing 1 g of flavorless chewing gum for 5 min (3). They did not receive any diet recommendations prior to fasting start. Patients were instructed to do not drink water and to do not perform oral hygiene until 2 h before saliva collection. During the SWS collection, they all received instructions to chew the unflavored chewing gum in both sides. Every 30 s, they let the saliva drain to the tube until the end of the 5 min. Salivary flow rate was also registered. During collection, the samples were kept on ice to prevent proteolysis. SWS samples were centrifuged at 4°C (2,600 × g, for 15 min) and stored at −80°C. In all proteolytic assays, SWS samples were used without any chemical processing or dilution.



Protein Concentration

Total salivary protein measurement was performed by fluorometric assay (Invitrogen Qubit® 2.0 Fluorometer) with the Invitrogen™ Qubit™ Protein Assay Kit.



Enzymatic Assays Using Fluorogenic Substrates

The proteolytic activity was assessed in saliva samples through fluorogenic substrates. Twelve substrates were tested in one individual from the control group, in triplicate: Gly-Pro-AMC, Phe-Arg-AMC, N-Gly-Gly-Arg-AMC, Pro-AMC, Arg-Arg-AMC, Ala-Ala-Phe-Ala-AMC, N-Suc-Ile-Leu-Cys-Ala-AMC, N-Suc-Gly-Pro-Leu-Gly-Pro-AMC, Gly-Arg-AMC, N-Suc-Leu-Thr-AMC, Arg-AMC, N-Suc-Leu-Leu-Val-Tyr-AMC. The enzymatic activity from saliva was measured by the releasing of 7-amino-4-methylcoumarin (AMC) from substrates (40) in a 96-well microplate in SpectraMax® M5 ROM v3.0.22 Molecular Devices spectrofluorometer at 380 nm excitation and 460 nm emission for 15 min. The rate of fluorescence liberated was calculated per minute (FU/min). All enzymatic reactions were performed in activity buffer (HEPES 25 mM, pH 7.5) in the presence of 20 µM of the substrate. The substrate Gly-Pro-AMC was tested in all saliva samples.

For proteolytic specific inhibition, protease inhibitors (Supplementary Table 2) were tested in an individual from the control group, by incubation for 15 min before adding the substrate.



Gelatinase Activity

Gelatinase activity was analyzed by zymography. SWS (10 µl) was loaded on 8% SDS-PAGE gel copolymerized with 0.1% (w/v) gelatin. Gels were submitted to two washes within Tris-HCl 100 mM pH 7.5 and Triton 2.5% (v/v) for 30 min per wash followed by one wash with deionized water to remove Triton X-100. Next, they were incubated under 37°C overnight in Tris-HCl 100 mM pH 7.5 and stained within a fixing solution of Coomassie Blue R-250, for 1 h at room temperature (41). Samples were also subjected to a 10% SDS-PAGE to visualize the electrophoretic profile, mirrored to every zymogram. We tested the specific inhibitors 1 mM AEBSF, 100 µM E-64, and 1 mM EDTA for specific proteolytic gelatinase inhibition. Since EDTA is a reversible inhibitor, the gel strip treated with EDTA had its final concentration maintained in washing and incubation at 37°C overnight (Supplementary Table 3). The activity was determined by densitometry, using ImageJ 1.51a software for each gelatinolytic band’s mean intensity. To normalize the image, we used the most concentrated sample of an individual from the control as the standard, thus achieving a relative intensity.



Enzyme-Linked Immunosorbent Assay

The DPP4/CD26 and the MMP9 concentrations were measured with the Human DPP4/CD26 DuoSet (DY1180) and Human MMP9 DuoSet (DY911-05) (R&D Systems, USA), respectively, according to the manufacturer’s instructions, both along with DuoSet ELISA Ancillary Reagent Kit 2.



Sample Preparation for LC-MS/MS


In-Gel Protein Digestion

Among the 40 individual samples, 500 ng SWS proteins from three control, three pSS, and three sSS were loaded on 8% SDS-PAGE (Supplementary Figure 1). Gel slices were excised from each lane, reduced with 10 mM dithiothreitol (DTT) in 25 mM of ammonium bicarbonate buffer for 1 h at 56°C and alkylated by the addition of 55 mM iodoacetamide (IAA) in the same buffer for 45 min in the dark at 25°C. Samples were then washed with ACN and subsequently 25 mM of ammonium bicarbonate, lyophilized and dehydrated for trypsin digestion (12.5 ng/µl in buffer) for 18 h at 37°C. Peptides were extracted using a gradient of 0.1% TFA (v/v), 0.1% TFA (v/v) in 50% ACN (v/v) and 0.1% TFA (v/v) in 80% ACN (v/v). Samples were lyophilized and resuspended with 1% TFA (v/v), desalted on a pipette tip packed with a C18 membrane (Empore, Supelco) for mass spectrometry analysis. The in-gel protein digestion samples were resuspended in 0.1% (v/v) formic acid to proceed with the LC-MS/MS analysis.



In-Solution Protein Digestion

Samples were processed according to Poulsen (42) with some modifications. Briefly, salivary proteins of the three control, three pSS, and three sSS samples were resuspended in 6 M guanidine hydrochloride (Gnd-HCl) in 25 mM ammonium bicarbonate (pH 8.4). Samples were warmed at 70 °C for 5 min under agitation (1,000 RPM) using a Thermomixer (Eppendorf, Hamburg, Germany). Then, homogenates were centrifuged at 18,000 × g for 20 min, the debris discarded, and supernatants were collected for proteomics analysis. Next, the sample was quantified with Qubit® 2.0 protein assay kit (Thermo Fisher Scientific, Maryland, USA). Aliquots of 150 µg (per condition/replicate) of whole saliva proteins were reduced with 20 mM dithiothreitol (DTT) in 0.20 mM ammonium bicarbonate pH 8.5 for 1 h at 56°C. They were then alkylated with 50 mM iodoacetamide for 1 h in the dark at room temperature. Subsequently, samples were diluted in 20 mM ammonium bicarbonate pH8.0 to a final concentration of Gnd-HCl of 0.9 M. Enzymatic digestion was performed with modified trypsin (Promega, Madison, WI, USA) at a ratio of 1:50 (enzyme: substrate) at 37°C overnight, followed by acidification with 0.1% (v/v) TFA. After the proteolysis, peptide samples were submitted to desalting on C18-reverse phase micro-columns, using self-prepared StageTips and vacuum-dried (43). After that, peptides were resuspended in 0.1% formic acid in the water and quantified by Qubit® 2.0.




LC-MS/MS

For both in-gel and in-solution protein digestion samples, the experiments were performed on a Dionex Ultimate™ 3000 RSLCnano system coupled online with an LTQ-Orbitrap Elite™ mass spectrometer (Thermo Scientific; San Jose, USA). Each peptide sample was loaded by an autosampler into the trap column at a flow rate of 4 μl.min−1 in 98% buffer A (0.1% formic acid in water) and 3.6% buffer B (0.1% formic acid in acetonitrile 80%). The peptides were separated at a constant flow 230 nl/min in a 20 cm analytical column (75 um inner diameter) packed with 3 µm C18 beads (Reprosil Pur-AQ, Dr. Maisch, Germany) with a 50 min gradient ranging for in-gel protein digestion samples and a 190 min gradient ranging for in-solution protein digestion samples from 5 to 35% acetonitrile in 0.1% formic acid, directly into mass spectrometer under ESI ionization.

Molecular mass spectra were acquired using Xcalibur 2.0 software (Thermo Fisher Scientific Inc., Waltham, MA, USA). Acquisition by the mass spectrometer was performed in data-dependent acquisition (DDA) mode. The DDA cycle consisted of a full scan in FTMS comprising a 400–1,800 m/z range under a resolution of 120,000 full widths at half-maximum at m/z 400. The 15 most abundant ions with an intensity of at least 3,000 counts were selected and fragmented by high energy collision dissociation (HCD). The fragmentation was performed with a collision energy of 35%, automatic gain control (AGC) of 1 × 106 and acquired in an orbitrap analyzer with a 2 m/z isolation width and AGC 1 × 104. Dynamic exclusion was set to 90 s. Ions with a charge state of +1 or undetermined were excluded.



Mass Spectrometry Data Analysis

For both gel-based LC-MS/MS and gel-free LC-MS/MS, the raw files of each individual groups were searched with PEAKS Studio 7.0 (Bioinformatics Solutions Inc., Ontario, Canada) against the Homo sapiens database with 74,807 sequences downloaded from Uniprot on 01-27-2020. Retrieval parameter settings were as follows: Parent mass error tolerance 10 ppm; fragment mass error tolerance 0.5 Da; precursor mass search set as monoisotopic; enzyme as trypsin, number of proteins missed cleavages was set as two; cysteine alkylation was set as a fixed modification, variable modification as methionine oxidation. All the reported data were based on the 99% confidence interval for protein identification as determined by the false discovery rate (FDR) of 1% and at least one unique peptide for protein. The mass spectrometry and related data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (44) with the dataset identifiers PXD025434 and PXD025463, for gel-free and gel-based proteomic approaches, respectively. SignalP v.5.0 Server (http://www.cbs.dtu.dk/services/SignalP/) was used to predict proteins secreted by classical pathway. The parameter ‘eukaryotes’ was set to predict the secretion pathways. The Uniprot web server was required for conversions of gene list (45). Protein−protein interaction (PPI) was established by STRING (46) using UniProt Accession codes. The generated interaction networks were uploaded in Cytoscape 3.8.1 for graphical representation (47). Enrichment analysis was performed where gene ontology was over-represented. The Ensembl gene ID was used to feed g:Profiler (48).



Statistical Analysis

GraphPad Prism for Mac (version 7.0e.198) or Statistical Package for Social Sciences (SPSS) for Windows (version 13.0) was used for all analyses, considering a p-value <0.05 as significant. The normal distribution of continuous variables was determined using D’Agostino & Pearson omnibus, Shapiro–Wilk, and Kolmogorov–Smirnov tests. For comparisons of numerical data between two groups, either Student’s t-test (e.g., age, protein concentration and immune enzymatic assays for Human DPP4/CD26) or Mann–Whitney test (e.g., enzymatic activities and its intensity, and immune enzymatic assays for Human MMP9) were performed. Chi-square test was applied to compare the frequencies of categorical variables (e.g., gender) in groups. Additionally, to compare protein concentration between groups, Student’s t-test and Levene test were used. We identified trends in the condition’s clinical stages and on immune enzymatic assays through Spearman’s correlation coefficient. Finally, a one-way ANOVA test and Bartlett’s test were performed to compare the dosage of DPP4 in subgroups, and a Kruskal–Wallis test to compare the dosage of MMP-9 in subgroups.




Results


Proteolytic Profile and Active DPP4/CD26 Detection in Saliva of SS Individuals

To adjust salivary protein concentration for mass spectrometry and evaluate proteolytic activity in standardized concentration, total protein concentration (ng/µl) was measured in both groups. Saliva from SS individuals had lower protein concentrations when compared to the control group (Supplementary Figure 2).

Twelve fluorogenic substrates were tested on saliva from a control group individual for preliminary classification to characterize SS saliva’s proteolytic activity. Among them, Gly-Pro-AMC, Phe-Arg-AMC, N-Gly-Gly-Arg-AMC, and Pro-AMC had increased hydrolysis by proteases present in saliva (Figure 1A). The most expressive activity was observed with Gly-Pro-AMC, a highly specific substrate of DPP4. Considering the low volume of saliva samples collected due to SS patients’ hyposalivation, the low detection activity of Pro-AMC, and that several proteases can cleave Phe-Arg-AMC and N-Gly-Gly-Arg-AMC, only Gly-Pro-AMC was chosen to proceed within this study. Different classical protease inhibitors or sitagliptin, a highly selective inhibitor of DPP4, were incubated with SWS before proceeding to hydrolysis of Gly-Pro-AMC to confirm the specificity of DPP4 enzymatic activity in our assays. An expressive SWS proteolytic inhibition toward Gly-Pro-AMC was observed in the presence of AEBSF, a specific and irreversible serine protease inhibitor, while the other classical inhibitors did not affect the activity on Gly-Pro-AMC. However, sitagliptin completely abolished this activity in SWS (Figure 1B).




Figure 1 | Increased levels and activity of DPP4/CD26 in saliva of Sjögren’s syndrome individuals. (A) The SWS samples (10 µl) were incubated with each substrate (20 µM) in HEPES 25 mM (pH 7.5). (B) The SWS samples were incubated with Gly-Pro-AMC (20 µM) in HEPES 25 mM (pH 7.5) in the presence of classical protease inhibitors or sitagliptin. (C) Proteolytic activity of SWS individuals and (D) between SS groups using Gly-Pro-AMC (20 µM) in HEPES 25 mM (pH 7.5). (E) The DPP4/CD26 concentration was measured in all saliva samples and (F) between SS groups with the Human DPP4/CD26 DuoSet ELISA kit (R&D Systems, USA). All experiments were performed in triplicate. Data are expressed as the mean ± standard deviation. *p < 0.05; Student’s t-test. (D, F) One-way A-NOVA and Dunnett’s multiple comparison test. ns, not significant.



Subsequently, all forty SWS samples were tested using the DPP4 fluorogenic substrate. A significant (p < 0.05) increased proteolytic activity on Gly-Pro-AMC was observed in SS saliva, either pSS or sSS, in comparison to the control ones (Figures 1C, D). Besides detecting the DPP4 activity, an ELISA was performed to quantify soluble DPP4 in SWS samples. With a threshold detection of 0.02 ng/ml, an overexpression of DPP4 was reported in SS saliva (p < 0.05) (Figure 1E), specifically in pSS (Figure 1F). This result corroborates enzymatic assays and its inhibition shown in Figures 1B, D.



Gelatinase Activity

A preliminary gelatin zymogram was performed to define the saliva volume to be used in this study. Ten microliter of saliva showed well defined gelatinolytic bands and was chosen to perform zymography in all forty saliva samples (Supplementary Figure 3). Mirrored zymography to a 10% SDS-PAGE silver-stained loaded with 500 ng was performed. Hence, proteolytic activity was measured over total protein concentration. We found the same ratio of proteolytic activity intensity when loading the gel by volume of saliva (Supplementary Figure 4).

We analyzed all forty saliva samples on zymography, following the same distribution exemplified in Figure 2A. Thereby, SWS samples revealed a distinct pattern between groups, both in molecular weight (kDa) and gelatinolytic activity intensities. The molecular weight and intensity of bands were then cataloged and evaluated. We initially identified 10 bands and analyzed their frequency statistically. No differences were found between groups (p > 0.05), according to the Mann–Whitney test (Supplementary Figure 5).




Figure 2 | Gelatinolytic activity profile in saliva from healthy and Sjögren’s syndrome individuals. (A) Protease activity analysis of 10 μl SWS proteins (per lane) from healthy or SS individuals. Gels (8% polyacrylamide with 0.1% gelatin, w/v) were stained with Coomassie Brilliant Blue R250. Clear bands on dark background indicate sites of protein degradation. Spearman’s correlation test. Molecular weight markers (kDa). (B) The intensity of activity bands was assessed by densitometry using the software ImageJ. The most concentrated sample from a control individual was used as the standard to achieve the relative intensity to normalize the image. Mann–Whitney test. *p < 0.05.



Regarding the intensity of bands, there was a significant difference (p < 0.05) in the intensity of gelatinolytic activity of >220 and 50 kDa bands, according to the Mann–Whitney test (Figure 2A). The >220 kDa band exhibits an increase in intensity among SS individuals. Meanwhile, the 50 kDa band shows a reduction of intensity among SS individuals. Thereby, these proteolytic bands presented significant differences regarding clinical condition, pSS and sSS (Figure 2B). Although we used individuals’ age for correlation analyses, this variable was not relevant (no significant results) for these tests. Gender could not be analyzed, as there was only one male per group.

We analyzed proteolytic inhibition using the following specific inhibitors: AEBSF for serine proteases; E-64 for cysteine proteases; and EDTA, for metalloproteases, to determine the protease class involved in zymography bands from SWS. Our results show that AEBSF and E-64 could not inhibit gelatinolytic activities since the proteolytic profile exhibits similarity with the positive control (+C). However, EDTA inhibited most proteolytic bands, except the 40 kDa band (Figure 3).




Figure 3 | Inhibition of proteolytic activity in gelatin zymography. Protease activity analysis of 10 μl SWS proteins (per lane). Gel strips (8% polyacrylamide with 0.1% gelatin, w/v) were incubated in the presence of AEBSF (1 mM), E-64 (100 µM) or EDTA (1 mM). Strips were stained with Coomassie Brilliant Blue R250. Clear bands on dark background indicate sites of protein degradation. -C: Boiled SWS. Molecular weight markers (kDa).



Among the metalloproteases with gelatinolytic activity, MMP9 has been implicated in molecular mechanisms of several auto-immune syndromes (49). To assess the MMP9 expression profile in SWS, an ELISA was performed. With a threshold detection of 0.02 ng/ml, the ELISA result reported a tendency for significance (p = 0.0531), according to the Mann–Whitney test (Figure 4A), and there was a tendency for significance (p = 0.0527) in control with pSS samples (Figure 4B), according to the Kruskal–Wallis test. This evidence corroborated enzymatic assays and their inhibition since MMP9 is a gelatinase, and there was higher expression (p < 0.05) in SS samples for >220 kDa proteolytic band.




Figure 4 | Detection of human MMP9 in the saliva from Sjögren’s syndrome individuals. The MMP9 concentration was measured in all saliva samples [(A); Mann–Whitney test] and between SS groups [(B); Kruskal–Wallis test] with the Human MMP9 DuoSet ELISA kit (R&D Systems, USA) according to the manufacturer’s instructions.





Correlation Between DPP4 and MMP9

Although we did not observe an essential interdependence between MMP9 and DPP4 concentrations for SS patients in the global analysis. When the test cut-off value was set at >1 ng/ml, the results demonstrated that MMP9 and DPP4 directly correlated in approximately 40% of SWS samples from pSS patients, who presented higher levels of both proteases (Figure 5). SS patients were grouped according to the drugs they were taking to control the disease (Supplementary Table 3). Anti-inflammatory and immunosuppressive drugs showed no influence on the concentrations of MMP9 and DPP4/CD26 (Figure 5). We found no significant data in either DPP4 or MMP9 average values when compared with the medicament used.




Figure 5 | Immunoassay measurements for MMP9 and DPP4/CD26 illustrate the interdependence between these proteases in the saliva from pSS individuals. Analysis of correlation of MMP9 concentrations with those of DPP4/CD26 in control (A); pSS: primary Sjögren’s syndrome (B, D, E); and sSS: secondary Sjögren’s syndrome (C, F, G) individuals. AI, anti-inflammatory drugs use; No AI, no anti-inflammatory drugs use; IS, immunosuppressive drugs use; No IS, no immunosuppressive drugs use.





Proteases and Protease Inhibitors Identified in SS Saliva

To examine the overall panorama of proteases in saliva, samples from pSS and sSS patients versus the control individuals were analyzed by LC-MS/MS. Two different approaches, gel-based LC-MS/MS and gel-free LC-MS/MS that comprise in-gel digestion and in-solution digestion, respectively, were employed to increase the amount of identified proteins. Combined results of both approaches for each individual group resulted in 99 protein groups (PGs) in control group, 98 in pSS and 176 in sSS. Regarding proteases and protease inhibitors, 10 PGs were identified in the control group, 15 in pSS and 23 in sSS. The proportion of protease inhibitors found among the three groups did not differ (Control: 8.1, pSS: 8.2, and sSS: 7.4). However, an increase in protease identifications was noticed in SS groups, mainly in pSS (Control: 2.0, pSS: 7.1, and sSS: 5.7; Figure 6). Secreted proteins can be predicted by the presence of a N-terminal cleavable signal peptide that is typically 15–30 amino acids long. Herein, in silico prediction of secretion of proteases and protease inhibitors through the classical pathway showed that 100% of these PGs were predicted to be secreted (Supplementary Table 4).




Figure 6 | Proteases and protease inhibitors identified in Sjögren’s syndrome saliva by LC-MS/MS. (A) Venn diagram for the proteases (yellow font) and protease inhibitors (black font) identified commonly or exclusively among the three groups. (B) Proportion of proteases and protease inhibitors identified in each comparison group. (C) Protein–protein interaction (PPI) analysis in STRING database. A confidence score of 0.4 was set as a cut-off allowing active interaction sources as evidence. Line thickness indicates the strength of data support. Brown: proteases. Green: protease inhibitors. Pie chart colors are related to the enrichment analysis performance by g:Profiler. Black: neutrophil degranulation (GO.0043312); dark blue: degradation of the extracellular matrix (REAC:R-HSA-1474228); light blue: activation of matrix metalloproteinases (REAC:R-HSA-1592389); red: salivary secretion (KEGG:04970) and orange: immune response (GO:0006955). (D) g:Profiler enrichment analysis plot. GO : MF (Molecular Function), GO : BP (Biological Process), GO : CC (Cellular Component), and KEGG Pathways. The number in the source name in the x-axis labels shows how many significantly enriched terms were found. Black circled numbers inside the plot are related to the ID column in the table.



Protease PGs neutrophil elastase (ELANE), cathepsin G (CTSG), trypsin (PRSSs), and myeloblastin (PRTN3), which are all serine proteases, were identified only in SS samples. Likewise, protein-glutamine gamma-glutamyltransferase E (TGM3) that contains a cysteine protease domain from the C111.003 family (MEROPS), was found only in both SS groups. Remarkably, MMP9, complement factor B (CFB), azurocidin (AZU1) and kallikrein-13 (KLK13) were detected exclusively in sSS. No exclusive protease was identified in control or pSS samples (Figure 6A). Nevertheless, DPP4/CD26 was not reported among the three groups by proteomic analysis.

Additionally, we found several cysteine proteases inhibitors of cystatins family (CST1, CST2, CST3, CST4, CST5, CSTA, CSTB, CTSG), serine/cysteine protease serpins (SERPINB1 and SERPINA1), the broad-spectrum endopeptidase-binding alpha-2 macroglobulin (A2M), the serine protease phosphatidylethanolamine-binding protein (PEBP1), calpain inhibitor calpastatin unit 1 (CAST) and the tissue inhibitor of metallopeptidases-1 (TIMP-1).

PPI network was generated using STRING database followed by MCL cluster in order to associate protein of related functions (Figure 6C). The left network clustered the serine proteases ELANE, CTSG, and PRTN3 that seem to be involved with innate immune response (50). The middle network clustered proteases related to ECM remodeling (MMP9 and KLK13), inflammation (MMP9 and PRSS1 (Trypsin-1)) and complement pathway (CFB). Interestingly, these proteases were identified exclusively in SS, reinforcing their involvement in SS pathogenesis. Finally, the right network grouped the cysteine proteases inhibitors of cystatins family, which are known to be present in human saliva (51). We also performed an enrichment analysis where gene ontology is over-represented. The Ensembl gene IDs were used to feed g:Profiler (48), and the most expressive results are listed in Figure 6D, with their respective p values. Pie chart colors inside Figure 6C highlight which proteases and inhibitor proteases are classified into the enrichment analysis terms.




Discussion

Sjögren’s syndrome is an autoimmune exocrinopathy that affects primarily women, with first symptoms appearing in ages ranging from the fourth to sixth decades of life (7). Hence, most of the present study participants were women (38 out of 40 individuals), which accurately represents the world population affected by SS (52).

Here we report for the first time that DPP4/CD26 is upregulated in SS patient saliva. DPP4 or T-cell activation antigen CD26 (EC 3.4.14.5) is an exopeptidase of the prolyl-oligopeptidase family, which belongs to the class of serine proteases (53) and cleaves proline or alanine amino acids from the N-terminal side of peptides (54). It is a widely distributed multifunctional integral membrane protein, but can also be cleaved releasing its soluble extracellular domain in body fluids (e.g. plasma and serum) (55). DPP4/CD26’s most notable function is in glucose homeostasis through regulation of the incretin hormones (56). Besides its proteolytic role, DPP4/CD26 acts as a cell surface receptor, signal transduction mediator, adhesion and costimulatory protein (57). Regarding the former, DPP4/CD26 contributes to T lymphocyte activation and antigen-presenting cell–T-cell interaction (58–60), having a significant role in many autoimmune and inflammatory diseases (37). The overexpressed DPP4/CD26 in pSS saliva may play a role in the development of the disease since cytokines and chemokines are the main substrates for the enzyme (61). Post-translational modification of those molecules by proteases is an essential regulatory tool to enhance or dampen the inflammatory response. In human mucosal-associated invariant T (MAIT) cells, DPP4/CD26 expression levels are high (62). These cells are expanded in the salivary glands of SS patients and may be deleterious via IL-17 production (63), which has pathogenic roles in many autoimmune diseases (64). DPP4/CD26 knockout in mice with lung transplantation resulted in a significant reduction of IL-17 and IL-21, Th17 cytokines (65). Thus, it is feasible that in MAIT cells from SS patients, IL-17 might be processed by DPP4/CD26. On the other hand, saliva from sSS patients present the same level of DPP4/CD26 activity when compared to healthy controls. DPP4/CD26 levels are decreased in serum of patients diagnosed with the commonly systemic autoimmune diseases, such as rheumatoid arthritis and systemic lupus erythematosus, which occur along with sSS (66). Worth of note, most of the analyses regarding DPP4/CD26 activity available in the literature were carried out based on experiments using patient serum. In this sense, our investigation reinforces saliva as an attractive biofluid and an alternative to serum/blood as a supply of material for the prognosis, diagnosis and treatment of oral diseases (67).

Although mass spectrometry analysis could not identify DPP4 in any SWS, ELISA and proteolytic assays testify its upregulation in SS samples. Thus, a possible explanation for the absence of detection of DPP4/CD26 could be the lower concentration of endogenous proteases compared to constitutive proteins (68). Since DPP4/CD26 is an integral membrane protein, it could be lost during sample processing for LC-MS/MS analysis. Moreover, DPP4/CD26 is considerably glycosylated, what turns it difficult to digest by trypsin for mass spectrometry analysis (69, 70).

Among serine proteases revealed by mass spectrometry, neutrophil elastase (ELANE), cathepsin G (CTSG), and myeloblastin (PRTN3) were found only in SS saliva samples compared to control ones. These proteases belong to the chymotrypsin superfamily and are enriched within the azurophilic granules from polymorphonuclear neutrophils (PMN). When activated, PMN releases the neutrophil extracellular traps (NETs) containing these protease as long as myeloperoxidase, also found in MS/LS results for SS individuals (71). These complexes have been reported in autoimmune diseases, such as rheumatoid arthritis (72). ELANE is one of the most damaging enzymes in the body and a great release can cause local tissue injury (73). CTSG activates metalloproteases and cleaves extracellular matrix proteins, contributing to neutrophil migration (74), stimulates the production of cytokines and chemokines (75, 76), and seems to be important in regulating the balance between tissue protection and damage during inflammation (77). PRTN3 is involved in granulocyte differentiation (78), and once augmented, it can negatively affect the resolution of inflammation that causes immune system deregulation (79). It was also shown to be involved in cell death induction after caspase 3 activation in a mouse model and cell culture (80). These three serine proteases increased expressions were also reported in chronic obstructive pulmonary disease (COPD) patients (81), which is common in pSS patients, even in those who have never been smokers (82).

According to MEROPS, peptide sequence Gly-Pro is not a substrate hydrolyzed by ELANE, CTSG or PRTN3. Nevertheless, ELANE is related to the digestion of extracellular matrix components by PMN, such as Pro-Gly-Phe-Gly-Gly-Pro-Asn-Cys (laminin subunit gamma-2) and Leu-Gly-Pro-Val-Thr-Pro-Glu-Ile (matrix metalloproteinase-2), which plays a role in inflammation and remodeling tissue by secretion of pro-inflammatory factors (83). Besides, it has been suggested ELANE might be part of the posttranslational processing of an MMP2 (84). Also, elastase produced by defense cells could perform proteolytic destruction of cartilage in rheumatoid arthritis, a disease prevalent in sSS (85).

Gelatinases degrade extracellular matrix components such as collagen, fibronectin and laminin and nonmatrix substrates, such as serpins, tissue factor pathway inhibitor and insulin-like growth factor binding proteins (86). We noticed that most of the activity bands in gelatin zymograms were inhibited by the metalloprotease inhibitor EDTA, from approximately 90 kDa bands whose molecular weight were similar to the active form 86 kDa MMP9 (87). The MMP9 was identified by LC-MS/MS only in sSS saliva. MMPs are expressed in many circumstances and when there is an imbalance between the expression of these enzymes and their inhibitors, there may be a pathological process in which inflammatory response and tissue remodeling, and migration cell growth are observed. Besides MMP9, KLK13 may also cleave extracellular matrix proteins, influencing tissue remodeling (88). This functional association is reflected in the PPI network since these proteases were grouped in the same cluster (Figure 6C; middle cluster). During the inflammatory process of SS, MMP1, MMP2, MMP3, and MMP9 are released (89). Also, high MMP9 expression and activity have been detected in the saliva, tear and the labial salivary glands of SS patients (47, 90, 91). The former was correlated with structural and functional glandular impairment in severe, active pSS patients (92). In the context of a previous report in pSS (93), high plasma MMP9 was indicative of definite pSS, although in the same study MMP9 polymorphism could not be used for pSS risk assessment. Additionally, metalloproteinase inhibitors have been found endogenously in SS saliva samples, such as TIMP-1 thus leaving it clear that the activity of MMP9 had been modulated (94).

A positive correlation was noticed between DPP4/CD26 and MMP9 dosage in 40% pSS saliva samples, a connection that has already been reported in prostate cancer. In that case, results indicated DPP4 initiates signal transduction and consequently regulates the MMP9 expression (95). Also, since no correlation between the use of medicines and the proteases dosage was reported, it may be useful information for future analysis as biomarkers.

The Analysis in g:Profiler revealed some relevant results. The neutrophil degranulation in innate immune response reaffirms the possibility of NETs involvement. The mass spectrometry analysis reported MMP9 and serine proteases involved in innate immune response in SS samples only (ELANE, CTSG, and PRTN3) (50). A strong association between these three enzymes was also evidenced in our PPI network (Figure 6C; left cluster). Additionally, leukocyte degranulation may refer to lymphocytic infiltration in SS individuals’ glandular tissue (96).

The data presented in this study highlight the usefulness of proteases in the saliva from SS patients as biomarkers. We propose here that DPP4/CD26 activity and concentration in human saliva could be explored as a potential salivary biomarker in diagnosing SS, mainly pSS. Moreover, through proteomic analysis, ELANE, CTSG, and PRTN3 measurements, which were found only in the saliva from SS patients, could significantly improve the ability to distinguish SS patients from healthy subjects. New insights into these protease biological roles in the pathogenesis of SS are necessary to design therapeutic approaches based on protease inhibition.
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Background

B-cell non-Hodgkin’s lymphoma (B-NHL) is one of the major complications of primary Sjögren’s syndrome (SS). Chronic inflammation and macrophages in SS minor salivary glands have been previously suggested as significant predictors for lymphoma development among SS patients. Lipoprotein-associated phospholipase A2 (Lp-PLA2)—a product mainly of tissue macrophages—is found in the circulation associated with lipoproteins and has been previously involved in cardiovascular, autoimmune, and malignant diseases, including lymphoma.



Objective

The purpose of the current study was to investigate the contributory role of Lp-PLA2 in B-NHL development in the setting of primary SS.



Methods

Lp-PLA2 activity in serum samples collected from 50 primary SS patients with no lymphoma (SS-nL), 9 primary SS patients with lymphoma (SS-L), and 42 healthy controls (HC) was determined by detection of [3H]PAF degradation products by liquid scintillation counter. Moreover, additional sera from 50 SS-nL, 28 SS-L, and 32 HC were tested for Lp-PLA2 activity using a commercially available ELISA kit. Lp-PLA2 mRNA, and protein expression in minor salivary gland (MSG) tissue samples derived from SS-nL, SS-L patients, and sicca controls (SC) were analyzed by real-time PCR, Western blot, and immunohistochemistry.



Results

Serum Lp-PLA2 activity was significantly increased in SS-L compared to both SS-nL and HC by two independent methods implemented [mean ± SD (nmol/min/ml): 62.0 ± 13.4 vs 47.6 ± 14.4 vs 50.7 ± 16.6, p-values: 0.003 and 0.04, respectively, and 19.4 ± 4.5 vs 15.2 ± 3.3 vs 14.5 ± 3.0, p-values: <0.0001, in both comparisons]. ROC analysis revealed that the serum Lp-PLA2 activity measured either by radioimmunoassay or ELISA has the potential to distinguish between SS-L and SS-nL patients (area under the curve [AUC]: 0.8022, CI [95%]: 0.64–0.96, p-value: 0.004 for radioimmunoassay, and AUC: 0.7696, CI [95%]: 0.66–0.88, p-value: <0.0001, for ELISA). Lp-PLA2 expression in MSG tissues was also increased in SS-L compared to SS-nL and SC at both mRNA and protein level. ROC analysis revealed that both MSG mRNA and protein Lp-PLA2 have the potential to distinguish between SS-nL and SS-L patients (area under the curve [AUC] values of 0.8490, CI [95%]: 0.71–0.99, p-value: 0.0019 and 0.9444, CI [95%]: 0.79–1.00, p- value: 0.0389 respectively). No significant difference in either serum Lp-PLA2 activity or MSG tissue expression was observed between SS-nL and HC.



Conclusions

Lp-PLA2 serum activity and MSG tissue mRNA/protein expression could be a new biomarker and possibly a novel therapeutic target for B-cell lymphoproliferation in the setting of SS.
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Introduction

Sjögren’s syndrome (SS) is a chronic autoimmune disorder primarily affecting perimenopausal women. Dryness of the mouth and eyes and periductal lymphocytic cell infiltrates in the exocrine glands are the chief clinical and histopathological features. More than a half of SS patients experience systemic disease manifestations (1–3) and nearly 5% to 10% develop B-cell non-Hodgkin lymphoma resulting in increased mortality rates (4–6).

Deregulated inflammatory responses have been associated with lymphoma development in the setting of SS (7). Excessive lymphocytic infiltrates (8), heightened rates of IL-18–expressing cells (9), and tissue macrophages (10), elevated transcript levels of both interferon-γ (IFNγ) (11–13), and inflammasome molecules (14) in minor salivary gland (MSG) tissues, as well high serum levels of IL-18 and apoptosis-associated speck-like protein (ASC) (14, 15), have been all designated as key findings in SS patients at high risk for lymphoma development. Toward the same direction, several gene variants implicated in central inflammatory and IFN/B cell activation pathways, such as tumor necrosis factor alpha-induced protein 3 (TNFAIP3) variant (16, 17), three prime repair exonuclease 1 (TREX-1) (18), B-cell activating factor (BAFF) (19), and BAFF-R (20) have been shown to increase susceptibility for SS-related lymphoma.

A major inflammatory molecule, mainly produced during the process of monocyte differentiation into macrophages and involved in chronic inflammatory disorders including cardiovascular (21, 22), autoimmune/inflammatory (23, 24), and neoplastic (25) diseases, is lipoprotein-associated phospholipase A2 (Lp-PLA2), formerly called platelet-activating factor acetylhydrolase (PAF-AH). Lp-PLA2 belongs to the superfamily of esterase enzymes which mediate the production of free fatty acids and lysophospholipids from glycerophospholipids (26). Lp-PLA2 specifically functions as a catalyst in the hydrolysis of PAF, a plasma phospholipid with powerful inflammatory actions (27). Decreasing of biologically active phospholipids, such as PAF and oxidatively fragmented phospholipids (OxPL), or increasing oxidized and/or short/medium chain fatty acids and lyso-phosphatidylcholine (lyso-PC), have been postulated as key mechanisms through which Lp-PLA2 regulate signaling inflammatory events (28).

In the current study, we investigated the potential role of serum Lp-PLA2 activity, as well as MSG tissue mRNA and protein expression as a biomarker for B-NHL in the setting of primary SS.



Patients and Methods


Patients

In the present case-control study, serum samples derived from 100 primary SS patients with no history of lymphoma (SS-nL), 37 primary SS patients with a history of lymphoma (SS-L), and 74 healthy controls (HC) were included. Labial MSG biopsy tissues performed as part of the routine diagnostic evaluation of SS were available in 16 SS-nL, 12 SS-L, and 6 sicca controls (SC) (Department of Pathophysiology, School of Medicine, National and Kapodistrian University of Athens). All patients fulfilled the 2016 ACR/EULAR SS classification criteria (29) and were followed up in the Outpatient Rheumatology Clinics of the Department of Pathophysiology, Laiko General Hospital and the General Hospital of Athens G.Gennimatas, as well as by Prof HM Moutsopoulos. SC are individuals presenting with dryness of oral and/ocular mucosae without fulfilling classification criteria for SS. Based on the number of adverse predictors present at the time of diagnosis [salivary gland enlargement (SGE), lymphadenopathy, Raynaud’s phenomenon, anti-Ro/SSA or/and anti-La/SSB autoantibodies, rheumatoid factor (RF) positivity, monoclonal gammopathy, and C4 hypocomplementemia], SS patients were further classified into low risk (two or less adverse predictors), medium risk (three to six adverse predictors), and high risk for lymphoma development (seven adverse predictors) as previously described (30). SS-L patients were followed up in the Outpatient Hematology Clinic of the Department of Pathophysiology, School of Medicine, National and Kapodistrian University of Athens. Lymphoma diagnosis was based on World Health Organization classification criteria. Of the total 37 SS-L cases included in the study, 33 were of mucosa-associated lymphoid tissue type and four of diffuse large cell lymphomas (one in the first set and three in the second sample set). 15 SS-L patients had previously received either rituximab alone or combination with chemotherapy. Serum samples were collected, stored, and processed in the Department of Physiology, School of Medicine, National and Kapodistrian University of Athens. The study was approved by Laiko General Hospital of Athens and General Hospital of Athens Ethics Committee. All subjects gave informed consent in accordance with the Declaration of Helsinki.

Clinical, serological, and histopathological characteristics were recorded after thorough chart review as previously described (11). In the first SS set, data for the presence of plaque formation, measurements for intima media thickness (IMT), as a marker of subclinical atherosclerosis and classic risk factors for atherosclerosis were also available (31). The presence of subclinical atherosclerosis was defined by the presence of plaque and/or arterial wall thickening (defined as IMT score >0.90 mm in carotid and femoral arteries) as determined by ultrasound (iU22, Philips, Royal Philips Electronics of the Netherlands) (31).



Methods


Measurement of Lp-PLA2 Activity

Lp-PLA2 activity was measured by liquid scintillation in human serum samples derived from 50 primary SS patients with no lymphoma (SS-nL), 9 primary SS patients with lymphoma (SS-L), and 42 healthy controls (HC) stored at −80°C, in the setting of a previous study exploring mechanisms of subclinical atherosclerosis in primary SS (31). The assay measured [3H]PAF degradation products in liquid scintillation counter. Briefly, each sample was incubated with 10 μM [3H]PAF in PBS, pH 7.4, for 10 min at 37°C. The lipids were extracted at the end of incubation by the method of Folch et al. (32), and the amount of radioactivity recovered in the aqueous phase was determined by liquid scintillation as previously described (33).

Moreover, additional sera from 50 SS-nL, 28 SS-L, and 32 HC were tested for Lp-PLA2 activity using a commercially available ELISA kit (PAF Acetylhydrolase Assay Kit, Cayman Chemical, USA), according to manufacturer’s instructions. All measurements were performed in duplicate at 412 nm using a plate reader (Versamax, Molecular Devices, USA). In this case, SS patients either with a history of lymphoma or not who were followed in the last 2 years in Hematology Unit, Department of Pathophysiology and the Outpatient Clinic, Department of Pathophysiology, respectively, were contacted, and blood was drawn for the study purposes after informed consent was obtained. Patients who had received chemotherapy or rituximab in the previous year were excluded from the study. The mean duration between sampling and lymphoma diagnosis was 6.1 ± 4.1 years.



MSG Tissue RNA and Protein Extraction

Total RNA was extracted from MSG tissue biopsies (stored at −80°C) by TRIzol Reagent (Thermo Scientific, USA) according to manufacturer’s instructions. The quantity and quality of RNA samples was spectrophotometrically recorded (Biospec Nano, Japan). A commercial preparation of total RNA from normal salivary glands pooled from 24 male/female Caucasians (ages 15–60 years; cause of death: sudden death) was used as a source of healthy RNA (Clontech Laboratories Inc, USA). Protein extraction from MSG tissues was performed by lysis of the tissue in radioimmunoprecipitation assay extraction buffer (RIPA buffer) supplemented with protease and phosphatase cocktail inhibitor and 1 mM PMSF (all reagents purchased from New England Biolabs, Canada). Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, USA) was performed for determination of protein concentration of each sample.



cDNA Synthesis and Real-Time PCR

Total RNA obtained from MSG samples was reverse-transcribed using Superscript III reverse transcriptase system from Invitrogen (Thermo Fisher, USA). Complementary DNA samples were diluted 1:10 with nuclease free water (Qiagen, Germany) immediately after synthesis and stored at −20°C.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) was used to quantify specific cDNAs using the Bio-Rad IQ5 thermocycler and the Kapa Biosystems SYBR Green qPCR Master Mix kit (Kapa Biosystems, South Africa). Specific primers to amplify only cDNA (exon-intron spanning) for each gene were designed using the Beacon Designer software. Lp-PLA2 is encoded by the PLA2G7 gene. The sequences of each primer set are as follows: PLA2G7 forward primer: 5′-CTGCTATTGGCATTGACCTGGC-3′ and reverse primer 5′-AGGTAGAGCCAAGACTTGTCCC-3. The normalization gene GAPDH primers were the following: forward primer 5′-CATCACTGCCACCCAGAAGA-3; and reverse primer 5′-TCCACCACCCTGTTGCTGTA-3′. The reaction was carried out in a total volume of 20 μl per reaction and constituted of 2 μl of template cDNA, 0.4 μM of each primer, 10 μl 2× KAPA SYBR Green Mix (Kapa Biosystems, South Africa), and ultra-pure water. A two-step amplification protocol was applied starting with step 1 with one cycle at 95°C for 4 min followed by step 2 with 40 cycles at 95°C for 5 s and 63°C for 30 s. The specificity of the amplified products was determined by melting curve analysis. The threshold cycles (Ct) generated by the qPCR system were used to calculate relative gene expression levels between different samples. Briefly, the Ct of the target gene (or gene of interest) was subtracted from the Ct of the reference gene for the two groups and the relative expression of each sample was determined using the 2−ΔΔCt method, as previously described (11). All reactions were performed in duplicate. MSG healthy RNA pool was the reference sample for MSG tissues.



Western Blot

An equal amount of total protein lysates (25 μg) was heated at 95°C for 5 min, electrophoresed on 10% sodium dodecyl sulfate (SDS)–polyacrylamide gel (29:1 acrylamide, Applichem, Germany) under denaturing conditions for 2 h, and transferred overnight at 4°C onto PVDF membranes (Bio-Rad, USA). The blots were treated with TBST blocking buffer (20 mmol/L Tris HCl, pH 7.6, 137 mmol/L NaCl, and 0.1% Tween 20) containing 5% nonfat dried milk at room temperature for 90 min and incubated overnight at 4°C with anti–Lp-PLA2 rabbit polyclonal Antibody primary antibody (Origene, USA) at 1:1.000 dilution in TBST containing 5% milk followed by GAPDH anti-mouse monoclonal antibody, as a reference protein expression (Santa Cruz Biotechnology). The blots were washed thrice for 5 min each time, followed by incubation with anti-rabbit IgG secondary goat antibody (Santa Cruz Biotechnology) or anti-mouse IgG secondary goat antibody conjugated to horseradish peroxidase at 1:2.000 dilution (Santa Cruz Biotechnology).

The blots were exposed on X-ray film after incubation with freshly made enhanced chemiluminescent substrate for 2 min (GAPDH) or 20 min (PLA2G7) (SuperSignal; Pierce/Thermo Scientific, USA). Densitometry analysis was performed using ImageJ image processing software (http://rsb.info.nih.gov/ij). As a positive control for the Lp-PLA2 protein expression was used a total protein lysate from human placenta tissue sample available in our laboratory (high RNA expression based on Human Protein Atlas, https://www.proteinatlas.org/ENSG00000146070-PLA2G7/tissue).



Immunohistochemistry

Thirteen formalin-fixed paraffin-embedded MSG tissue sections (5 μm) derived from four SS patients, 5 SS-L patients and four patients complaining of sicca symptoms without fulfilling histopathological diagnosis for SS served as SC were also included. A lymph node biopsy derived from a non-SS patient with marginal zone lymphoma was also included.

Immunohistochemical detection of Lp-PLA2 (PLA2G7) and CD68 was performed by a standard immunoperoxidase technique using the SignalStain Boost IHC Detection Reagent (HRP, Rabbit) (Cell Signaling, USA). Briefly, paraffin sections were rehydrated in successive baths of xylene, 100%, 96%, 80%, 70% ethanol, and distilled water and washed thrice with PBS (phosphate-buffered saline). Antigen retrieval was performed by microwaving for 10 min in 0.01 M citrate buffer (pH 6.0). Incubation for 10 min at room temperature with Power block Universal Blocking Reagent (BioGenex, USA) and 10 min with 3% H2O2 (BioGenex, USA) were performed to block non-specific antibody binding and endogenous peroxidase activity, respectively. Incubation of serial sections with Lp-PLA2 (PLA2G7 gene) rabbit polyclonal antibody (Origene, USA) at 1:25 dilution, CD68/PGM1 (DAKO, USA) mouse monoclonal antibody at 1:30 dilution and concentration-matched isotype control antibody (PharMingen, San Diego, CA) was performed for 30 min at room temperature. Polymer–horseradish peroxidise (HRP) Reagent (Cell Signaling, USA) was applied for 30 min at room temperature and after a washing step the substrate diaminobenzidine (DAB) solution (Cell Signalling, USA) was performed for 5 to 10 min. Biopsy sections were counterstained with hematoxylin for 2 min (Mayers Haematoxylin solution, Sigma Aldrich Inc, USA), dehydrated in successive baths of water, 70%, 80%, 96%, 100% ethanol, and xylene and coverslip mounted with two drops of Aqueous Mounting Media (Chembiotin, Canada). Negative control staining was performed by replacing primary antibody with PBS. Positive immunoreactivity appears as brown color. The intensity of immunoreactivity for Lp-PLA2 was determined as follows: 0 for no staining, 1 for weak intensity staining, 2 for intermediate intensity staining, 3 for strong intensity staining, as previously suggested (34).

As a positive control a human tonsil section sample was used, according to Lp-PLA2 (PLA2G7 gene) rabbit polyclonal antibody (Origene, USA) datasheet (data not shown).



Statistics

Two-group comparisons of continuous data were assessed using t-tests, or the Mann-Whitney test, when the data did not have a normal distribution. For the comparison of numerical variables between three groups, analysis of variance (ANOVA) test was implemented. For the comparison of categorical variables, Fisher’s exact test was implemented. Receiver operating characteristic (ROC) curve and corresponding area under the curve (AUC) were calculated. Difference was considered statistically significant if p<0.05. Statistical analysis was performed by SPSS v.25 package and Graph Pad Prism 8.0.





Results


Clinical and Serological Characteristics of Study Participants

Clinical, hematological, serological, and histopathological characteristics of SS-nL and SS-L patients included in the study are displayed in Supplementary Tables 1, 2. Demographics from healthy controls are also presented in Supplementary Tables 1, 2. Supplementary Table 3 summarizes the clinical characteristics of SS patients in radioimmunoassay and ELISA cohorts.



Serum Lp-PLA2 Activity by Liquid Scintillation

Serum Lp-PLA2 activity measured by liquid scintillation was found to be significantly increased in patients with SS-L compared to SS-nL group (Figure 1A), [mean ± SD (nmol/min/ml): 62.0 ± 13.4 vs 47.6 ± 14.4, p-value: 0.003], and HC [mean ± SD (nmol/min/ml): 62.0 ± 13.4 vs 50.7 ± 16.6, p-value: 0.04]. No statistically significant difference in Lp-PLA2 activity was observed between SS-nL patients and HC. Following comparison of the three groups by ANOVA testing, the resulting p-value was 0.036. ROC analysis showed that the serum Lp-PLA2 activity has the potential to distinguish between SS-L and SS-nL patients (area under the curve [AUC] = 0.8022, CI (95%): 0.64–0.96, p-value: 0.004 (Figure 1B). The corresponding value between SS-L and HC was 0.7196, CI (95%): 0.56–0.88, p-value: 0.04 (Figure 1C). As shown in Supplementary Figure 1A, no significant differences between low and medium risk were detected. No patient included in the present study belonged to the high risk for lymphoma development group. Only one patient from the SS-L patients in the first set of samples had previously received combination treatment with rituximab and chemotherapy.




Figure 1 | Serum Lp-PLA2 activity in the two SS sets of samples and receiver-operating characteristic analysis (ROC) curve analysis for both radioimmunoassay and ELISA protocols. (A) Increased Lp-PLA2 activity measured by liquid scintillation in SS-L patients compared to SS-nL (p-value: 0.003) and HC (p=0.04). (B) ROC analysis revealed that serum Lp-PLA2 activity measured by radioimmunoassay has the potential to distinguish between SS-L and SS-nL patients [area under the curve (AUC) = 0.8022, CI (95%): 0.64–0.96, p-value: 0.004]. (C) When ROC curves for the predictive models were fitted, AUC were 0.7196, CI (95%): 0.56–0.88, p-value: 0.04 for SS-L vs HC. (D) Increased Lp-PLA2 activity measured by ELISA in patients with SS-L compared to SS-nL patients (p-value: <0.0001) and HC (p-value: <0.0001). (E) ROC analysis showed that serum Lp-PLA2 activity measured by ELISA has the potential to distinguish between SS-L and SS-nL patients with AUC 0.7696, CI (95%): 0.66–0.88, p-value <0.0001 and (F) For SS-L patients vs HC, ROC curves showed an AUC 0.8114, CI (95%): 0.70–0.92, p-value < 0.0001. HC, healthy controls; SS-nL, Sjogren’s syndrome without lymphoma; SS-L, Sjogren’s syndrome complicated by lymphoma; ROC, receiver operating characteristic; AUC, area under the curve.





Serum Lp-PLA2 Activity by ELISA

The activity of Lp-PLA2 as measured by ELISA was also found to be significantly higher in SS-L compared to the SS-nL group (Figure 1D) (mean ± SD [nmol/min/ml]: 19.4 ± 4.5 vs 15.2 ± 3.3, p<0.0001). A similar difference was also observed when SS-L patients were compared to HC (mean ± SD [nmol/min/ml]: 19.4 ± 4.5 vs 14.5 ± 3.0, p-value: <0.0001). Lp-PLA2 activity did not differ between SS-nL patients and HC. After comparison of the three groups by ANOVA testing, the resulting p-value was less than 0.0001. When ROC curves were constructed to evaluate the distinguishing ability of Lp-PLA2 activity between SS-nL, SS-L, and HC, the corresponding AUC were 0.7696, CI (95%): 0.66–0.88, p-value: <0.0001 (Figure 1E) and 0.8114, CI (95%): 0.70–0.92, p-value: < 0.0001 for SS-L vs HC (Figure 1F). Among SS-nL patients of low or medium risk for lymphoma development no significant difference was detected (Supplementary Figure 1B). No statistically significant differences in Lp-PLA2 activity between SS-L patients previously treated with rituximab and/or chemotherapy compared to those with no previous treatment (Supplementary Figure 2).



PLA2G7 mRNA Expression in MSG Tissues

The mRNA expression of the PLA2G7 gene was significantly increased in MSG tissues derived from SS-L compared to both SS-nL patients and SC (4.7 ± 4.4 vs 1.3 ± 2.1 vs 0.4 ± 0.3, p-values: 0.0012 and 0.0013, respectively). No significant difference was observed between SS-nL patients and sicca controls (p-value: 0.48) (Figure 2A). Following comparison of the three groups by ANOVA testing, the resulting p-value was 0.006. When ROC curves for the predictive models were fitted, AUC were 0.8490, CI (95%): 0.71–0.99, p-value: 0.0019 for SS-L vs SS-nL patients (Figure 2B) and 0.9444, CI (95%): 0.84–1.00, p-value: 0.0027 for SS-L vs SC (Figure 2C). A marginally significant association between focus score and Lp-PLA2 MSG gene expression was detected (r = 0.38, p-value: 0.06).




Figure 2 | Lp-PLA2 (encoded by the PLA2G7 gene) mRNA expression (measured by real-time PCR) and protein density (tested by Western blot) in MSG tissues of our study participants and ROC curve analysis for both methods. (A) PLA2G7 gene expression was significantly increased in SS-L patients compared to both SS-nL patients and SC (p-values: 0.0012 and 0.0013, respectively). (B) ROC analysis could distinguish between SS-L and SS-nL patients with an AUC 0.8490, CI (95%): 0.71–0.99, p-value: 0.0019. (C) For SS-nL vs SC patients ROC curves showed an AUC 0.9444, CI (95%): 0.84–1.00, p- value: 0.0027. (D) Increased Lp-PLA2 protein expression was found in MSG total protein extracts derived from SS-L patients compared to both SS-nL patients and SC as tested by Western Blot (p-values: 0.0476 and 0.0357, respectively). (E) ROC analysis for Lp-PLA2 protein expression depicted an AUC of 0.94, CI (95%): 0.79–1.00, p-value: 0.0389 for SS-L vs SS-nL patients. (F) ROC analysis revealed an AUC of 1.00, CI (95%): 1.00–1.00, p-value: 0.0253. (G) Representative image of Lp-PLA2 and GAPDH MSG protein expression by Western Blot. SC, controls with sicca complaints; SS-n, Sjogren’s syndrome; SS-L, Sjogren’s syndrome complicated by lymphoma; ROC, receiver operating characteristic; AUC, area under the curve.



Concomitant LpLA2 salivary gland tissue gene expression and serum Lp-PLA2 activity was available for eight patients included in the study (four measured by liquid scintillation and four by ELISA). The corresponding Spearman’s correlation coefficients and p-values for the liquid scintillation and ELISA cohorts were r = 0.40, p-value = 0.75 and r = 0.80, p-value = 0.33.



Lp-PLA2 Protein Expression in MSG Tissues by Western Blot

Increased Lp-PLA2 protein expression was observed in MSG total protein extracts derived from SS-L patients compared to both SS-nL patients and SC, as shown by Western blot analysis (1.93 ± 0.34 vs 1.12 ± 0.37 vs 0.39 ± 0.65, p-values 0.0476 and 0.0357, respectively, Figure 2D). No significant differences were detected between SS-nL and SC groups (SS-nL, 1.12 ± 0.37 vs SC, 0.39 ± 0.65, p-value: 0.08; Figure 2D). Following comparison of the three groups by ANOVA testing, the calculated p-value was 0.004. When ROC curves for the predictive models were fitted, AUC were 0.9444, CI (95%): 0.79–1.00, p-value: 0.0389 between SS-L vs SS-nL patients (Figure 2E) and 1.00, CI (95%): 1.00–1.00, p-value: 0.0253 for SS-L vs SC (Figure 2F). A representative image of Lp-PLA2 and GAPDH MSG protein expression by Western Blot is shown in Figure 2G. 



Lp-PLA2 Protein Expression in MSG Tissues by Immunohistochemistry

Increased Lp-PLA2 protein expression was found in MSG tissue sections derived from SS-L patients compared to both SS-nL patients and SC as tested by immunohistochemistry. Figure 3A displays a section of an MSG tissue derived from an SS-nL patient stained with isotype control. Lp-PLA2 protein expression was found mainly within lymphocytic infiltrates including tissue macrophages (the major Lp-PLA2–producing cell type) and lower expression was reported in salivary gland epithelial cells (Figures 3B–F). Of interest, immunohistochemical detection of Lp-PLA2 was detected in a lymph node derived from a non-SS patient with marginal zone lymphoma (Figures 3G, H).




Figure 3 | Lp-PLA-2 immunohistochemical expression in minor salivary gland (MSG) tissue sections from patients with sicca features (SC), Sjögren’s syndrome with no lymphoma (SS-nL), Sjogren’s syndrome with lymphoma (SS-L) (A–F), as well as in a lymph node derived from a patient with marginal zone lymphoma (G, H). (A) Isotype Control staining (grade 0), (B) Lp-PLA2 staining in SC (grade 1), (C) Lp-PLA2 staining in SS-nL (grade 2), (D) Lp-PLA2 staining in SS-L (grade 3), (E) Lp-PLA2 in SS-L, (F) CD68 staining (denoting the presence of tissue macrophages) in SS-L (same patient as E), (G) Hematoxylin & Eosin (H&E staining), marginal zone lymphoma (MZL), (H) Lp-PLA2 in a lymph node from a non-SS patient with MZL (same patient as G).





Lp-PLA2 Activity and Subclinical Atherosclerosis

Since the role of Lp-PLA2 activity in atherosclerosis is well established in the literature, we checked whether our results were influenced by the presence of atherosclerosis or risk factors for atherosclerosis in our groups. As shown in Supplementary Table 1, no significant differences in BMI, lipid, fibrinogen, or erythrocyte sedimentation rate (ESR) levels were detected between SS and SS-L groups. Additionally, no significant correlations were detected between serum Lp-PLA2 activity and systemic inflammation markers (fibrinogen, ESR) or lipid levels (Supplementary Table 4). While a borderline significant difference was detected in the frequency of elevated C-reactive protein (CRP) levels between SS-L and SS-nL patients (57.1 vs 18.4, p=value: 0.05) (Supplementary Table 1), no statistically significant difference in serum Lp-PLA2 activity levels was observed between patients with high vs normal CRP serum levels (57.9 ± 20.8 vs 47.7 ± 13.8, p=value: 0.20, data not shown). No significant differences were observed between SS patients (with or without the presence of lymphoma) and markers of subclinical atherosclerosis (plaque formation, presence of mean intima media thickness>0.9 in carotid and femoral arteries) (Supplementary Figure 3). No patient with lymphoma was on steroids at the time of blood sampling.




Discussion

This is the first study to our knowledge in which a potential role of the Lp-PLA2 molecule in SS-related lymphomagenesis is revealed. After we applied two different methods, serum Lp-PLA2 activity was found to be significantly increased in SS patients complicated by lymphoma compared to both SS non lymphoma patients and healthy controls. In accord with the serum results, mRNA and protein expressions of the Lp-PLA2 molecule were also significantly increased in MSG tissue biopsy samples derived from SS patients with lymphoma compared to both SS patients with no lymphoma and sicca controls.

While liquid scintillation initially implemented in the first set of patients is considered the gold standard for Lp-PLA2 activity measurement by quantitation of [3H]PAF degradation products, there are certain limitations for widespread use in daily routine given the production of radioactive byproducts, the need for specific equipment and its time consuming nature. In this context, the extraction of similar results after application of the much easier and faster to perform ELISA method in an independent set of SS samples, holds promise for the use of Lp-PLA2 serum activity in clinical practice. Moreover, the high AUC values as determined by ROC analysis, as well the easy access to peripheral serum sample, imply Lp-PLA2 serum activity as a highly valuable serum predictive biomarker for lymphoma development in the context of SS.

While the mechanism through which deregulation of the Lp-PLA2 enzyme contributes to lymphoma development in the context of SS is not apparently clear, previous work supported a role for several phospholipases in tumorigenesis through generation of lipid mediators. The latter seem to get involved in cellular proliferation, migration, invasion and angiogenesis, previously designated as main pathogenic processes promoting malignant transformation (35).

Heightened Lp‐PLA2 expression has been found to be upregulated in several cancerous tissues including breast, colon, kidney, liver, or lung (36–38). Of note, in human and murine colon cancer cell lines, silencing of the gene expressing Lp-PLA2 (PLA2G7) led to reduction of tumor size by 42% in vivo and the PLA2G7 knockout Apc Min/+ mice displayed vigorous suppression of intestinal polyposis and colon tumor formation (37). In patients with prostate cancer, Lp‐PLA2 has been shown to promote cancer cell migration and invasion, possibly through generation of oxidized nonesterified fatty acids and lysophosphatidylcholine (LPC) (38). The latter is a phospholipid derivative following hydrolysis of oxidized phospholipids by Lp-PLA2 and has been previously shown to augment cell-to-cell adhesion molecules on endothelial cells, induce migration and proliferation of smooth muscle cells (39, 40) and along with oxidized non esterified fatty acids promote inflammatory effects (41). Collectively, these data reinforce the idea of the contribution of the inflammatory microenvironment in promoting malignant transformation.

Plasma Lp-PLA2 activity was previously measured in plasma derived from several autoimmune and inflammatory disorders. While modest increases have been earlier observed in patients with rheumatoid arthritis compared to controls with non-inflammatory arthritides (42), systemic sclerosis (43), or lupus anticoagulant-positive or aβ2GPI IgG positive sera (44), other studies in rheumatoid arthritis (45), systemic lupus erythematosus (23), juvenile rheumatoid arthritis (46), and Crohn’s disease (24), showed opposite results with a reduced Lp-PLA2 plasma activity being detected. Whether this is a primary defect or a result of increased disease activity leading to Lp-PLA2 inactivation through increased oxidation -known to occur in these disorders- remains to be elucidated (24). No data on SS have been so far available.

Given that Lp-PLA2 activity has been previously designated as a biomarker for atherosclerosis (47), we considered the possibility that different levels detected in Lp-PLA2 activity between SS-L and SS could be influenced by different levels of atherosclerotic burden or traditional risk factors for atherosclerosis. Since no associations between plaque formation, arterial wall thickening or cardiovascular contributors was detected, we assume that the increased Lp-PLA2 activity observed in SS patients with lymphoma are not influenced by underlying subclinical cardiovascular disease. Nevertheless, the relatively small number of sicca controls and the lack of available sera prior to lymphoma development are limitations of the current study.

Taken together, our results support a putative role of Lp-PLA2 serum activity, as well as salivary gland tissue Lp-PLA2 expression as novel contributors for lymphoma development in the setting of SS. The underlying molecular pathogenetic pathways leading to lymphomagenesis and the potential of serving as novel biomarker and therapeutic target remain to be explored in further longitudinal multicenter studies.
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Background

We aimed to investigate the clinical utility of human epididymis protein 4, a tumor biomarker being widely utilized in clinical practice in the diagnosis of ovarian cancer, in primary Sjögren’s Syndrome (pSS).



Methods

A total of 109 pSS patients and 113 healthy controls (HCs) were included in the study. HE4 were determined by Roche Cobas E601 electrochemical luminescence analyzer. Clinical and laboratory findings were reviewed, and the relationships between HE4 and clinical parameters were determined by Spearman’s correlation test. The European league against rheumatism Sjögren’s syndrome disease activity index (ESSDAI) was utilized to evaluate disease activity.



Findings

The levels of HE4 were significantly elevated in patients with pSS compared to HCs (103.65 pmol/L vs. 46.52 pmol/L, p<0.001). The levels of HE4 were positively correlated with ESSDAI scores (r=0.462, p<0.001). Significant positive correlations between the levels of HE4 with pulmonary involvements (r=0.442, p<0.001) and renal involvements (r=0.320, p=0.001) were observed. Receiver operating curve (ROC) analysis revealed an optimal cut-off value of 104.90 pmol/L and 128.05 pmol/L for distinguishing patients with pulmonary and renal involvements, with the areas under the ROC curve (AUCs) of 0.778 (95%CI 0.685-0.870, p<0.001) and 0.768 (95%CI 0.646-0.891, p=0.001), respectively. Among patients with pulmonary involvement, the levels of HE4 were positively correlated with the semiquantitative HRCT grade (r=0.417, p=0.016), and negatively correlated with the percentage of forced vital capacity (FVC) (r= -0.460, p=0.047) and diffusing capacity of the lung for carbon monoxide (DLco) (r= -0.623, p=0.004). For patients with renal involvement, HE4 was positively correlated with creatinine (r=0.588, p=0.021) and negatively correlated with estimated glomerular filtration rate (r= -0.599, p=0.030).



Conclusions

Our findings demonstrated a novel role of HE4 in clinical stratification of pSS, suggesting that introducing HE4 to the current pSS test panel may provide additional diagnostic value, particularly in evaluating disease activity and pulmonary/renal involvements.
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Introduction

Primary Sjögren’s Syndrome (pSS) is a chronic multifactorial autoimmune disorder with a female-to-male predominance of 9 to 1 (1, 2). The hallmark of the disease is lymphocytic infiltration in the exocrine glands, leading to progressive loss of the secretory function. In addition to glandular features, approximately 30-40% of patients with pSS develop a wide spectrum of extra-glandular complications, including hematological, pulmonary or renal manifestations (2), rendering this subgroup of pSS patients at risk for higher mortality and morbidity (3). Biomarkers have been considered as a useful tool to stratify the complex and heterogeneous phenotypes in pSS. Whereas there is growing interest in developing biomarkers reflecting disease activity and risk stratification in pSS (4), few biomarkers have been utilized in clinical practice.

Human epididymis protein 4 (HE4), a human epididymis-specific protein, has been widely utilized as a tumor biomarker in the diagnosis of ovarian cancer in clinical practice (5). Serum HE4 testing was recently introduced into our tumor biomarker screening panel for females in routine clinical practice. Patients with chronic inflammation and autoimmune responses are at increased risk of malignancy (6). As such, most inpatients with rheumatoid diseases are routinely screened for malignancy utilizing a tumor biomarker screening panel. During routine clinical practice with this panel, we observed that the levels of HE4 were elevated in patients with pSS. Of interest, those pSS patients with high levels of HE4 did not display any signs of malignancy in the follow-up computerized tomography (CT) scan.

Of interest, HE4 is expressed in multiple tissues in the oral cavity, the respiratory tracts as well as in renal tubular epithelial cells (7) and has been shown elevated in patients with renal fibrosis (8) and cystic fibrosis (9). The increased levels of HE4 in pSS patients propel us to investigate the clinical utility of this biomarker in pSS. In this study, we found that active pSS patients displayed significantly higher levels of HE4 compared to inactive pSS patients, and the levels of HE4 were significantly correlated with the disease activity scores. Further, we identified a significant positive correlation between HE4 and pulmonary involvement and renal involvement. Our findings shed light on a novel role of HE4 in disease stratification in pSS.



Materials and Methods


Subjects

On Jan. 2020, HE4 was added to the female-tumor biomarker screening panel, which consists of 10 tumor biomarkers, including alpha fetoprotein (AFP), carcinoembryonic antigen (CEA), neuron-specific enolase (NSE), cytokeratin 19 fragment antigen 21-1 (CYFRA21-1), cancer antigen 125 (CA125), CA15-3, CA19-9, progastrin-releasing peptide (ProGRP), squamous cell carcinoma (SCC), and HE4. All consecutive female pSS inpatients who were tested for the female-tumor biomarker screening panel from Jan. 2020 to Mar. 2021 were reviewed. Serum from 17 male pSS inpatients were also collected and tested for the panel. pSS was diagnosed according to the 2002 American-European Consensus Group (AECG) classification criteria (10) and patients with cancer or a history of malignant neoplasm were excluded. Gender and age-matched healthy controls (HCs) with no evidence of autoimmune disease, malignancy or other diseases were included. Female HCs were individuals who went to Peking University People’s Hospital (PKUPH) for annual physical examination and were tested for the female-tumor biomarker screening panel. Male HCs were individuals who went to PKUPH for annual physical examination. Serum from male HCs were collected and tested for the panel. The study protocol was reviewed and approved by the Ethical Committee of PKUPH (Protocol number: 2019PHB244) and all participants gave their written consent to the study.



Data Collection

Demographic features and clinical characteristics were collected, including gender, age, disease duration, clinical symptoms and systemic manifestations. Systemic features were described and assessed according to the European League Against Rheumatism (EULAR) Sjögren’s syndrome disease activity index (ESSDAI), which includes 12 domains. Active disease was define as ESSDAI ≥5 points (11). Laboratory findings included blood cell counts, including leukocyte, lymphocyte, hemoglobin and platelet, biochemistry parameters (serum potassium, creatinine, glomerular filter rate), erythrocyte sedimentation rate, gamma-globulin, immunoglobulins G, complement (C3, C4), cryoglobulin, antibodies (rheumatoid factor, anti-nuclear antibody, anti-SSA antibody, anti-SSB antibody, anti-mitochondrial antibody, anti-thyroglobulin antibody, anti-thyroid peroxidase antibody).



Assessment of Pulmonary Involvement

The SS-related pulmonary disease mainly presented as interstitial lung disease (ILD), which included the specific types of lymphocytic interstitial pneumonia (LIP), non-specific interstitial pneumonia (NSIP), usual interstitial pneumonitis (UIP), bronchiolitis obliterans and organizing pneumonia (12). The assessment of ILD was performed by two pulmonologists and two radiologists with more than 10 years of thoracic imaging experience, which was based on the symptoms, mainly included persistent cough, breathlessness or dyspnea due to bronchial involvement, and respective abnormalities suggestive of ILD in high-resolution computed tomography (HRCT) and pulmonary function tests (PFTs).

The SS-related ILD was evaluated semi-quantitatively based on the HRCT scans, and any indeterminate ILD were excluded from the analyses. A Likert scale (grade 1, 1–25%; grade 2, 26–50%; grade 3, 51– 75%; grade 4, 76–100%) was used to assess the extent of parenchymal abnormality, including pure ground-glass opacity, lung fibrosis, honeycombing, and emphysema (13). Each of three lung zones as indicated below was scored: upper, extending from apex to aortic arch; middle, from aortic arch to inferior pulmonary veins; and lower, from inferior pulmonary veins to diaphragm (13).

PFTs were performed among patients with ILD and the following indexes were recorded including forced vital capacity (FVC), the median forced expiratory volume in 1 second (FEV1), and diffusing capacity of the lung for carbon monoxide (DLco). FVC, FEV1 and DLco were described as a percentage of the predicted values for the patient’s age, sex, and height (14). Abnormalities of PFTs were defined as predicted values of forced vital capacity (FVC) < 80% and diffusing capacity of the lung for carbon monoxide (DLco) < 70% (13).



Assessment of Renal Involvement

Renal involvement was assessed as previously described by Brito-Zeron (12). Briefly, tubulointerstitial nephritis caused by type I renal tubular acidosis (RTA) is the major manifestation of renal involvement in patients with SS (12). According to the European League Against Rheumatism (EULAR) recommendation, the diagnosis of RTA was mainly based on the symptoms of hypokalemic weakness, and persistent urine pH > 5.3 even in the presence of metabolic acidosis induced by NH4+Cl loading (15). In contrast to tubular involvement, SS-related glomerulonephritis was rarely reported and patients always combined with positive cryoglobulin. In addition, patients could have proteinuria (between 0.5 to 1g/day) and without hematuria or renal failure (16).



Serum Tumor Biomarkers Determination

All the ten tumor biomarkers in the female-tumor biomarker screening panel were determined by Roche Cobas E601 electrochemical luminescence analyzer (Hoffmann-La Roche AG., Basel, Switzerland) in the Department of Clinical Laboratory of PKUPH, which is accredited by College of American Pathologists (CAP).



Statistical Analysis

Continuous variables were presented as mean ± standard deviation (SD) for normal distribution or median (interquartile range, IQR) for abnormal distribution. Categorical variables were shown as numbers (percentages) of the total samples. The statistical significance between groups was assessed using the Mann-Whitney U test, Student t-test, Chi-square (χ2) test, where it was applicable. The receiver operating characteristic (ROC) curve was generated to evaluate the sensitivity, specificity, Youden index and areas under the ROC curve (AUC) with the 95% confidence interval (CI). Spearman’s correlation test was used to determine the relationships between HE4 and clinical parameters. Data analyses were calculated using SPSS 24.0 statistical software package (SPSS Inc., Chicago, Illinois, USA) or GraphPad Prism 8 (GraphPad Software Inc.). A significant difference was defined as p<0.05.




Results


Characteristics of Patients With pSS

A total of 109 pSS patients and 113 gender- and age-matched HCs were analyzed in our study. The median age and disease duration was 62 [Interquartile Range (IQR) 51, 68] and 6 (3, 11) years, respectively. The median disease activity index of ESSDAI was 5 (IQR 3, 10). A total of 60 (55.0%) patients had active disease, which defined as ESSDAI≥5. Among pSS patients, the most common systemic manifestations were hematological (49, 45.0%), pulmonary (33, 30.3%), articular (25, 22.9%), and renal involvement (15, 13.8%). For pulmonary involvement, patients mainly presented as ILD, including LIP (16, 14.7%) and NSIP (17, 15.6%). For renal involvement, there were 12 (11.0%) patients with tubulointerstitial nephritis and 3 (2.8%) patients with glomerulonephritis. Detailed clinical characteristics were summarized in Table 1.


Table 1 | Demographic and clinical characteristics between patients with primary Sjögren’s syndrome (pSS) and healthy controls (HCs).





The Levels of HE4 Were Significantly Elevated in Patients With pSS

The levels of all biomarkers in the female-tumor biomarker screening panel between pSS patients and HCs are shown in Table 2. Compared to HCs, the levels of CEA, CA15-3, CYFRA21-1, ProGRP, SCC, and HE4 were significantly elevated in patients with pSS. In particular, the median level of HE4 in pSS patients was approximately 2.5 times higher than that of HCs (103.65 pmol/L vs 46.52 pmol/L, p<0.001).


Table 2 | Levels of tumor markers between patients with primary Sjögren’s Syndrome (pSS) and healthy controls (HCs).



The threshold for positivity of HE4 was set at 75.23 pmol/L based on the upper limit of 95% confidence interval of HCs. Patients in the HE4-positive group showed significantly lower levels of hemoglobin (p<0.001) and higher levels of ESR compared to HE4-negative patients (p<0.001). In addition, patients in the HE4-positive group displayed significantly higher disease activity index than the HE4-negative group [8 (4, 14) vs 4 (3, 7), p<0.001]. Specifically, the proportion of patients with ESSDAI≥5 in the positive group was twice as much as that in the negative group (73.7% vs 34.6%, p<0.001). Further, patients in the HE4-positive group had higher proportion of xerostomia (89.5% vs 73.1%, p=0.027) and xerophthalmia (93.0% vs 75.0%, p=0.047). Of note, patients in the HE4-positive group exhibited a significantly higher percentage of systemic involvement than the negative group, including pulmonary (45.6% vs 13.5%, p<0.001) and renal involvements (22.8% vs 3.8%, p=0.004) (Table 3).


Table 3 | Clinical characteristics of patients with primary Sjögren’s Syndrome (pSS) between HE4-nagetive and positive groups*.





Associations Between the Levels of HE4 and ESSDAI

Significant correlations between the levels of HE4 and ESSDAI scores were observed (r=0.462, p<0.001) (Figure 1A). Patients with active disease displayed significantly higher levels of HE4 compared to inactive patients (p<0.001) (Figure 1B). ROC analysis was utilized to characterize the clinical performance of HE4 in identifying patients with active disease. Based on the Youden index of 0.453, the optimal cut-off value of HE4 in distinguishing active disease from inactive disease was 69.50 pmol/L with a sensitivity of 80.0% and specificity of 65.3% with an AUC of 0.739 (95%CI 0.645-0.833, p<0.001) (Figure 1C).




Figure 1 | Associations between the levels of HE4 and ESSDAI. (A) Associations between the levels of HE4 and ESSDAI. (B) Levels of HE4 were significantly higher in patients with active disease (ESSDAI≥5, n = 60) than inactive disease (ESSDAI<5, n = 49). (C) Receiver operating curve analysis (ROC) on the clinical performance of HE4 in identifying patients with active disease. Statistical significance was determined by Mann-Whitney U test, Spearman’s correlation test and ROC analysis. ESSDAI, European league against rheumatism Sjögren’s syndrome disease activity index.



Serum level of HE4 was positively correlated with age (r=0.598, p<0.001), disease duration (r=0.297, p=0.006), xerostomia (r=0.345, p<0.001) and xerophthalmia (r=0.257, p=0.007), ESR (r=0.565, p<0.001) and negatively correlated with hemoglobin (r=-0.444, p<0.001). No significant correlations between HE4 and γ-globulin, IgG, C3, C4 and rheumatoid factor were identified (Table 4).


Table 4 | Correlations between HE4 and characteristics of patients with pSS.





Associations Between the Levels of HE4 and Systemic Involvements

The relationships between the levels of HE4 and each ESSDAI domain were investigated. Significant positive correlations between the levels of HE4 with pulmonary involvements (r=0.442, p<0.001) and renal involvements (r=0.320, p=0.001) were observed. However, there were no significant correlations between the levels of HE4 and other domains (Table 4).

pSS patients with pulmonary involvements showed significantly higher levels of HE4 compared to those without pulmonary involvements (Figure 2A, p<0.001). pSS-ILD patients were divided into 4 groups based on the semiquantitative HRCT grade (Grade 1 to Grade 4). The CT grade positively correlated with serum level of HE4 (r=0.417, p=0.016) and patients with grade 4 had higher levels of HE4 than other grades (Figure 2B). No significant differences between LIP and NSIP were observed (p=0.292, Figure 2C). Significantly negative correlations between the levels of HE4 and percentage of FVC (r= -0.460, p=0.047) and DLco (r= -0.623, p=0.004) were noticed (Figures 2D, E) . ROC analysis revealed a cut-off value of 104.90 pmol/L (Youden Index of 0.473) with a sensitivity of 69.7%, a specificity of 77.6% and an AUC of 0.778 (95%CI 0.685-0.870, p<0.001) in distinguishing pSS patients with pulmonary involvements from pSS patients without pulmonary involvements (Figure 2F).




Figure 2 | Associations between the levels of HE4 and pulmonary involvements. (A) Patients with pulmonary involvement (n = 33) had higher levels of HE4 than those without pulmonary involvement (n = 76). (B) Serum levels of HE4 in patients with ILD according to semiquantitative CT grades: grade 1 (n = 17); grade 2 (n = 7); grade 3 (n = 6); grade 4 (n =3 ). (C) Serum HE4 was similar between the groups of LIP (n = 16) and NSIP (n=17). (D, E) HE4 was negatively correlated with FVC% and DLCO% (n = 19). (F) Receiver operating curve (ROC) analysis on the clinical performance of HE4 in identifying patients with pulmonary involvement. Statistical significance was determined by Mann-Whitney U test, Spearman’s correlation test and ROC analysis. Pulmo, pulmonary; LIP, lymphocytic interstitial pneumonia; NSIP, nonspecific interstitial pneumonia; FVC, forced vital capacity; DLco, diffusing capacity of the lung for carbon monoxide.



pSS patients with renal involvements displayed significantly higher levels of HE4 compared to those without renal involvements (Figure 3A, p<0.001). HE4 was positively correlated with serum creatinine (r=0.588, p=0.021, Figure 3B) and negatively correlated with estimated glomerular filtration rate (r= -0.599, p=0.030, Figure 3C). ROC analysis revealed a cut-off value of 128.05 pmol/L (a Youden Index of 0.52) with a sensitivity of 73.3%, a specificity of 78.7% and an AUC of 0.768 (95%CI 0.646-0.891, p=0.001) in distinguishing pSS patients with renal involvements from pSS patients without renal involvements (Figure 3D).




Figure 3 | Associations between the levels of HE4 and renal involvements. (A) Patients with renal involvement (n=15) had higher levels of HE4 than those without renal involvement (n = 94). (B, C) Serum levels of HE4 was positively correlated with creatinine and negatively correlated with eGFR (n = 15). (D) Receiver operating curve (ROC) analysis on the clinical performance of HE4 in identifying patients with renal involvement. Statistical significance was determined by Mann-Whitney U test, Spearman’s correlation test and ROC analysis. eGFR, estimated glomerular filtration rate.






Discussion

In this retrospective study, by utilizing the real-world data from clinical practice, we identified a novel role for serum HE4 in clinical stratification in patients with pSS. HE4, a tumor biomarker approved by the US Food and Drug Administration (FDA) in 2009 and by the National Medical Products Administration (NMPA) (formerly the China FDA) in 2012 for the routine diagnostics of ovarian cancer, was found significantly elevated in patients with pSS and correlated with disease activity. Further, we found significant positive correlations between the levels of HE4 with pulmonary involvements and renal involvements. As far as we know, few studies, if any, have investigated the role of HE4 in the diagnosis of pSS. Given the clinical need of biomarkers for assessing disease activity and identifying extra-glandular involvements, our findings thus represent an important endeavor in clinical subtyping of patients with pSS.

HE4 was first identified as a secreted, epididymis-specific protein (17), and later was found to be expressed in multiple tissues in the oral cavity, the respiratory tracts as well as in renal tubular epithelial cells (7). Although previous work on HE4 has primarily focused on its clinical utility as a tumor biomarker, increasing evidence has suggested that HE4 may have diagnostic potential in other clinical settings, including lung adenocarcinomas (18), renal fibrosis (8) and cystic fibrosis (9). Of interest, the levels of HE4 were upregulated in human and mouse fibrotic kidneys and were elevated in the serum of patients with kidney fibrosis (8). In addition, elevated levels of HE4 mRNA, as well as HE4 protein were detected in lung biopsies of patients with cystic fibrosis (9, 18). Very recently, Zhang et al. reported that serum HE4 levels were significantly increased in patients with systemic sclerosis (SSc)-ILD compared to SSc-non-ILD, which was consistent with our findings (19). Nishiyama et al. also showed that HE4 was a new biomarker to predict the prognosis of progressive fibrosing interstitial lung disease (20). These findings were consistent with ours showing that HE4 was significantly associated with pulmonary involvements and renal involvements in patients with pSS. While it remains unclear whether HE4 is implicated in this process, LeBleu et al. have shown that HE4 can suppress the activity of multiple proteases, including serine proteases and matrix metalloproteinases, and specifically inhibits their capacity to degrade type I collagen, thereby promoting the development of kidney fibrosis (8). Thus, HE4 is likely to exert a pathogenic role in pulmonary and renal damage in pSS. Further studies are needed to define the functional relevance of HE4 in the pathogenesis of pSS.

Another major finding is that we identified a significant correlation between the levels of HE4 with disease activity. pSS patients in our study presented with moderate to high disease activity (defined by ESSDAI ≥5) showed significantly elevated levels of HE4. Our results were consistent with the findings by Ren et al., who showed that serum levels of HE4 were significantly associated with the SLE disease activity index (SLEDAI) (21). Thus, HE4 may be a potential biomarker to monitor disease activity in pSS.

Our study has a number of notable strengths. To the best of our knowledge, our study represents the first study investigating the clinical performance of HE4 in patients with pSS. Our findings thus expand our understanding of the clinical utility of HE4 in clinical practice, especially in rheumatoid diseases, such as pSS. It should be noted, however, that our study has several limitations. First, it was not a prospective study but rather reflecting a real-world experience with routine clinical tests on HE4. Second, it was a single-center study and the sample size was small, thereby predisposing to selection bias. Third, this study lacked histopathology data. Further multi-center prospective study with a larger cohort will be invaluable to enlighten the clinical utility of HE4 in clinical stratification of pSS and other rheumatoid diseases.

In summary, our findings showed that HE4 was markedly elevated in patients with pSS, and positively associated with ESSDAI, pulmonary and renal involvements, suggesting a diagnostic potential of HE4 in clinical stratification in pSS. Our findings also suggesting that introducing HE4 to the current pSS test panel may provide additional diagnostic value to the current clinically available assays.
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Sjögren’s syndrome (SS) is an autoimmune disease affecting the salivary and lacrimal glands. Symptoms range from dryness to severe extra-glandular disease involving manifestations in the skin, lungs, nervous system, and kidney. Fatigue occurs in 70% of patients, characterizing primary SS (pSS) and significantly impacting the patient’s quality of life. There are some generic and specific instruments used to measure fatigue in SS. The mechanisms involved with fatigue in SS are still poorly understood, but it appears fatigue signaling pathways are more associated with cell protection and defense than with pro-inflammatory pathways. There are no established pharmacological treatment options for fatigue in pSS. So far, exercise and neuromodulation techniques have shown positive effects on fatigue in pSS. This study briefly reviews fatigue in pSS, with special attention to outcome measures, biomarkers, and possible treatment options.
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Introduction

Sjögren’s syndrome (SS) comprises a wide range of symptoms and disease severity. The disease predominately affects middle-aged women with a 9:1 female:male ratio. The prevalence ranges from 0.04 to 0.17 (1). Hallmark complaints are dryness and fatigue (2, 3). Systemic manifestation can affect 50-70% of patients. Some patients have increased risk of lymphoma, usually associated with cryoglobulinemia, systemic manifestations, purpura, parotid enlargement, and pronounced salivary gland inflammation (high focus score) (4).

Fatigue is a complex and multi-faceted phenomenon, defined as a feeling of physical tiredness and lack of energy (5). The prevalence of fatigue in primary Sjögren’s syndrome (pSS) is approximately 65-70%, and often reported as the most debilitating symptom (6). Next to pain and dryness, fatigue was one of the most common complaints that the patients would like to have improved (7).

A clinical and laboratory investigation of 141 patients found that fatigue in pSS did not change significantly over time (8). Thirty-five percent of patients experienced a clinically significant increase in fatigue severity, but fatigue measures did not change on group level. Multivariate models were not able to reveal clinical or laboratory predictors of fatigue change over time.

In line with these findings, a qualitative study encompassing nine patients with pSS and fatigue, describes fatigue as an ever-present, fluctuating, and uncontrollable lack of energy, beyond the individuals own control. Fatigue in pSS clearly differs from ordinary tiredness and may have a considerable impact on a patient’s life (3). Functional impairment has also been associated with physical fatigue in pSS, with patients experiencing significant functional disability compared to age-matched healthy controls. The impaired function was associated with reduced quality of life (QoL) and symptoms such as pain and depression as well as disease activity, illustrating the need for management of several disease aspects (9).

Compared to healthy controls (n=168), QoL was considerably impaired in patients with pSS (n=185), with pain, fatigue, disease activity, impaired swallowing, and anxiety/depression remaining as main predictors of QoL in the linear regression model (10). Another study found fatigue and pain to be the main predictors of poor QoL in patients with pSS regardless of disease activity, age, schooling, marital status, work disability and fibromyalgia (11). Though such complications are not life-threatening, the chronicity can lead to heavy debility and reduced quality of life, affecting not only daily activities and social life, but also career and finances (12).

The underlying mechanisms of fatigue are not completely understood, but increasing evidence suggests a multifaceted picture. An interesting idea is the sickness behavior phenomenon observed during infection and inflammation. Fatigue constitutes a substantial part of this behavior, to increase survival during temporary infections or harm. In chronic diseases fatigue becomes chronic without a meaningful purpose (13, 14). Based on observations from rheumatoid arthritis (RA), where some patients fatigue improve markedly following treatment with biological agents, whereas others continue to suffer from fatigue despite clinical remission, genetic and epigenetic variations have been suggested (13).

The overall aim was to briefly review fatigue in SS with special attention to outcome measures, biomarkers and current treatment options.



Instruments for Measuring Fatigue In PSS

The Profile of Fatigue and Discomfort-Sicca Symptoms Inventory (PROFAD-SSI), whose fatigue component (Profile of Fatigue – Prof-F) measures the somatic (ProF-S) and mental (ProF-M) fatigue, and the EULAR Sjögren’s Syndrome Patients Reported Index (ESSPRI), which uses 0-10 numerical scales for the assessment of dryness, fatigue, and musculoskeletal pain domain, are two SS-specific instruments for measuring fatigue. Future studies may prefer to use one of these two instruments or both. The development of objective measures of fatigue depends on the elucidation of the pathophysiological mechanism of fatigue in pSS, which is still unclear.

The 10-cm fatigue visual analogue scale (VAS) provides a global fatigue score where a higher score represents greater severity or intensity of fatigue. VAS is often used in pSS research, probably due to its simplicity. However, a multidimensional assessment may provide a more complete picture, improving understanding of the clinical associations of fatigue and potential treatment. Studies on pSS have also used many non-disease specific multi-item questionnaires (15, 16) which would be most recommended when one of the study objectives is to compare fatigue across diseases. Commonly used instruments are summarized in Table 1.


Table 1 | Current fatigue measures used for Sjögren’s syndrome.





Biomarkers to Understand Fatigue

Interestingly, fatigue is not associated with systemic disease activity (11, 17). In agreement with this clinical observation, although pSS is an autoimmune inflammatory disease, there is a paradoxical inverse correlation of fatigue with pro-inflammatory cytokines (18, 19).

A panel of 14 cytokines that were elevated in patients with pSS were compared to controls without fatigue. However, when analyzing only a subgroup of pSS with fatigue, the fatigue scores were inversely proportional to four pro-inflammatory cytokines, interferon-γ inducible protein 10 (IP-10), tumor necrosis factor α (TNF-α), lymphotoxin α (LT-α), and interferon γ (IFN-γ) (18). Results were confirmed in a larger sample, showing that IP-10, TNF-α, interferon- α (IFN-α), IFN-γ, and LT-α were significantly higher in patients with pSS (n=120) compared to non-fatigued controls (n=30), with TNF-α and LT-α inversely related to patient-reported levels of fatigue (19).

On the other hand, pain, depression, and daytime sleepiness scores were closely associated with both physical and mental fatigue in pSS, with effects observed even after adjustment for comorbidities associated with fatigue or medications associated with drowsiness (20).

Taking cytokine levels, disease-specific and clinical parameters in a logistic regression model, pain, depression, and lower proinflammatory cytokines appear to be the most powerful predictors for fatigue in pSS, identifying fatigue levels with 85% accuracy (19). Considering the role of cytokines in the development of the initial inflammatory response and its inverse association with fatigue, it has been postulated that a potentially maladaptive immune response may contribute to the maintenance of persistent fatigue in a chronic inflammatory state as observed in conditions such as pSS (13, 19, 21).

An interesting theory regarding fatigue in pSS and other infectious and autoimmune inflammatory diseases is the “behavioral response to disease” model. In fact, fatigue is a physiological response and is part of disease behavior, associated with lethargy, anhedonia, apathy, reduced activity, social isolation and depression (22). Findings in animal and clinical studies indicates an activation of the innate immune system in the fatigue mechanisms. It has been demonstrated that sickness behavior is signaled through interleukin-1 (IL-1) receptors on neurons in the brain (22, 23). In humans, there is an increase in IL-1β activity in chronic and autoimmune inflammatory conditions. IL-1β is the final pathway for signaling fatigue in the brain and modulates influx of K+ and Ca++. Peripherally produced IL-1β passes through the blood-brain barrier and reaches neuronal cells in the brain and is also produced by microglia intrathecally. Increased activation of the IL-1 system, as detected by elevated interleukin-1 receptor antagonist (IL-1Ra) levels in cerebrospinal fluid (CSF), was associated with more fatigue in pSS (23). IL-1β has also been implicated in depression and could explain why fatigue and depression are so closely associated (24).

In a comparison of fatigued (n=22) and non-fatigued (n=23) pSS patients 16 serum proteins were differentially expressed (25). By multiplex proteomics it was possible to distinguish fatigued from non-fatigued pSS patients and to identify a “fatigue-signature”. Interestingly, the proteins were involved in inflammatory mechanisms, with neurological and metabolic functions. Top up-regulated proteins included neuroactive synaptosomal-associated protein 25 (SNAP-25), alpha-enolase (ENO1) and ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1). Furthermore, the proinflammatory mediator IL-36α and several complement factors were up-regulated in fatigued compared to non-fatigued patients with pSS (25). Aberrancies in IL-36α are described in several neurological, cognitive and psychological disorders (13).

Proteomic analysis of cerebrospinal fluid in 20 patients with pSS revealed 15 top discriminatory proteins among patients with high and low fatigue. Among these were apolipoprotein-A4, hemopexin, pigment epithelium-derived factor, secretogranin-1, secretogranin-3, selenium-binding protein-1, and complement factor B, with important roles in regulation of innate immunity, cellular stress defense, and/or functions in the central nervous system, and some downregulate inflammation. An important sleep regulator, Hypocretin-1, was also increased in pSS and can influence fatigue by an IL-1β independent mechanism (26).

The role of type II interferons (IFN-γ) in pSS is emerging in a subset of patients characterized by widespread pain, fatigue, and depression (27). Interferon-γ is a major inducer of indoleamine 2,3 dioxygenase (IDO) in many cell types, including fibroblasts, endothelial cells, tumor cells, monocyte-derived macrophages, mesenchymal stromal cells, and dendritic cells. Tryptophan degradation by IDO1 yields a series of catabolites collectively known as kynurenines. The main effect of kynurenines on immune system is inducing TReg response and reducing hyperinflammatory response. It has been postulated that activation of IDO1 may be responsible for manifestations such as hyperalgesia, pain, and depression. This is supported by the evidence that IDO1 pathway activation, measured by the increased Kynurinine/tryptophan ratio in peripheral blood, has been observed in other conditions characterized by chronic pain, and could be an interesting pathway to explain fatigue in pSS (28, 29). Taken together, fatigue signaling pathways appear to be more associated with cell protection and defense than associated with pro-inflammatory pathways and cytokines.



Treatment of Fatigue


Pharmacological Treatment

Currently there are no established pharmacological treatment options for idiopathic fatigue. An empiric trial of antidepressant therapy for patients with fatigue and symptoms of depression can be initiated even if the patient does not meet diagnostic criteria for major depression (www.wolterskluver.com/en/solutions/uptodate).

Fatigue can be associated with chronic inflammatory disorders such as RA and pSS, conditions often treated with anti-inflammatory drugs. However, if an underlying condition or inflammation is suspected to cause or contribute to the fatigue, the main focus should be on treating the primary disease (30).

The antimalarial drug hydroxychloroquine (HCQ) is the most frequently prescribed disease modifying antirheumatic drug (DMARD) for patients with pSS and extraglandular manifestations such as arthralgia, arthritis, myalgia, or fatigue. The efficacy for cardinal symptoms of pSS (dryness, pain, and fatigue) were investigated in 120 patients in a randomized, double-blind parallel-group placebo-controlled trial (the JOQUER trial). In comparison to placebo, the study found limited efficacy of HCQ to improve fatigue (31). A more recent meta-analysis, including randomized controlled trials (RCTs), retrospective studies, and prospective studies using HCQ for treatment of pSS. From four studies and a total of 215 patients (herein the JOQUER trial), the meta-analysis found lower efficacy of HCQ for treatment of fatigue than placebo (32).

In a recent phase II double-blind placebo-controlled clinical trial pSS patients were randomized to treatment with RSLV-132 (n=20) or placebo (n=8) (33). RSLV-132 is a biologic drug containing active human RNase with an increased serum half-life compared to wild-type human RNase. There are many non-coding RNAs in human circulation that have inflammatory gene regulatory functions. It was hypothesized that a reduction of these circulating RNAs in patients with pSS might have a positive effect on symptoms such as fatigue and indeed, the study showed improvement of severe fatigue by four independent patient-reported measures (33).

Fatigue associated to inflammatory conditions bear similarities to IL-1 mediated sickness behavior in animals. In a double-blind randomized placebo-controlled clinical trial the IL-1 receptor antagonist (Anakinra) or placebo was administered to 26 pSS patients with fatigue (21). Fatigue was evaluated by VAS and fatigue severity scale (FSS), but no significant difference in fatigue scores was detected between the groups compared to baseline. However, six out of 12 patients on Anakinra versus one out of 13 patients on the placebo reported a 50% reduction in fatigue VAS.

The CD20 antibody Rituximab is an established treatment for several autoimmune conditions. A randomized, double-blind, placebo-controlled pilot study showed a significant improvement in fatigue VAS in pSS patients (n=17) treated with Rituximab compared to baseline. In addition, a significant reduction in SF-36 was observed (34). However, a later randomized, placebo-controlled, triple-blinded, parallel-group trial including 120 patients with recent-onset pSS and biologically active or systemic pSS could not document significant differences between groups when comparing the primary end points (VAS global disease, pain, fatigue, and dryness). An improvement in VAS fatigue was observed in patients treated with Rituximab, but it did not alleviate symptoms or disease activity (35).

Targeting B cell activating factor (BAFF) with Belimumab was investigated in a bi-centric prospective 1-year open-label trial. Patients (n=30) fulfilled American-European Consensus Group (AECG) classification criteria for pSS (36), were anti-Ro/SSA-positive and had current systemic complications or salivary gland enlargement, early disease (<5 years), or biomarkers of B cell activation. The primary end-point was improvement in two of five items (dryness, fatigue, pain, systemic activity assessed by a physician and/or B cell activation biomarker values). The primary end-point was achieved in 18 (60%), among these were seven patients with a reduction in VAS fatigue (23%). The mean fatigue VAS was non-significantly reduced (37).

The effect of dehydroepiandrosterone (DHEA) (200 mg/day) on improvement of fatigue, well-being and functioning was investigated in women with pSS (n=60) in a double-blind, randomized placebo-controlled clinical trial. Primary outcome measures were general fatigue, depressive mood, mental well-being, and physical functioning. Interestingly, patients from both the DHEA- and placebo-treated group improved significantly on general fatigue, mental well-being, and depressive mood, but not physical functioning. The belief to have used DHEA was a stronger predictor for improvement of fatigue and well-being than the actual use of DHEA. On the other hand, the findings suggest possibilities for cognitive behavioral interventions (38). In a later study, patients with pSS (n=107) and severe fatigue and low levels of serum dehydroepiandrosterone/dehydroepiandrosterone sulfate (DHEA/DHEAS) were given DHEA substitution (50 mg/day) in a multicenter, investigator-based, powered, randomized controlled clinical trial (crossover, washout design) with fatigue as the primary outcome measure. All the MFI-20 subscales and the fatigue VAS improved from baseline, but with negligible differences between the two treatments. Similar to earlier results using pharmacologic doses, substitution treatment in DHEA-deficient and severely fatigued patients with pSS was not better than placebo (39).



Non-Pharmacological Treatment

The promising results of non-pharmacological studies represent a great potential in the management of fatigue in general. So far, exercise and neuromodulation techniques have shown positive effects on fatigue in pSS.

The association between fatigue and reduced levels of physical activity and cardiorespiratory fitness in pSS (6, 40) led to the hypothesis that physical exercise could reduce fatigue. In a recent randomized intention-to-treat study comprising a supervised walking program, FACIT-fatigue in women with pSS was improved compared to the control group. The walking program also increased cardiorespiratory fitness, exercise tolerance and patient perception of improvement, without exacerbating disease activity. In addition, better fatigue scores were associated with reduced depression and improvements in the physical and mental components of QoL (41). Nordic walking exercise also improved fatigue (VAS) in a previous non-randomized study (42). A supervised resistance exercise program in a randomized controlled trial, although there was no direct assessment of fatigue, improved functional capacity and QoL in women with pSS (43).

Based on the growing evidence that the immune-mediated fatigue mechanism may involve or be modulated by the cholinergic anti-inflammatory reflex by stimulating the vagus nerve, a non-invasive vagus nerve stimulation device (nVNS) was investigated in 15 female pSS patients. The nVNS resulted in a significant decrease in daytime sleepiness and fatigue (Prof-F), reduced levels of TNF-α and IL-1β, and reduced TNF-α production by stimulated whole blood cells (44).

Fatigue in pSS could result from hypoactivity of the hypothalamic-pituitary-adrenal axis (HPA) as a possible consequence of autoantibody-mediated destruction of the adrenal glands. Based on this hypothesis, and the evidence that increased cortical excitability by anodal cortex stimulation is capable of modulating the HPA axis activity, a Brazilian double-blind pilot study randomized 36 female pSS patients to receive transcranial direct-current stimulation (tDCS). The tDCS improved fatigue (ESSPRI and FSS) and seemed to promote greater improvements in mental (ProF-M) than somatic fatigue (ProF-S) (45).

Alternative methods such as acupuncture are also being investigated to alleviate dryness, pain and fatigue; key symptoms of pSS. The protocol for the first randomized and controlled pilot trial of acupuncture on alleviating the symptoms of pSS with relatively long-term follow-up was published in 2017 (46). The result of this, and another ongoing study (Table 2) might offer a new option to treat pSS and supply clinical proof that acupuncture has beneficial effects on pSS.


Table 2 | Clinical studies addressing fatigue in Sjögren’s syndrome as their primary outcome www.clinicaltrials.gov.



A focus group study on patients with established pSS indicated a range of sleep disturbances, and an overlap between the participants sleep and fatigue symptoms, although the fatigue they experienced was very different from “tiredness”. The study participants already utilized a number of strategies to manage their sleep. Cognitive behavioral therapy was viewed as an acceptable intervention, given a rationale for its use and it is tailored for pSS (49). A multidisciplinary approach according to the needs of the patient, including occupational therapy, physiotherapy and/or health psychology improved fatigue VAS scores and were maintained at 6-12 months follow-up in 50 pSS patients (50).




Discussion

Fatigue is a characteristic symptom of pSS, occurring in about two thirds of the patients. Fatigue (and pain) is an important predictor of poor QoL regardless of age, schooling, marital status, work disability, fibromyalgia and disease activity (11). Fatigue in pSS is multifactorial and is clinically related to sleep and mood disorders (20). On the other hand, it is not associated with systemic disease activity (11, 17) and has an inverse correlation with pro-inflammatory cytokines (18, 19).

The biological mechanisms involved in pSS fatigue are still not fully understood. Recent studies using proteomic analysis have shown the expression of proteins in the blood (SNAP-25, ENO1, UCHL1, IL-36a and complement factors) and in the CSF (apolipoprotein-A4, hemopexin, pigment epithelium-derived factor, secretogranin-1, secretogranin-3, selenium-binding protein-1, and complement factor B) in fatigued compared to non-fatigued pSS (13, 26). With important roles in regulation of innate immunity, cellular stress defense, and/or functions in the central nervous system, supporting the hypothesis that fatigue signaling pathways appear to be more associated with cell protection and defense than with pro-inflammatory pathways and cytokines. Future studies should try to confirm this hypothesis and explore the role of type II (IFN-γ) and Kynurinines pathway (27–29). In this review we focus on biomarkers of the immune system involved in fatigue in pSS. Fatigue is multidimensional and associated with neurocognitive, neuroendocrine, environmental and behavioral components (51). Additionally, many patients with pSS have poor sleep, and correlated with fatigue (52). Sleep quality and cognitive compromises being associated with fatigue, future studies could address whether such factors could be useful as surrogate markers for fatigue in pSS.

Hydroxychloroquine, DHEA, and rituximab failed to improve fatigue in controlled studies (35, 37, 38). The RSLV-132, an RNase Fc fusion protein, in a phase II study showed improvement of severe fatigue as determined by four independent patient-reported measures of fatigue (33). Ongoing clinical trials are testing new targets on fatigue in pSS, such as, Lanraplenib (GS-9876), Filgotinib (GS-6034), Tirabrutinib (GS-4059), CDZ173, and VIB4920 (Table 2).

Exercise and neuromodulation techniques have shown positive effects on fatigue in pSS (41, 43, 45). Non-pharmacological studies represent a great potential in the management of fatigue in general. High-quality RCTs for potential non-pharmacological interventions such as different types of aerobic exercise, resistance exercise, nVNS, and tDCS must be performed, as well as studies with long-term follow-up.

Different non-pharmacological interventions for fatigue have been investigated in other rheumatic diseases (53), and self-management training through patient education programs, cognitive-behavioral therapy, and mindfulness could also be tested in pSS. The positive effect of placebo observed in therapeutic clinical studies (38, 39) does indeed give promise for cognitive behavioral interventions. Ongoing studies investigating treatment of SS with fatigue as the primary outcomes are listed in Table 2 and include biological agents as well as alternative treatments such as dietary supplements and acupuncture. In the future, artificial intelligence and digital tools may also become helpful to generate more objective clinical endpoints.
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Objectives

The aim of this study was to evaluate the clinical validity of early Sjögren’s syndrome (SS) autoantibodies (eSjA), which were originally marketed for early diagnosis of SS, for juvenile SS (JSS) in a recently identified pediatric cohort.



Methods

A total of 105 symptomatic subjects with eSjA results available were evaluated at the Center for Orphaned Autoimmune Disorders at the University of Florida and enrolled for this study. JSS diagnosis was based on the 2016 ACR/EULAR SS criteria. Demographic/clinical/laboratory parameters were compared between JSS (n = 27) and non-JSS (n = 78) for % positivity, sensitivity, and specificity of eSjA (SP1, anti-salivary protein; CA6, anti-carbonic anhydrase VI; PSP, anti-parotid secretory protein) and classic SS-autoantibodies (cSjA; ANA, SSA/SSB, RF, and others) either alone or in combination. Associations between eSjA and diagnostic/glandular parameters were also determined by Fisher’s exact test.



Results

Compared to non-JSS, JSS patients exhibited sicca symptoms demonstrating reduced unstimulated salivary flow rate (USFR) and abnormal glandular features revealed by salivary gland ultrasound (SGUS). Among cSjA, ANA demonstrated the highest sensitivity of 69.2%, while SSA, SSB, and RF showed around 95% specificities for JSS diagnosis. The % positive-SSA was notably higher in JSS than non-JSS (56% vs. 5%). Of eSjA, anti-CA6 IgG was the most prevalent without differentiating JSS (37%) from non-JSS (32%). Sensitivity and specificity of eSjA were 55.6 and 26.9%, respectively. Autoantibodies with potentially applicable specificity/sensitivity for JSS were seen only in cSjA without a single eSjA included. There were no associations detected between eSjA and focus score (FS), USFR, SSA, SGUS, and parotitis/glandular swelling analyzed in the entire cohort, JSS, and non-JSS. However, a negative association between anti-PSP and parotitis/glandular swelling was found in a small group of positive-SSA (n = 19, p = 0.02) whereas no such association was found between anti-PSP-positive compared to anti-PSP-negative. JSS and non-JSS groups differed in FS, USFR, and EULAR SS Patient Reported Index Dryness/Mean in CA6/PSP/ANA, SP1, and SSA-positive groups, respectively. Additionally, a higher FS was found in RF-positive than RF-negative individuals.



Conclusions

eSjA underperformed cSjS in differentiating JSS from non-JSS. The discovery of clinical impact of eSjA on early diagnosis of JSS necessitates a longitudinal study.





Keywords: juvenile Sjögren’s syndrome, autoantibodies, early Sjögren’s syndrome autoantibodies, parotitis, minor salivary gland biopsy, sicca symptoms



Introduction

Sjögren’s syndrome (SS) is an autoimmune disorder that typically leads to sicca symptoms of severe dry eyes and dry mouth, mainly in female patients with peak incidence between 45 and 55 years of age (1). Sicca symptoms are believed to be less prevalent in juvenile SS (JSS) compared to adult SS patients (2–9). Recurrent parotitis in JSS is one of the main symptoms that warrants referral to rheumatologists for care. As longitudinal follow-up studies on JSS patients are absent, it is unknown if JSS will progress to adult SS. Moreover, it is not clear whether JSS patients will develop the major complication of non-Hodgkin’s B-cell lymphoma reported to occur in 5% of affected adult patients (1) or if JSS is a distinct disease entity with a unique clinical course.

Currently, there are no consensus diagnostic criteria tailored specifically to pediatric patients with JSS. The 2002 American-European Consensus Group (AECG) criteria (10), 2012 American College of Rheumatology (ACR) classification criteria (11), or 2016 ACR/EULAR classification criteria (12) for adult SS have been used in most JSS case studies and reports due to lack of validated criteria in children. According to the most recent 2016 ACR/EULAR criteria, serology for anti-SSA/Ro (SSA), minor salivary gland (MSG) lip biopsy for focus score, sialometry for unstimulated saliva flow rate (USFR), Schirmer’s test, and ocular surface staining (OSS) are included for diagnosis. SSA positivity and positive MSG biopsy are each assigned a weight of three points, while USFR, Schirmer’s test, and OSS are assigned one point per item. When summation is greater than or equal to four points, SS diagnosis is established. However, subjective sicca symptoms are not a part of the current SS diagnostic criteria (12). Since there are different characteristics noted in JSS from SS, such as the prevalent recurrent parotitis mentioned earlier, use of the adult SS classification or diagnostic criteria may lead to misdiagnosis or underrepresentation of JSS.

In recent years, Shen et al. reported a panel of autoantibodies that were detected in their IL-14α transgenic mice (IL14α TG) with sialadenitis and in a group of SS patients (13). Because these autoantibodies were more prevalent in SSA-negative adult SS patients or in relatively newly diagnosed adult sicca patents, Shen et al. proposed them as early biomarkers for SS. These antibodies were later commercialized by Trinity Biotech under the name of “early SS autoantibody (eSjA) panel” and screened by their Immco Diagnostics Reference Lab. The panel includes three autoantibodies, namely salivary protein 1 (SP1), carbonic anhydrase IV (CA6), and parotid secretory protein (PSP), with three immunoglobulin isotypes (IgG, IgA, and IgM) for each antibody, totaling nine items.

In addition, the same company produced the Sjö® test kit, which combines three in eSjA with the four classic SS autoantibodies (cSjA), ANA, SSA, anti-SSB/La (SSB), and rheumatoid factor (RF), encompassing seven SS biomarkers (Immco.com). The sensitivity and specificity of eSjA in differentiating SS from non-SS are unclear as most publications on eSjA report % prevalence rather than sensitivity and specificity. The company website lists the prevalence of eSjA as 30–45% in SS. The sensitivity and specificity of the Sjö® test kit in SS diagnosis reported in two 2016 conference abstracts indicated the cumulative sensitivity of the Sjö test kit was 91.4%, the sensitivity of SSA/SSB was 74.9%, and the sensitivity for eSjA was 49.8%. The cumulative specificity for the Sjö test kit was 79.8% and the specificity for eSjA was 83.5% while the specificity for SSA/SSB was not listed (14, 15). However, the details on demographics, diagnostic criteria, and clinical parameters of the cohort investigated were unavailable.

In this study, we determined if eSjA could differentiate JSS from non-JSS in patients with sicca symptoms based on the assumption that JSS could be an early manifestation of SS. We examined cSjA as well as eSjA in pediatric patients presenting to the Pediatric Rheumatology Clinic at the University of Florida (UF). To our knowledge, this is the first and only study reporting the levels of sensitivity and specificity of eSjA in differentiating JSS from non-JSS patients, who did not meet the 2016 ACR/EULAR SS criteria.



Patients and Methods


Subject Enrollment

Participants were recruited from January, 2018 to November, 2020, at the Oral Medicine clinic, College of Dentistry, and the Pediatric Rheumatology clinic, College of Medicine, at the UF Health Shands Hospital, Gainesville, Florida. Enrollment was made during a routine medical check-up. JSS patients were diagnosed according to the 2016 ACR/EULAR criteria, and patients with sicca symptoms who did not fulfil the criteria were classified as non-JSS. Only those who had been tested for eSjA (n = 105) were included in the analysis. Patients in the JSS group (n = 27, F:M = 21:6) ranged from 4 to 27 years of age, including one 20 and one 27 year-old. Ages of non-JSS subjects (n = 78, F:M = 54:24) ranged from 5 to 20, including two 18 year-old and one 20 year-old (Table 1). Those subjects older than 18 were included because their symptoms started before 18 years of age and lasted until they were evaluated at the Pediatric Rheumatology Clinic without having been evaluated for JSS elsewhere. Primary and secondary JSS were not classified due to the lack of guidelines for the JSS classification criteria at the present time. This study was reviewed and approved by the Institutional Review Board (IRB protocols #201600490 and 201900645) at UF and written informed consents/assents were obtained from either parents/guardians of pediatric patients or participants who were older than 18 years of age.


Table 1 | Demographic, clinical, and laboratory characteristics of the UF pediatric study cohort.





Clinical and Laboratory Parameters

Laboratory results were collected from the Center for Orphaned Autoimmune Disorders (COAD) tissue bank and patient registry, following the current diagnostic guidelines for adult SS (12, 16). USFR was measured by allowing saliva to flow naturally into a preweighed vessel for 10 min. Flow rates below or equal to the cut-off of 0.1ml/min are considered indicative of hyposalivation. Dry eye condition was mainly evaluated by a combination of slit lamp examination, conjunctival and corneal staining patterns, tear break-up time, and Schirmer’s test. The Schirmer’s test, utilizes sterile strips (TearFlo, Sigma Pharmaceuticals, Monticello, CA) placed in the inferior fornix of the patient to measure basal tear production for 5 min with topical anesthesia as children do not usually tolerate the strips without it. A value less than 5 mm of tear production at 5 min constituted severe dry eyes. OSS was evaluated in only a small number of patients and therefore was not included in the analysis. MSG biopsy results were reported positive if there was one or more foci of at least 50 immune cells per 4 mm2 of salivary gland tissue. Salivary gland ultrasound (SGUS) of bilateral parotid and submandibular glands was classified as positive when the simplified score was 2 or 3, which is suggestive of SS (17). Test results for cSjA, eSjA, WBC, ESR, CRP, C3 and C4, total IgG, and CBC were collected within 2 weeks of enrollment. ANA was coded positive at titers of 1:160 or greater, and eSjA positivity was determined based on the laboratory report by Immco Diagnostics (Buffalo, NY), which includes nine items; IgG, IgA, and IgM of anti-SP1, anti-CA6, and anti-PSP. Items in the twelve domains of the physician-reported EULAR SS disease activity index (ESSDAI) and the EULAR SS patient reported index (ESSPRI) including dryness, somatic and mental fatigue, and pain indices (16, 18) were also analyzed in this study.



Statistical Analyses

Group comparisons between JSS and non-JSS were performed on dichotomous variables (e.g., positive/negative) with the Fisher’s exact test. For continuous variables, such as age at symptom onset, age at diagnosis, ESSPRI Dryness, ESSPRI Fatigue, ESSPRI Pain, and ESSPRI Mean, the non-parametric Mann–Whitney–Wilcoxon test was performed. A p-value of less than 0.05 was considered significant for both analyses. The % positivity along with sensitivity and specificity were calculated at both the level of single autoantibodies and autoantibodies in combination in order to explore the diagnostic performance. A performance graph was prepared for easy comparison between eSjA and cSjA in distinguishing JSS from non-JSS in patients with xerostomia. Associations with odds ratio and confidence intervals (CI) between eSjA and the items in the 2016 ACR/EULAR SS diagnostic criteria, such as FS, SSA, USFR, and the Schirmer’s tear test, and the items reflecting glandular features, such as recurrent parotitis/glandular swelling and SGUS, were calculated for the category of the entire study cohort, JSS, non-JSS, positive-SSA, or negative-SSA group. In each category, we evaluated the association between diagnostic/glandular items with eSjA, using Fisher’s exact test. We further compared JSS with non-JSS, or antibody-positive group with antibody-negative group using the Mann–Whitney–Wilcoxon test. Mean diagnostic values were presented in the bar plots with dots representing the distribution of those values. All analyses were calculated by R (http://www.r-project.org, version 4.0.3) in RStudio (http://www.rstudio.com, version 1.4.1106).




Results


JSS Patients Exhibit History of Sicca Symptoms and Glandular Changes Noted by SGUS

Table 1 summarizes demographic, clinical, and laboratory characteristics of the eSjA study population (n = 105) including both JSS (n = 27) and non-JSS patients (n = 78). The median age for symptom onset was around 11 years old in both groups, with a 2 year old boy being the youngest JSS patient in our cohort. In general, it took about 3 years from symptom onset to be either diagnosed or ruled out as JSS in our cohort. Of 27 JSS patients, 21 were female (77.8%).

Of laboratory parameters measured, hypergammaglobulinemia and cytopenias differed significantly between JSS and non-JSS groups (p < 0.001 and p = 0.027, respectively). Differences between JSS and non-JSS groups for diagnostic evaluations of USFR (p = 0.004), MSG biopsy (p < 0.001), and SGUS (p < 0.001) were also significant, along with patient history of experiencing recurrent/persistent parotitis and/or glandular swelling/tenderness (p = 0.015). The number of patients who had both dry eyes and dry mouth (sicca symptoms) was statistically higher in JSS than in non-JSS (p = 0.026). Similarly, dental caries or dental-related issues were also more prevalent in JSS patients (p = 0.01). Interestingly, about 11% of our cohort patients reported attention-deficit/hyperactive disorder (ADHD) or autism spectrum disorders, suggesting a potential link between maternal autoimmune diseases/inflammation and those conditions (19, 20).

In general, ESSDAI domains or ESSPRI items listed in Table 1 did not show much difference between the two groups except for the biological domain mentioned above and the renal domain (p = 0.006). The test results of some parameters, such as the renal domain or Raynaud’s phenomenon, were available only in a small number of subjects.



Among cSjA, ANA Shows the Highest Sensitivity While Others Are High in Specificity for JSS

Next, we evaluated the performance of each cSjA alone and in combination to determine which were most effective in distinguishing JSS from non-JSS (Table 2). Among 105 study subjects, most patients had blood results for ANA (n = 98, 93%), SSA (n = 103, 98%), and SSB (n = 102, 97%), while only 64% of the study population had been tested for RF. The % positive ANA in the study cohort was 40% with the sensitivity and specificity being 69.2 and 70.8%, respectively.


Table 2 | Diagnostic performance of cSjA for JSS diagnosis.



SSA showed relatively high sensitivity and specificity of 55.6 and 94.7%, respectively, for JSS. The % positive SSA was noticeably higher in the JSS group than the non-JSS group (56% vs. 5%), as was the % positivity of RF (33% vs. 4%). Many autoantibodies, such as SSB, anti-dsDNA, anti-RNP, anti-thyroid peroxidase (TPO), and others including anti-mitochondrial, anti-centromere, and anti-cardiolipin IgG, which are generally seldom reported in pediatric populations, showed high specificity, but the sensitivities of those were significantly low (Table 2).

When we considered either ANA positivity or SSA positivity (ANA/SSA), we observed 77.8% sensitivity and 71.8% specificity for JSS distinguished from non-JSS. These values for ANA/RF or ANA/SSA/RF were similar. If a patient had both positive ANA and positive SSA (ANA + SSA), the sensitivity decreased to 46.2%, but the specificity increased to 95.7%. All other combinations showed relatively low sensitivity. Overall, the percentages of a single positive ANA, SSA, SSB, or RF were higher in the JSS group compared to the non-JSS group. Some values could not be calculated (ND in Table 2) because all patients in either group were negative for a given autoantibody.



Anti-CA6 IgG Is Most Prevalent Among eSjA Without Distinguishing JSS From Non-JSS

The % positivity of eSjA is summarized in Table 3. Approximately 52% of the total subjects were positive for at least one of the anti-CA6 antibodies. In JSS, anti-CA6 IgG was most prevalent (37%), followed by anti-CA6 IgM (22%), anti-SP1 IgM (19%), and anti-PSP IgG (15%)/IgA (15%). The rank of % positivity was similar in non-JSS, showing anti-CA6 IgG (32%), anti-CA6 IgM (23%), anti-PSP IgG (18%), and anti-SP1 IgG (14%). Overall, anti-CA6 IgG/IgM were most prevalent in our study population without showing a difference in % positivity between JSS and non-JSS.


Table 3 | Diagnostic performance of eSjA for JSS diagnosis.



For all single items of eSjA, the sensitivity was low (3.7–37.0%) while specificity was relatively high (68.0–97.4%). When an analysis was made on combinations of the antibodies to be more inclusive, the sensitivity increased while the specificity decreased significantly. For instance, 81% of our study population had either positive ANA or eSjA (ANA/eSjA, at least one of the nine items being positive for the latter). This combination resulted in 81.5% sensitivity and 19.2% specificity. Similarly, SSA or eSjA (SSA/eSjA) showed 81.5% sensitivity and 25.6% specificity. When at least one of the nine items in eSjA was positive (SP1/CA6/PSP), the sensitivity and specificity became 55.6 and 26.9%, respectively.

When we analyzed the autoantibodies in combination, the sensitivity decreased while the specificity increased as expected. For example, the sensitivity decreased to 3.7% while the specificity increased to 85.9% when all three groups of eSjA were positive (SP1 + CA6 + PSP) with at least one positive item in each group. Twenty-seven percent of our study population had both positive ANA and eSjA (ANA + eSjA), which, in combination, yielded a sensitivity of 42.3% and specificity of 79.2%. With SSA, the change was even more pronounced, with a sensitivity of 29.6% while specificity increased to 96.1%.



One Cluster Containing cSjA Shows Both Sensitivity and Specificity Above 65% Whereas eSjA Presents High Variability in Specificity or Sensitivity

There was a clear trade-off between sensitivity and specificity of single/combination of autoantibodies as mentioned earlier. In Figure 1, most of the eSjA points are located either in the areas of high sensitivity and low specificity, or the areas of low sensitivity with high specificity. Points corresponding to autoantibodies in cSjA, such as ANA, ANA/SSA, or ANA/RF, fall within the circled cluster, with both sensitivity and specificity above 65%. This cluster shows the best performance in distinguishing JSS from non-JSS in Figure 1. No single eSjA was included in this cluster.




Figure 1 | Sensitivity and specificity of cSjA or eSjA in single/combination. The points within or near the circle indicate the best performance as having both sensitivity and specificity above 65%. No eSjA points are found in this cluster.





Anti-PSP Is Negatively Associated With Parotitis/Glandular Swelling in SSA-Positive JSS

To determine the association between eSjA and diagnostic/glandular parameters, such as MSG lip biopsy, USFR, Schirmer’s test, SGUS, or parotid/glandular swelling, we measured odds ratios and CI and analyzed the data by Fisher’s exact test for the entire study population (n = 105) (Supplementary Table 1), JSS patients (n = 27) (Supplementary Table 2), and non-JSS patients (n = 78) (Supplementary Table 3). No associations were found in all parameters analyzed in those groups. However, there was a negative association found between anti-PSP and parotitis/glandular swelling (Table 4) with an odds ratio of 0.068 (CI = 0.005–0.861) in a small group of SSA positive-JSS subjects (n = 19, p = 0.038) compared to an SSA-positive non-JSS group. This negative association was not found between JSS and non-JSS in SSA-negative participants (n = 84, p = 0.174) (Table 5).


Table 4 | Association between diagnostic/glandular items and eSjA in SSA-positive subjects.




Table 5 | Association between diagnostic/glandular items and eSjA in SSA-negative subjects.





A Difference in FS Is Shown Between JSS and Non-JSS in ANA-Positive Individuals While USFR or ESSPRI Dryness/Mean Difference Between the Two Groups Is Found in SP1-Positive or SSA-Positive Participants, Respectively

We also determined if eSjA or cSjA-positive JSS (gray) and non-JSS (white) showed any differences in the values of glandular associated items, such as FS, USFR, or ESSPRI (Figure 2). The JSS group and non-JSS group were significantly different for FS in ANA-positive sub-groups. The difference in FS was also found in anti-CA6-positive JSS or anti-PSP-positive JSS in comparison with anti-CA6 positive or anti-PSP-positive non-JSS patients to a lesser degree, respectively (Figure 2A). In addition, USFR was lower in the SP1-positive JSS subgroup compared to the SP1 positive non-JSS group (0.15 vs. 0.32) (Figure 2B). SSA-positive subjects reported higher values of ESSPRI Dryness or Mean scores in JSS compared to non-JSS (Figures 2C–F). The p-values were calculated only when there was a minimum of three values in each group.




Figure 2 | Autoantibody-positive JSS and non-JSS plotted for objective and subjective parameters (A–F). The statistical significance is displayed above the bracket of each bar. The brackets were not depicted and p-values were not calculated when the sample number was below 3 in either group. Each dot depicts actual value of the parameter for each subject. Gray bar, JSS; white bar, non-JSS; ns, not significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.





A Higher FS Is Noted in RF-Positive Participants Than in RF-Negative Subjects

Next, we determined if there was a difference in the values of FS, USFR, or ESSPRI between antibody-positive (gray) and antibody-negative (white) groups. As shown in Figure 3, none of the parameters were statistically different between those two groups except for the RF-positive group compared to the RF-negative group (p < 0.05) (Figure 3A). No difference was found in these parameters between eSjA-positive and eSjA-negative individuals.




Figure 3 | Autoantibody-positive and -negative groups plotted for objective and subjective parameters (A–F). The statistical significance is displayed above the bracket of each bar. The brackets were not depicted and p-values were not calculated when the sample number was below 3 in either group. Each dot depicts actual value of the parameter for each subject. Gray bar, autoantibody positive group; white bar, autoantibody negative group; ns, not significant; *p ≤ 0.05; **p ≤ 0.01.






Discussion

Considering that immune cell reactivity against glandular antigens is highly likely associated with secretory dysfunction in SS, the discovery of eSjA as a biomarker for early diagnosis is an exciting step toward early intervention. Currently, how autoantibodies against SP1, CA6, and/or PSP antigens are generated or what their exact roles are in SS or JSS remain controversial.

SP1 mRNA was detected in mouse salivary and lacrimal glands (21). The human homologue of SP1 has not been identified, thus necessitating the use of mouse SP1 for the eSjA test kit (13, 22). In a mouse study on the roles of thymus autoimmune regulator gene (AIRE), ectopic expression of SP1 was detected in the thymus (23). Therefore, further investigation is warranted to identify if an emergence of anti-SP1 in SS or other autoimmune conditions signifies failed central tolerance involving AIRE. A high homology of SP1 to a putative lipoprotein of Clostridium perfringens raises another possibility that the positivity of anti-SP1 may be related to previous immune exposure to the microflora in respiratory or gastrointestinal tracts (13).

PSP expressed in rodent parotid glands was also detected in human parotid gland and saliva (24). PSP is known to bind and remove infectious agents (25) and targeted knock-out of the gene was sufficient to affect lipopolysaccharide activity, causing mild inflammation (26). Furthermore, a cleaved form of PSP has been implicated in SS‐like autoimmune exocrinopathy in the NOD and C57BL/6.NOD-Aec1Aec2 models (27, 28). CAs catalyze the conversion of CO2 to bicarbonate and protons, and CA6 (or CAVI) is the only secreted CA enzyme among 16 α-CA isozymes (29). CA6 is expressed in developing rat sublingual and submandibular glands (30), serous acinar cells of the human parotid and submandibular glands (31), pancreas (32), mammary glands and milk (33), and lacrimal glands (34).

We hypothesized in this study that eSjA against SP1, PSP, and/or CA6 mentioned above might differentiate JSS from non-JSS during early glandular damage that may be present in JSS. Our study found that: 1) JSS patients differed from non-JSS with respect to hypergammaglobulinemia, cytopenias, USFR, MSG lip biopsy, SGUS, history of parotitis/glandular swelling, sicca symptoms (both dry eyes and dry mouth), and dental caries, 2) Potentially applicable levels of sensitivity and specificity of autoantibodies to distinguish JSS from non-JSS were found only in cSjA, 3) Anti-CA6 IgG was the most prevalent eSjA in both groups, but was not specific for JSS. 4) Anti-PSP was negatively associated with parotitis/glandular swelling in the SSA-positive participants, and 5) there was a statistical difference between JSS and non-JSS in FS of ANA-positive subjects, and to a lesser degree, in anti-CA6-positive or anti-PSP-positive subjects. 6) USFR or ESSPRI Dryness/Mean items differed in SP1-positive or SSA-positive JSS groups compared to antibody-positive non-JSS, respectively, 7) FS was higher in the RF-positive subjects than in RF-negative participants.

Since JSS-specific diagnostic criteria are currently unavailable, we applied the 2016 ACR/EULAR SS criteria to JSS diagnosis in this study. As a result, a difference between JSS and non-JSS in MSG lip biopsy results and abnormal serology was anticipated. Interestingly, USFR, SGUS, sicca symptoms, and parotitis/glandular swelling also differed between JSS and non-JSS. Although a common presentation of parotitis in JSS is consistent with other studies (5, 35), our current findings on the high number of JSS patients reporting dry mouth and/or dry eyes disagree with the notion that pediatric patients seldom develop sicca symptoms or altered secretory function (36). Our clinical observations indicate that young children and some of teenagers tend to be unaware or have difficulty in verbalizing sicca symptoms and, therefore, may be underreported. A through history taking and objective measurements of dryness would be vital to recognize children with potential JSS.

Our analysis of ANA revealed a sensitivity of 69.2% and specificity of 70.8%, and the specificity of SSA was high (sensitivity 55.6% and specificity 94.7%). When combinations of autoantibodies are considered, sensitivity tends to increase, but specificity decreases as shown by ANA/SSA (sensitivity 77.8% and specificity 71.8%). Of note, autoantibodies depicted in our best performance cluster consisted of only cSjA without including any eSjA. The performance of eSjA, when any of the nine autoantibodies was positive, showed 55.6% sensitivity and 26.9% specificity, suggesting that eSjA may not be sensitive and specific enough to differentiate JSS from non-JSS as compared to ANA and/or SSA.

Among eSjA, anti-CA6 IgG was most prevalent in both groups. Interestingly, anti-CAII has been implicated in the pathogenesis of autoimmune diseases, such as systemic lupus erythematosus (SLE), SS, autoimmune cholangitis, autoimmune pancreatitis, and recently in Behcet’s disease (37–46). In addition, immunization of mice with human CA II produced sialoadenitis in an MHC-restricted manner (47) and autoantibodies to CA I have also been observed in patients with SS and idiopathic chronic pancreatitis (44). In a study of primary SS with renal manifestations and non-SS sicca patients (48), the levels of anti-CA I, II, VI and VII antibodies were significantly higher in primary SS. Therefore, it would be important to determine if anti-CA6 in eSjA is produced as a consequence of the immune reaction against other CA isoforms that mimic CA6.

There was no associations found between eSjA and diagnostic/glandular items (MSG lip biopsy, SSA, USFR, Schirmer’s test, SGUS, and parotitis/glandular swelling) in our total cohort, JSS, or non-JSS subgroups. Interestingly, in a small number of the SSA-positive group, anti-PSP was negatively associated with parotitis/glandular swelling (p = 0.038 by Fisher’s exact test), whereas no association was found in the SSA-negative group. This finding was interesting because one would predict increased prevalence of glandular tissue-specific autoantibodies such as anti-PSP where there is inflammation in the target tissue (i.e., parotitis or higher FS). However, studies have shown that eSjA tends to be prevalent in patients with negative/low FS, or in SSA-negative individuals (22, 49). Whether these findings signify that eSjA serves as an early antibody for SS/JSS occurring in the absence of overt disease phenotype in the glands or simply indicates non-specificity or lack of a direct link to the degree of glandular damage is still unclear. Therefore, the investigation of eSjA in a larger cohort with long-term follow-up remains highly critical to understanding the clinical significance of eSjA.

Additionally, FS was higher in JSS compared to non-JSS in ANA-positive subjects, and, to a lesser degree, in anti-CA6 or anti-PSP-positive JSS compared to antibody-positive non-JSS. The reduced USFR was found in JSS compared to non-JSS in the SP1-positive subjects. In the SSA positive participants, ESSPRI Dryness and Mean items were all higher in JSS than in non-JSS. However, there were no differences in those parameters between antibody-positive and antibody-negative groups except for the difference in FS found between the RF-positive and -negative groups in our cohort. Interestingly, a recent publication reported worse exocrine function and serologic profile, but not extraglandular manifestations, in adult patients with primary SS with high RF, especially IgA isotype (50). Therefore, investigation of RF in a larger JSS cohort would be worthwhile to determine its potential role in JSS.

Because most studies on eSjA in SS have investigated dry eye, sicca, or primary SS with secondary SS cohorts, a direct comparison among published studies or even with our current study can be challenging to draw a definite conclusion on the clinical validity of eSjA. However, we have recognized some general features of eSjA in SS that have emerged in recent publications.

First, either anti-CA6 or anti-SP1 has been the most prevalent eSjA among the nine items screened for SS. A high prevalence of anti-CA6 was also found in the Sjögren’s International Collaborative Clinical Alliance (SICCA) cohort study (51) as well as in the John’s Hopkins cohort (49). The latter study showed an association of eSjA with severe sicca symptoms, but eSjA did not differentiate SS-dry eye from non-SS dry eye. Similarly, anti-CA6 was most frequently elevated in patients with dry eye condition and a clinical suspicion of SS when a defined population of US veterans in Miami was screened (52). There were no demographic or comorbidity differences between eSjA-positive and eSjA-negative subjects, and eSjA did not correlate with more severe tear film measures. Interestingly, the University of Pennsylvania SICCA cohort study indicated anti-SP1 IgM and anti-PSP IgA as most prevalent, instead of anti-CA6, in SS-dry eye compared to non-SS dry eye (53). The higher prevalence of anti-SP1 was also reported in the SS group (54) and in idiopathic dry eye patients of the (55) of the Dry Eye Assessment and Management (DREAM) cohort. In our study, we found anti-CA6IgG to be the most common without differentiating JSS from non-JSS.

Second, eSjA tends to be positive in participants with negative/low MSG biopsy or with normal salivary secretion as reported in the John’s Hopkins study (49) and the study with a Chinese cohort (22). When Xuan et al. specifically examined anti-SP1 positivity in the latter study, SS patients were strongly positive compared to healthy controls, rheumatoid arthritis (RA), or SLE (22). We did not find any association between eSjA and FS/USFR in this current JSS study. There was no inverse association between eSjA with SSA in our cohort, either, unlike previous studies (13, 55).

Third, clinical associations demonstrated between eSjA and demographic, clinical, or laboratory features are still controversial to date as briefly pointed out earlier. Our study found no association except for anti-PSP, which was negatively associated with history of parotitis/glandular swelling in the SSA-positive JSS group compared to antibody positive non-JSS group while no such association was found in the SSA-negative group. Due to low subject number, significance of this finding warrants further investigation.

Last, eSjA does not appear to differentiate primary SS from secondary SS patients. A cross-sectional study by Shen et al. of the Greek Cohort revealed that anti-SP1 is similarly seen in both primary and secondary SS and rarely in HC. Patients with SS and lymphoma expressed SSA, SSB and anti-SP1 together (22, 56). In a Belgium study (57) conducted by the same group, anti-CA6 IgA was most prevalent (38%) in a cohort with long standing SS. Patients with secondary SS also showed positive eSjA compared to non-SS, but the difference failed to reach statistical significance. Neither SSA nor eSjA was able to distinguish SLE patients with SS from those without. eSjA has also been reported in fibromyalgia patients with sicca and/or xerostomia (22).

Our study was limited by small sample size, which led to ND (not-determined) designation in some of our data analyses. It is also possible that we may have missed some JSS diagnoses since not all 105 participants underwent testing of all five items included in the adult SS-diagnostic criteria, especially ocular criteria, which may not be feasible in some young children. Furthermore, without knowing if JSS is a separate disease entity or if it will ultimately follow the same natural history as SS, how accurately the adult SS diagnostic criteria identify true JSS is unknown. Nevertheless, foundation for the JSS criteria is being developed by the International Childhood SS Workgroup (6) and the Sjögren’s Foundation. Future evaluation of eSjA in the context of the new JSS criteria will be interesting to pursue once the criteria are established.

In conclusion, cSjA, especially ANA and SSA, still serve as relatively sensitive and specific biomarker, for JSS. Long term follow-up of JSS and non-JSS patients will be critical to determine if eSjA could serve as early diagnostic or prognostic markers since our current study is not supportive of their significance in JSS diagnosis. In addition, it is imperative to characterize these autoantibodies for their timing of occurrence, association with other clinical parameters, identification of human SP1 homologue, testing of potential cross-reactivity between CA6 and other CAs, pathological impact on JSS pathogenesis, and specificity for JSS.
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Background

While all salivary glands (SGs) can be involved in primary Sjögren’s syndrome (pSS), their respective role in pathogenesis remains unclear. Our objective was to assess immunopathway activation in paired parotid and labial gland tissue from biopsy-positive and biopsy-negative pSS and non-SS sicca patients.



Methods

Paraffin-embedded, paired parotid and labial salivary gland tissue and peripheral blood mononuclear cells were obtained from 39 pSS and 20 non-SS sicca patients. RNA was extracted, complementary DNA libraries were prepared and sequenced. For analysis of differentially expressed genes (DEGs), patients were subdivided based on fulfillment of ACR-EULAR criteria and histopathology.



Results

With principal component analysis, only biopsy-positive pSS could be separated from non-SS sicca patients based on SG gene expression. When comparing the transcriptome of biopsy-positive pSS and biopsy-negative non-SS sicca patients, 1235 and 624 DEGs (FDR<0.05, log2FC<-1 or >1) were identified for parotid and labial glands, respectively. The number of DEGs between biopsy-negative pSS and non-SS sicca patients was scarce. Overall, transcript expression levels correlated strongly between parotid and labial glands (R2 = 0.86, p-value<0.0001). Gene signatures present in both glands of biopsy-positive pSS patients included IFN-α signaling, IL-12/IL-18 signaling, CD3/CD28 T-cell activation, CD40 signaling in B-cells, DN2 B-cells, and FcRL4+ B-cells. Signature scores varied considerably amongst pSS patients.



Conclusion

Transcriptomes of paired major and minor SGs in pSS were overall comparable, although significant inter-individual heterogeneity in immunopathway activation existed. The SG transcriptome of biopsy-negative pSS was indistinguishable from non-SS sicca patients. Different patterns of SG immunopathway activation in pSS argue for personalized treatment approaches.





Keywords: Sjogren’s syndrome, autoimmune disease, transcriptome (RNA-seq), B cell abnormalities, T cell activation, salivary gland



Introduction

In primary Sjögren’s syndrome (pSS), salivary and lacrimal glands are considered main targets of the disease (1). A pathogenic hallmark of pSS is B-cell hyperactivity, reflected by the presence of autoantibodies (anti-SSA/Ro, anti-SSB/La, rheumatoid factor), hypergammaglobulinemia, and the increased risk of developing B-cell lymphoma (2). In addition to the presence of disease-associated autoantibodies, another important diagnostic feature of pSS is periductal focal lymphocytic sialadenitis (FLS) in salivary glands (SGs) (3). FLS with a focus score (FS) ≥1 indicates a positive SG biopsy (4). Other histologic features associated with pSS are the presence of lymphoepithelial lesions (LELs) and a plasma cell shift (relative decrease of IgA plasma cells with influx of IgM and/or IgG plasma cells). Furthermore, within the SG infiltrates, ectopic lymphoid structures can develop that may contain germinal centers (5). While the intimate interaction between glandular epithelium and immune cells is likely critical to pSS pathogenesis (6), a clear correlation between immune cell infiltration and main patient-reported symptoms (i.e. dryness, pain and fatigue) or salivary flow rates is lacking (7–9). There is, however, a positive association between FS and the amount of atrophy and fibrosis (8, 10), indicating that infiltrates can lead to glandular tissue damage.

SG infiltrates are mainly composed of CD4+ T-cells and B-cells, but may also harbor other immune cells, such as dendritic cells and natural killer cells (11). T-cell dependent B-cell hyperactivity and type-I interferon (IFN) activation are both thought to play central roles in the immunopathogenesis of pSS (2, 12, 13). Peripheral B-cell and type-I IFN activation signatures, measured by whole blood transcriptomics, have been associated with separate clinical phenotypes (14). Other ways to stratify pSS patients based on immune signatures in blood have also been proposed (15, 16). Alternatively, patient stratification could be based on immune signatures in SG tissue, although so far only smaller-sized transcriptomic studies with labial salivary gland (LSG) tissue have been performed (17–19). While all types of SGs can be involved in pSS, LSGs are most commonly biopsied for diagnostic purposes, with parotid salivary glands (PSGs) as a suitable alternative (20). The respective roles and contributions of different glands to immunopathogenesis remain unclear. Such knowledge would advance our understanding of the disease process and is essential for patient stratification and clinical trial design with targeted immunotherapies. We therefore analyzed the transcriptome of paired PSG and LSG tissue, as well as matched peripheral blood mononuclear cells (PBMCs) from pSS and non-SS sicca patients. We compared immune signatures between biopsy-positive and -negative patient groups and tissues and correlated our findings to clinical and histopathological parameters.



Materials and Methods


Study Population

We included 39 consecutive patients with pSS who participated in our inception cohort and fulfilled 2016 ACR-EULAR criteria (21). Twenty non-SS sicca patients from the same cohort, age- and sex-matched to the pSS group, were also included. Patients agreed to undergo both a parotid and labial gland biopsy. Matched cryopreserved PBMC, whole blood, and serum samples, collected at inclusion, were also available. Paired parotid and labial gland samples were always collected on the same day. Blood samples were collected when patients visited the rheumatologist around the same time (maximum of one month before or three months after the biopsy). No clinical interventions were initiated before biopsies were taken. Informed consent was obtained according to the Declaration of Helsinki. The study was approved by the Medical Research Ethics Committee of the University Medical Center Groningen (METc2013.066).



Subgroup Analysis Based on Histopathology

We divided patients into four groups based on fulfillment of 2016 ACR-EULAR criteria and histopathological phenotype. The rational for this grouping was based on observations that non-SS sicca patients may have mild lymphocytic infiltration and pSS patients may have a negative biopsy result (i.e., focus score<1.0). For the purpose of this study, a positive biopsy was defined as FLS with focus score≥1 and/or presence of LELs, because LELs are highly specific for pSS compared with non-SS sicca (22). Biopsies with sclerosing chronic sialadenitis, mucosa-associated lymphoid tissue (MALT) lymphoma, or severe atrophy and PSG biopsies containing a lymph node were excluded.



RNA Extraction and Sequencing Library Preparation

RNA was extracted from 11 formalin-fixed (4%), paraffin-embedded tissue sections (4μm) per biopsy. After scraping the tissue from the slides and deparaffinization, tissue was digested in buffer PKD (Qiagen, USA). RNA was extracted using the RNAeasy FFPE kit, according to manufacturer’s protocol (Qiagen, USA). For RNA extraction from PBMCs, 3x10^6 cells were thawed and rested for 1h in RPMI medium supplemented with 10%FBS and Antibiotic-Antimycotic (all from Gibco, UK) at 37°C. After resting, cell lysis and RNA isolation were performed using the RNAeasy Mini kit, according to manufacturer’s protocol (Qiagen, USA). RNA was immediately stored at -80°C until further use. Complementary DNA library preparation was performed by using TruSeq Stranded Total RNA Library Prep Gold (Illumina, USA, Cat#20020598), following manufacturer’s recommendations. Prepared libraries were sequenced on a HiSeq 2500 System (Illumina, USA).



Transcriptomic Data Analysis

Data quality assessment and principal component analysis (PCA) were performed to understand the main source of variability. Differential expression analysis was performed using the limma package (v3.42.2) in R (v3.6.1) to identify differentially expressed genes (DEGs) across subgroups. Adjusted P-values were calculated using the Benjamini-Hochberg method; a gene was considered differentially expressed if the absolute fold change was >2 or <0.5 and the false discovery rate-adjusted P-value was <0.05. The MetaCore from Clarivate Analytics pathway database was used for pathway enrichment analysis. Additionally, gene signatures were established based on either published data (i.e., DN2 B-cell signature, FcRL4+ B-cell signature (23, 24)) or in vitro modulation of healthy human PBMCs or purified cells. Details on gene signature generation and composition are provided in Supplementary Tables 1 and 2. The single-sample Gene Set Enrichment Analysis algorithm was used to calculate the score of pre-defined gene signatures per sample (25). For evaluation of the correlation between average gene expression in the two types of salivary gland, only patients with paired samples were included.



Peripheral Blood Cytokine Analysis

Concentrations of 84 cytokines in serum were assessed using multiplexed bead-based immunoassays (Merck Millipore, USA). Concentrations of myxovirus resistance protein A (MxA), a surrogate marker for type-I IFN activity (26), were measured in lysed whole blood using an in-house ELISA (see Supplementary Methods).



Histological Assessments

For each biopsy, the focus score and area fraction of the infiltrate were calculated. To define the SG area occupied by the infiltrate, sections were immunohistochemically stained with anti-CD45 (Dako, clone 2B11+PD7/26). The relative amount of CD45-positive infiltrate was assessed in relation to the total amount of tissue (excluding larger areas of fat and fibrotic tissue) by a pixel-based digital image analysis in QuPath (27).




Results

Patient characteristics are depicted in Table 1. Out of the 59 patients included in this study, one patient had withdrawn consent for the labial gland biopsy after inclusion.


Table 1 | Demographic, clinical and histopathological characteristics of the study population.



Of the remaining 58 patients with a paired PSG and LSG biopsy, we excluded seven SG samples (each from individual patients) for the following reasons: confirmed MALT lymphoma (n=1; parotid), sclerosing chronic sialadenitis (n=1; labial), presence of a lymph node (n=3; parotid), or severe atrophy (n=2; parotid) from the analysis. Thus, in total 52 PSG and 57 LSG samples were included in the analyses with 51 paired biopsies of 34 pSS and 17 non-SS sicca patients. Numbers of included samples per subgroup are shown in Table 2. PBMC, serum, and whole blood samples were available from 59, 57, and 52 patients, respectively. Because the biopsy-positive non-SS group, as expected, contained only few samples, this group was excluded from statistical analyses.


Table 2 | Definition of subgroups based on histopathological phenotype.




Only Biopsy-Positive pSS Patients Show an Altered SG Transcriptome

First, we performed a PCA to explore whether PSG and LSG samples from pSS and non-SS sicca patients could be distinguished by their transcriptome. PCA revealed that only pSS patients with a positive biopsy (group-IV) could be separated from biopsy-negative pSS (group-III) and non-SS sicca patients (groups I&II) based on gene expression analysis in either PSG or LSG tissue (Figure 1A). Distinct clustering was associated with a relative increase in immune infiltrate size, measured by the CD45+ area of parenchymal tissue (Figure 1A).




Figure 1 | Transcriptome analysis of paired parotid and labial gland samples. Fifty-two parotid samples and 57 labial samples were included. (A) Principal component analysis of parotid and labial gland samples. Colors indicate the patient groups and triangles indicate the 10 samples with the highest area fraction of CD45+ cells. (B) Volcano plots showing differentially expressed genes (DEGs) between biopsy-positive pSS patients (group-IV) and biopsy-negative non-SS sicca patients (group-I) for parotid and labial gland samples. (C) Venn diagram of (overlapping) DEGs between parotid and labial gland samples and correlation plot for up- and down-regulated genes (adj.p<0.05, log2FC>1) in either tissue. (D) Volcano plots showing hardly any differential gene expression between biopsy-negative pSS patients (group-III) and biopsy-negative non-SS sicca patients (group-I) for parotid and labial gland samples.



Based on PCA results, we then compared the transcriptome of biopsy-positive pSS (group-IV) with biopsy-negative non-SS (group-I) to look for genes that were differentially expressed. For the PSG, 1041 up-regulated (FDR<0.05, log2FC>1) and 194 down-regulated (FDR<0.05, log2FC<-1) genes were identified. For the LSG, these numbers were 581 and 43, respectively. The top 20 up-regulated genes in both tissues were mostly B-cell or T-cell related (full list of DEGs in Supplementary Tables 3 and 4). Generally, large overlap between upregulated DEGs in PSGs and LSGs was observed (Figures 1B, C). There was a strong correlation between average gene expression in PSGs and LSGs (R2 = 0.86, Figure 1C) and between transcript expression fold changes (R2 = 0.59) when taking all genes into account. Notably, also the focus score and area fraction of CD45+ cells showed a good correlation between paired PSG and LSG samples from pSS patients (Spearman’s rho=0.65 and 0.66, respectively; p<0.001; Supplementary Figure 1), although higher values were observed in LSG vs. PSG tissue (Table 1). Despite a higher degree of infiltration in LSG tissue, we observed a tendency towards higher transcript fold changes in PSG tissue when comparing biopsy-positive pSS and biopsy-negative non-SS patients (Supplementary Figure 2). Genes with poorly correlated expression levels between the two SG types were not associated with immune function and mostly related to SG biology (e.g., genes encoding cystatins, ATPases, carbonic anhydrase VI, and α-amylase; data not shown).

Secondly, we compared the transcriptome of biopsy-positive pSS (group-IV) and biopsy-negative pSS (group-III) patients. DEGs were very similar to those identified in the previous comparison (group-IV vs. group-I; data not shown). In marked contrast, when we compared biopsy-negative pSS (group-III) with biopsy-negative non-SS sicca (group-I) patients, only two genes in LSG and none in PSG tissue were differentially regulated (Figure 1D). While transcriptomes of these groups were almost indistinguishable, at the functional level we noted some difference, since unstimulated whole salivary flow (UWSF) rates tended to be higher in group-I vs. group-III for the LSG (not PSG) comparison (p=0.13). There were no differences in stimulated WSF (SWSF) rates between the groups (Supplementary Table 5).



A Key Set of Immunopathways Is Active in Both Glands

Next, we analyzed whether specific pathways were enriched amongst up-regulated genes in SGs of biopsy-positive pSS compared to non-SS sicca patients. A pathway database was used for pathway enrichment analysis of DEGs. As expected, the majority of upregulated pathways involved T-cells or B-cells (Figure 2A). Identified pathways were largely similar between PSG and LSG analyses. A schematic overview of upregulated genes with known immune function is provided as Figure 2B.




Figure 2 | Upregulated immune pathways and immune-related genes in labial and parotid gland tissue of primary SS patients. (A) Metacore pathway analysis of differentially expressed genes (DEGs) between biopsy-positive primary SS and biopsy-negative non-SS sicca patients. A separate pathway analysis was performed for labial and parotid gland tissue. Only the top (auto)immune-related pathways that were enriched in both glands are shown (FDR<0.05). Enrichment values provided by Metacore are displayed as −Log(adj.p) for parotid gland tissue (grey bars) and labial gland tissue (white bars). (B) DEGs upregulated in salivary gland tissue of biopsy-positive pSS patients are depicted in association with their predicted cell of origin. Other DEGs with known immune function were categorized and are listed in separate boxes. Created with Biorender.com.



Additionally, to obtain individual sample data on relevant biological processes, gene signature analysis was also performed. These signatures were selected based on current knowledge of immune pathways involved in pSS pathogenesis (12, 13, 28, 29). For both PSG and LSG tissue, the following signatures were significantly enriched in biopsy-positive pSS (group-IV) compared with either biopsy-negative pSS (group-III) or biopsy-negative non-SS sicca (group-I) patients: IFN-α signaling, IL-12/IL-18 signaling, CD3/CD28 T-cell activation, CD40 signaling in B-cells, double negative type-2 (DN2) B-cells, and FcRL4+ B-cells (Figure 3A). Within group-IV, signature scores varied considerably amongst individual patients. We also assessed other signatures, such as CD40 signaling in DCs or monocytes. Only for CD40 signaling in DCs, significantly higher scores were observed in labial glands (trend for parotid glands) of biopsy-positive pSS patients (group-IV vs. group-I; data not shown). We also observed enrichment of the TLR7 signature in group-IV, with a pattern similar to the IFN-α signaling signature (data not shown), probably attributed to the large overlap in genes that make up these two signatures. None of the signatures were significantly enriched in biopsy-negative pSS compared with non-SS sicca patients (Figure 3A).




Figure 3 | Gene signature analysis of paired salivary gland tissue samples. (A) Gene signature scores were calculated for all individual samples and plotted per signature per group for either the parotid or labial gland. *p < 0.005 (B) IFN-α signature scores in parotid and labial gland tissue and PBMCs were correlated with blood MxA levels. Colors represent the different patient groups as indicated in Figure 1.





SG Gene Signatures Reflected in Blood

We also tested gene signature enrichment in matched PBMCs, to investigate whether transcriptional changes were shared between SGs and blood. Three PBMC samples were excluded after sequencing because of a high number of reads aligning to intronic regions, indicating genomic DNA contamination. When comparing biopsy-positive pSS with non-SS sicca patients, we found that the IFN-α signaling and DN2 B-cell signatures were also enriched in pSS patients’ PBMCs (Supplementary Figure 3). Upregulation of other gene signatures depends apparently on the tissue microenvironment. Importantly, IFN-α signature scores correlated significantly between blood and tissue (R2 = 0.64 and 0.70 for PSG and LSG, respectively). Not only the PBMC IFN-α signature score, but also blood levels of MxA protein correlated significantly with IFN-α signature scores in SG tissues (Figure 3B), indicating that blood MxA level is a biomarker for SG type-I IFN activity. SG IFN-α scores also significantly correlated with serum levels of two IFN-induced chemokines, i.e., CXCL10 and CXCL11 (Supplementary Figure 4), although not as strong as with blood MxA levels. The finding that blood MxA levels accurately reflect SG type-I IFN activity was also supported by the strong correlation between blood MxA and salivary gland MX1 transcript expression levels (R2 = 0.66, p<0.0001 for parotid and R2 = 0.71, p<0.0001 for labial glands).

In addition to the IFN-α signature, we investigated other gene signatures elevated in SG tissue for their potential association with related serum cytokine levels. We found positive correlations between the SG DN2 B-cell score and serum CXCL13 levels, and for the CD3/CD28 T-cell activation score with serum CCL21 and sPD-1 levels (Supplementary Figure 4).



SG Transcriptome and Autoantibody Positivity

Unsupervised hierarchical clustering of pSS patients using the top-50 upregulated genes (group-IV vs. group-I) in either PSG or LSG tissue showed two main clusters: Cluster 1 with weak-to-moderate upregulation of top-50 DEGs and Cluster 2 with strong upregulation of these DEGs (Figure 4). Nearly all PSG- or LSG-defined Cluster 2 patients were anti-SSA and rheumatoid factor positive (Figures 4A, B). Patients with FS≥3.0 in either gland were all contained within this cluster. One biopsy-positive pSS patient clustered separately from other patients based on the LSG transcriptome (Figure 4B). In this patient, 91% of the LSG biopsy consisted of CD45+ cells. This patient had type-III cryoglobulinemia and MALT-lymphoma in the parotid gland. Schirmer’s test, UWSF and SWSF rates were all zero, reflecting the severe damage to the glands of this patient.




Figure 4 | Hierarchical clustering of parotid and labial gland samples from pSS patients. Unsupervised hierarchical clustering for all pSS patients was performed based on expression of the top 50 upregulated genes in each tissue. Each column represents a patient and each row represents a gene. The following clinical parameters were categorized and marked: Diagnostic biopsy focus score, EULAR Sjögren’s syndrome disease activity index (ESSDAI), EULAR Sjögren’s syndrome patient reported index (ESSPRI), unstimulated whole saliva (UWS) flow rates, rheumatoid factor (RF) positivity, anti-SSA positivity, histopathological phenotype.



Lastly, we explored whether transcriptomic clusters correlated with clinical disease parameters. No significant differences in ESSDAI, ESSPRI, ESSPRI dryness, UWSF or SWSF was observed between the two clusters nor between autoantibody-positive and -negative pSS patients.




Discussion

Transcriptomic analysis of paired major and minor SG biopsies of pSS patients revealed a high degree of overlap in immune pathway activity. Only tissue samples from biopsy-positive pSS were distinct from non-SS sicca patients based on the SG transcriptome. This distinction was mainly driven by infiltrating immune cells. Between biopsy-negative pSS and non-SS sicca patients, we expected to find evidence for distinct mechanisms of (intrinsic) epithelial cell dysregulation, yet the SG transcriptome of both glands was strikingly similar between these groups. For biopsy-positive pSS patients we observed that immune pathways significantly upregulated in both glands were mostly related to CD4+ T-cells and B-cells. The IFN-α gene signature was also significantly enriched in these patients and a strong correlation between the IFN-α score in PBMCs and SGs was seen, indicating that SG type-I IFN activity is reflected systemically. Our results further show that blood MxA level is a surrogate biomarker of type-I IFN activity in SGs.

We observed a strong correlation between average gene expression in PSGs and LSGs. The number of DEGs and transcript expression fold changes between biopsy-positive pSS and non-SS sicca patients were, however, higher for PSGs. This may be explained by the higher amount of infiltration in LSG vs. PSG tissue of non-SS sicca patients. Notably, in pSS patients the LSG biopsy was more often classified as positive than PSG. LSGs may be more likely to harbor non-specific infiltration, as lymphocytic foci are present in approximately 15% of healthy individuals (30, 31), while for PSGs this is estimated at 5% (20). Despite these differences, Metacore pathway analysis showed that all top-20 enriched (auto)immune pathways were shared between the two different SG tissues. Importantly, immunopathways and DEGs identified in our study correspond largely to those presented in a recent transcriptomic study of LSG tissue in pSS (17).

Although many DEGs were identified in biopsy-positive pSS compared to biopsy-negative non-SS sicca patients, we found that biopsy-negative pSS patients did not have an altered gene expression profile in their PSGs and LSGs, compared to non-SS sicca patients. While not directly comparing PSGs with LSGs, we noted that genes with poorly correlated expression levels between glands were all related to SG biology, not immunopathology. Although there are indications that intrinsic epithelial cell abnormalities contribute to SG disease in pSS (32), our findings do not support this hypothesis, at least not at the transcriptomic level. It might be that our approach does not capture subtle differences between epithelial cells of biopsy-negative pSS and non-SS sicca patients, or that non-SS sicca patients also exhibit epithelial abnormalities. Lastly, we cannot exclude that some non-SS sicca patients are in an early, pre-clinical stage of pSS, although the progression rate from non-SS sicca to pSS is estimated at only 10% over 2-3 years (33).

For biopsy-positive pSS, our study confirms the relevance of multiple SG immunopathways that have been previously published using other experimental approaches (34–38), although previous approaches were often focused on a single pathway and unable to measure activity of multiple pathways at the individual patient level. In the current study, upregulated gene signatures in both PSGs and LSGs of biopsy-positive pSS patients concerned IFN-α (and TLR7) signaling, IL-12/IL-18 signaling, CD3/CD28 T-cell activation, CD40 signaling in B-cells, DN2 B-cells, and FcRL4+ B-cells, with heterogeneity in signature scores amongst these patients. The signatures reveal that particularly B- and T-cells are activated, and these cells may exert pathogenic functions in the SGs. A type-I IFN signature is frequently observed in pSS patients, both in blood and SGs (26, 34, 39). This signature is a consequence of type-I IFN production in SGs, most likely by epithelial cells and plasmacytoid dendritic cells (37, 40). IFN-α production is induced in response to (viral) RNA sensing mainly through TLR7/8 and cytosolic sensors (13). We did not find evidence for the presence of an IFN-α signature in SGs of biopsy-negative pSS patients, suggesting that this signature is tightly correlated with the amount of infiltrate, in line with literature (34). Another study showed that SS patients with FS<1.0 were less likely to have elevated expression of IFN-regulated genes in PBMCs than anti-SSA-positive SS patients with FS≥1.0 (41). We further show that there is a strong correlation between IFN-α signature scores in paired major and minor SGs and PBMCs samples. Ongoing production of type-I and other types of IFNs could maintain a pro-inflammatory state by activating immune cells and stimulating cytokine production (e.g., CXCL10, BAFF) by epithelial cells, thereby negatively affecting SG homeostasis (37, 40, 42, 43). IFNs may also play a role in glandular T-cell activation by stimulating IL-7 production in epithelial cells (44). In our study, T-cell activation in SG lesions was reflected by an increase in the CD3/CD28 T-cell activation score and enrichment of T-cell related pathways, with Tfh-cell dysfunction at the top. Enrichment of Tfh-cells in pSS-derived SG tissue was recently demonstrated and associated with the presence of ectopic lymphoid structures (35, 45). Another gene signature enriched in SG tissue was IL-12/IL-18 signaling. IL-12, but not IL-18, was upregulated in both PSG and LSG tissue and could drive Th1-cell differentiation and type-II IFN production via STAT4 phosphorylation (46). Polymorphisms in both IL12A and STAT4 genes have been associated with pSS and patients carrying the IL12A risk allele had increased IL-12p70 serum levels (29, 47).

While multiple immune cells are involved in the inflammatory response, the top-20 upregulated genes in PSG and LSG tissue of biopsy-positive pSS were mostly related to B-cells, underpinning the central role of B-cell hyperactivity in pSS pathogenesis. Combined SG microarray datasets also have shown that key driver genes in SS patients with high-grade SG inflammation were mostly related to BCR signaling and B-cell activation (19). By using SG gene signature analysis, we showed that gene signatures of activated B-cell subsets were enriched, including DN2 B-cells and FcRL4+ B-cells. Upon TLR7 stimulation, DN2 B-cells participate in extrafollicular responses in autoimmune disease patients (23). Presence of ductal epithelium-associated FcRL4+ B-cells in SGs of pSS patients was previously demonstrated (48). These cells are proliferating and phenotypically related to DN2 B-cells (24, 48). We also observed increased scores for the CD40 signaling in B-cells signature in biopsy-positive pSS, in line with a recent RNA sequencing study of LSG B-cells (37). Ligation of CD40 by CD40L-expressing activated T-cells is essential for T-cell dependent B-cell activation. In pSS, chronic B-cell activation in SGs may exacerbate disease and eventually result in development of B-cell lymphoma (49).

Our results suggest that immunotherapy directed at T-cell dependent B-cell hyperactivity is particularly beneficial for biopsy-positive pSS patients. In previous studies, a positive SG biopsy has been associated with autoantibody positivity, hypergammaglobulinemia, corneal and conjunctival damage, and reduced UWSF rates (7). Furthermore, severe SG inflammation (FS≥3) has been associated with higher ESSDAI scores and higher risk of developing B-cell lymphoma (50). A positive biopsy correlates, however, poorly with symptoms of dry mouth or eyes (7), corroborating with our results that ESSPRI dryness scores were similar between transcriptomic clusters. We neither observed differences in other clinical parameters (e.g., ESSDAI, UWSF) between these clusters, emphasizing the complex relationship between local inflammation and clinical parameters assessed cross-sectionally. An apparent discrepancy between biological activity and patient-reported dryness symptoms in pSS has also been noted in several clinical trials (51–54), and may be partly attributed to symptom adaptation. Trial design is further complicated by clinical and biological patient heterogeneity (55). Our results underscore our limited understanding of SG hypofunction in absence of infiltrates and question whether biopsy-negative and biopsy–positive pSS patients should receive similar treatment. For biopsy-positive pSS, our study shows enrichment of distinct gene signatures that can be therapeutically targeted, although heterogeneous expression patterns existed amongst individuals. Therefore, tissue transcriptomics may form a valuable tool for establishing precision drug therapy in pSS.
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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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Background

Lacrimal gland secretory dysfunction in Sjögren syndrome (SS) causes ocular surface desiccation that is associated with increased cytokine expression and number of antigen-presenting cells (APCs) in the conjunctiva. This study evaluated the hypothesis that desiccating stress (DS) alters the percentage and gene expression of myeloid cell populations in the conjunctiva.



Methods

DS was induced by pharmacologic suppression of tear secretion and exposure to drafty low humidity environment. Bone marrow chimeras and adoptive transfer of CD45.1+ bone marrow cells to CD45.2+ C-C chemokine receptor 2 knockout (CCR2-/-) mice were used to track DS-induced myeloid cell recruitment to the conjunctiva. Flow cytometry evaluated myeloid cell populations in conjunctivae obtained from non-stressed eyes and those exposed to DS for 5 days. CD11b+ myeloid lineage cells were gated on monocyte (Ly6C), macrophage (CD64, MHCII) and DC (CD11c, MHCII) lineage markers. NanoString immune arrays were performed on sorted MHCII+ and MHCII- monocyte/macrophage cell populations.



Results

DS significantly increased the recruitment of adoptively transferred MHCII positive and negative myeloid cells to the conjunctiva in a CCR2 dependent fashion. The percentage of resident conjunctival monocytes (Ly6C+CD64-) significantly decreased while CD64+MHCII+ macrophages increased over 5 days of DS (P<0.05 for both). Comparison of gene expression between the MHCII- monocyte and MHCII+ populations in non-stressed conjunctiva revealed a ≥ 2 log2 fold increase in 95 genes and decrease in 46 genes. Upregulated genes are associated with antigen presentation, cytokine/chemokine, M1 macrophage and NLRP3 inflammasome pathways. DS increased innate inflammatory genes in monocytes and MHCII+ cells and increased M1 macrophage (Trem1, Ido1, Il12b, Stat5b) and decreased homeostasis (Mertk) and M2 macrophage (Arg1) genes in MHCII+ cells.



Conclusions

There are myeloid cell populations in the conjunctiva with distinct phenotype and gene expression patterns. DS recruits myeloid cells from the blood and significantly changes their phenotype in the conjunctiva. DS also alters expression of an array of innate inflammatory genes. Immature monocytes in the unstressed conjunctiva appear to cascade to MHCII+ macrophages during DS, suggesting that DS promotes maturation of monocytes to antigen presenting cells with increased expression of inflammatory genes that may contribute to the pathogenesis of SS keratoconjunctivitis sicca.





Keywords: monocyte, macrophage, conjunctiva, dry eye, keratoconjunctivitis sicca, Sjogren syndrome



Introduction

Reduced tear secretion and loss of the ability to reflex tear in Sjögren syndrome (SS) results in significant reduction in tear volume, increased tear osmolarity and development of ocular surface disease termed keratoconjunctivitis sicca (KCS) (1–3). These changes activate stress signaling pathways in the ocular surface epithelial and immune cells that results in production of innate inflammatory mediators, including the monocyte chemokine, CCL2 (4). Recruitment of myeloid cells from the blood into the wounded intestinal mucosa and cornea of mice has been found to be CCR2 dependent (5–7). An increased percentage of CD11b+ myeloid cells in the conjunctiva and cornea has been reported in the desiccating stress-induced murine dry eye model that develops SS like ocular surface disease, but it has not been established if these cells are recruited from the blood in a CCR2 dependent manner (8, 9). An increase in antigen-presenting cells (APCs) and T cells in the conjunctiva of patients with SS KCS has been reported (10, 11). MHCII+ CD11b+ and CD11c+ cells were noted to increase in the ocular surface draining lymph nodes of mice exposed to experimental desiccating stress (DS) (12). These cells were found to prime autoreactive CD4+ T cells that cause KCS when adoptively transferred to naïve immunodeficient recipients (13–15). Myeloid cells produce the cytokine IL-12 that stimulates natural killer (NK) and CD4+ T cells to produce IFN-γ, a cytokine that causes conjunctival goblet cell loss in KCS (16–18). Increased IFN-γ expression and percentage of HLA-DR+ cells in the conjunctiva have been found to correlate with goblet cell loss and severity of KCS in patients with SS (11, 19). The myeloid cells in the conjunctiva have not been well characterized, but may consist of monocytes and macrophages that become activated by DS and produce mediators that participate in the pathogenesis of KCS. The purpose of this study is to characterize changes in phenotype and gene expression in conjunctival myeloid cell populations in response to DS.



Methods

Animals and DS model. The animal protocol for this study was designed according to the ARVO Statement for the use of Animals in Ophthalmic and Vision Research and was approved by the Institutional Animal Care and Use Committee at Baylor College of Medicine.


Mice

Female C57BL/6J (B6) (n=60), CCR2-/- (n=30) and B6.SJL-Ptprc Pepc/BoyJ CD45.1+ (n=12) mouse strains aged 6–8 weeks were purchased from Jackson Laboratories (Bar Harbor, ME), and allowed to rest in a humidified environment for one week before the experiment. Pepc/BoyJ CD45.1+ (6–8-week-old) mice were used as adoptive transfer donors.



Desiccating Stress

DS was induced by inhibiting tear secretion with scopolamine hydrobromide (Greenpark, Houston) in drinking water (0.5mg/mL) and housing in a cage with a perforated plastic screen on one side to allow airflow from a fan placed 6 inches in front of it for 16 h/day for 5 consecutive days. Room humidity was maintained at 20–30%. Control mice were maintained in a non-stressed (NS) environment at 50–75% relative humidity without exposure to an air draft.



Adoptive Transfer and Creation of Bone Marrow Chimeras

Bone marrow cells were harvested from the femur and tibial bones of the Pepc/BoyJ strain and approximately 2 million cells in 0.1mL were injected into the right orbit of CD45.2+CCR2-/- mice 3 times at 2-day intervals. Prior to the 2nd injection, they were either maintained at ambient humidity or subjected to DS for 5 days. On day 5, mice were euthanized, the bulbar conjunctiva was excised, cell suspensions were prepared, incubated with anti-CD45.1+ (A20, Catalog no. 110717, Biolegend, San Diego, CA) and analyzed by flow cytometry. CD45.2+ CCR2 positive and negative bone marrow chimeras were created in the Pepc/BoyJ strain as previously reported (20). Ten days after bone marrow reconstitution, mice were subjected to DS and myeloid cells in the conjunctiva were analyzed by flow cytometry.



Flow Cytometry

Conjunctivae were excised, chopped with scissors into tiny pieces and incubated with 0.1% type IV Collagenase for 1 hour to yield single cell suspensions. Samples were incubated with anti-CD16/32 (2.4G2, Catalog no. 553141, BD Pharmingen™, San Diego, CA), for 5 minutes at room temperature and subsequently stained with anti-CD45 (clone 30-F11, Catalog no. 103138, BioLegend), anti-CD11b (clone M1/70, Catalog no. 25-0112-82, ThermoFisher Scientific, Waltham, MA), anti-APC (clone-AL21, Catalog no. 560595 BD Pharmingen™), anti-CD64 (Clone X54-5/7.1.1, Catalog no. 558455, BD Pharmingen™), anti-MHC II (Clone M5/114.15.2, Catalog no. 562363, BD Pharmingen™), anti-CD11c (Clone HL3, Catalog no. 553801, BD Pharmingen™), anti-NK1.1 (Clone PK136, Catalog no. 562921, BD Pharmingen™), anti-CD45R/B220 (Clone RA3-6B2, Catalog no. 562922, BD Pharmingen™), anti-CD3e (Clone 145-2c11, Catalog no. 562600, BD Pharmingen™), anti-Ly6G (Clone 1A8, Catalog no. 562737, BD Pharmingen™), or anti-MerTK (Clone 108928, Catalog no. 747837, BD Pharmingen™). Cells were stained with an infra-red fluorescent viability dye (Life Technologies, Grand Island, NY). The gating strategy was as follows: lymphocytes were identified by forward -scatter area (FSC-A) and side scatter area (SSC-A) gates, followed by two singlets gates (FSC-A vs. FSC-W and SSC-A vs. SSC-W) followed by live/dead identification using the infra-red fluorescent viability dye. Alive CD45+ cells were plotted for CD11b+ vs dump channel (anti-NK1.1/Ly6G/CD3e/CD45R/B220) to remove NK cell, granulocyte, T cell and B cells lineages, respectively, and the CD11b+ cells were further gated accordingly. Negative controls consisted of fluorescence minus one splenocytes. Cells were evaluated with either BD LSR II or BD Canto II Benchtop cytometers with BD Diva software version 6.7 (BD Biosciences, San Diego, CA). Final data was analyzed using FlowJo software version 10 (Tree Star Inc., Ashland, OR).



Cell Sorting and RNA Extraction

Conjunctival epithelium was excised from B6 mice housed under normal non-stressed environmental conditions (NS) or exposed to DS for 5 days (DS5) and different subgroups of CD11b+ cells I) CD11b+MHCII+ II) CD11b+MHCII-CD64+Ly6chigh III) CD11b+MHCII-CD64+Ly6cinter IV) CD11b+MHCII-CD64+Ly6clow/negative were sorted using the Aria-II cell sorter at the Baylor College of Medicine cytometry and cell sorting core. Total RNA was extracted using a QIAGEN RNeasy Plus Micro RNA isolation kit (Qiagen) according to manufacturer’s instruction. The concentration and purity of RNA was assessed using a NanoDrop 1000 (ThermoFisher Scientific, Waltham, MA).



NanoString nCounter Gene Expression Analysis

This was performed by the Genomic and RNA Profiling Core at Baylor College of Medicine. RNA quality was checked using the NanoDrop spectrophotometer and Agilent Bioanalyzer. Using the NanoString nCounter Gene Expression system, total RNA was hybridized with the NanoString Technologies nCounter Gene Expression Mouse Myeloid Innate Immunity V2 Panel codeset (NS_MM_Myeloid_V2.0) containing 770 unique pairs of 35-50bp reporter probes and biotin-labeled capture probes, including internal reference controls (NanoString, Seattle, WA). Overnight hybridization occurred for 20 hours at 65°C. Removal of excess probes with magnetic bead purification was performed on the nCounter Prep Station (software v4.0.11.2) on the High Sensitivity assay. Briefly, the probe-mRNA structure was affinity purified by its 3’ end to remove excess reporter probes, then by its 5’ end to remove excess capture probes. Once unbound probes were washed away, the tripartite structure was bound to the streptavidin-coated cartridge by the biotin capture probe, aligned by an electric current (negative to positive), and immobilized. Photobleaching and fluorophore degradation was prevented with the addition of SlowFade. The cartridge containing immobilized samples was transferred to the nCounter Digital Analyzer (software v3.0.1.4) and scanned at 555 field of view (FOV). An epi-fluorescent microscope and CCD camera identified sets of fluorescent spots, which were tabulated for data output. Quality control metrics were recorded using the nSolver Analysis Software v4.0.6.2. Data from each group was analyzed using nSolver software. Heat maps of the normalized data from all non-stressed cell populations and the monocyte and MHCII+ populations from NS and DS were created with GraphPad Prism V9.0.2 (San Diego, CA).




Results


Conjunctival Monocyte Recruitment Is CCR2 Dependent

To test the hypothesis that myeloid cell recruitment to the conjunctiva is CCR2 dependent, we compared the percentages of monocytes and tissue macrophages in the conjunctiva of CCR2-/- and WT C57BL/6 strains maintained in normal environmental conditions (relative humidity 50-60%). The gating strategy used for these experiments is provided in Supplementary Figure 1A. We found the percentages of both classical monocytes (Ly6ChiMHCII-) and CD11b+MERTK+ macrophages were significantly reduced in the CCR2-/- conjunctiva compared to WT (Figure 1A). We then performed adoptive transfer of CD45.1+ bone marrow cells to CD45.2+CCR2-/- recipients kept under normal non-stressed environmental conditions (NS) or DS for 5 days (Figure 1B). Expression of the CCR2 ligand, CCL2 in the conjunctiva was found to significantly increase after 1 day of DS (Figure 1C). CCR2-/- was chosen as the adoptive transfer recipient, because this strain has a reduced number of circulating monocytes and adoptively transferred cells from CCR2+/+ donors have been found to have a competitive advantage in recruitment to inflamed tissues (7). We found a significant increase in the percentage of both CD45.1+ classical monocytes and MHCII+CD11b+ cells in the DS-exposed conjunctiva compared to the non-stressed group (Figure 1D). Finally, we compared DS-induced myeloid recruitment in chimeric mice in which CD45.1+ recipients were reconstituted with bone marrow from congenic CCR2-/- or CCR2+/+ strains (Figure 1E). There was virtually complete loss of the resident CD45.1+ cells in the recipient mice, so all of the cells detected in the conjunctiva were donor derived (Figure 1E). Following DS for 5 days, recruitment of total myeloid cells and MHCII+ cells to the conjunctiva was significantly greater in the CCR2+/+ chimeras (Figures 1F, G). These findings indicate the proinflammatory stress of desiccation increases CCL2 expression and recruits myeloid cells to the conjunctiva in a CCR2 dependent fashion.




Figure 1 | Desiccation stress recruits monocytes into the conjunctiva in a CCR2 dependent manner. The gating strategy used for these experiments is provided in Supplementary Figure 1A. (A) Single cell suspensions prepared from conjunctivae of C57BL/6 (B6) and Ccr2-/- strains were stained with anti-CD45, CD11b, MHCII, CD64, Ly6c and MerTK. Squares within the representative plots show frequency of CD45+CD11b+MHCII-CD64+Ly6Chigh (classical monocytes) and CD45+CD11b+MerTK+ (tissue resident macrophages) cells (n = 6/group); (B) Experimental design, bone marrow cells from Pepc/BoyJ (2x10^6) were adoptively transfer via intra-orbital injection at 2 day time intervals and the recipient mice either remained in normal environmental conditions (NS) or were exposed to desiccating stress for 5 days (DS5) (n = 6/group); (C) relative fold change in CCL2 mRNA after desiccating stress for 1 day (DS1) (n = 6/group); (D) Adoptively transferred cells were tracked by gating on CD45.1+, squares within the representative plots showing frequency of classical monocytes (top) and CD45+CD11b+MHCII+ cells (bottom). The bar graphs on the right side indicate the percentages of these cells with each dot representing one animal (n = 6/group); (E) Ccr2-/-/Ccr2+/+ bone marrow chimera. Bone marrow ablation in Pepc/BoyJ mice was accomplished with 137Cs irradiation with 1300 cGy, followed by intraorbitally injection of 2x10^6 bone marrow cells from Ccr2-/-/CD45.2 (2x10^6) or wild type B6 (Ccr2+/+/CD45.2) donors. Flow cytometry scatter plot shows the number of endogenous (CD45.1) or transplanted (CD45.2) immune cells in the conjunctiva two weeks post transfer; (F) Donor CD45.2+CD11b+ myeloid cells were measured in the conjunctiva of Pepc/BoyJ recipient mice after exposure to desiccating stress for 5 days (n = 6/group). (G) Donor CD45.2+CD11b+MHCII+ cells were measured in the conjunctiva of Pepc/BoyJ recipient mice after exposure to desiccating stress for 5 days (n = 6/group). The error bars indicate the standard error of mean (SEM), Student T-test was used for statistical comparison. ***p < 0.0001.





DS Triggers a Monocyte to Macrophage Cascade in the Conjunctiva

The fate of the myeloid phagocytic cells in the conjunctiva that participate in DS-induced inflammation has not been investigated. We hypothesized that DS alters conjunctival myeloid cell differentiation and gene expression. To test this, we compared monocyte and macrophage populations in mice maintained under normal humidity with those exposed to DS for 3 and 5 days.

Flow cytometry was used to evaluate changes in CD11b+ myeloid cells, MHCII+ cells, macrophages (MHCII+CD64+), monocytes (Ly6C+CD64lo), and CD11c+ cell populations (after excluding T cell, B cell, NK cell and granulocyte lineages) in the conjunctiva in non-stressed conditions (NS) and after DS for 3 and 5 days (DS3 and (DS5). The gating strategy shown in Supplementary Figure 1A was used for this experiment. We evaluated the relative percentages of immune cell subsets in the conjunctiva of C57BL/6 mice maintained in a normal environment. CD11b+ cells were found to be the predominant cell population. Among these, the majority were myeloid cells, but CD11b was detected on several other cell lineages, including certain T cells, B cells, NK cells and granulocytes (Supplementary Figure 1B). These non myeloid lineages were excluded in the dump channel in our gating strategy (Supplementary Figure 1A).

Significant changes in certain myeloid populations were observed in the groups exposed to DS. By DS5, there was a 40% increase in the percentage of CD11b+ myeloid cells, a 10% increase in MHCII+ cells and an 8% increase in MHCII+CD64+ macrophages. In contrast, there were significant decreases in Ly6C+CD64- monocytes, CD11c+CD64lo and CD11c+MHCII+cells, respectively (Figures 2A, B and Supplementary Figures 2A, B). The ratio of myeloid CD11b+ relative to the lineages in the dump channel also increased (Supplementary Figure 2C). There was a progressive decrease in mean fluorescent intensity of Ly6ChiMHClo (immature monocytes) and progressive increase in Ly6CloMHCIIhi (putative antigen presenting cells) from NS to DS5 (Figure 2C). The majority of Ly6ChiMHClo cells were CD64+ with 2 peaks noted in NS and an increased percentage with one peak in the DS group (Figure 2D).




Figure 2 | Immune cells phenotype in the conjunctiva of B6 mice following desiccation stress. The gating strategy used for these experiments is provided in Supplementary Figure 1A. (A) Single cell suspensions prepared from conjunctivae of C57BL/6 (B6) mice housed in normal humidity (NS) or exposed to desiccating stress for 3 (DS3) or 5 (DS5) days were stained with anti-CD45, CD11b, MHCII, CD64, Ly6c and CD11c. A dump channel (anti-NK1.1/Ly6G/CD3e/CD45R/B220) was included to remove NK cell, granulocyte, T cell and B cells lineages. The four quadrants of the representative plots show percentages of the selected population. (B) Flow cytometry data from each group are visually presented in the bar graphs (n=6, dots are individual samples). The non-stressed (NS) group was statistically compared with the DS3 or DS5 groups using the Student T-test; (C) Representative flow plots of Ly6C and MHCII in the NS, DS3 and DS5 groups (left) with histograms of mean fluorescence intensities (MFI) (right); (D) MFI of CD64+ cells among MHCII-Ly6chigh and MHCII+Ly6clow population. *p < 0.01, **p < 0.001, ***p < 0.0001.



These findings indicate that DS promotes a monocyte to macrophage cascade and increases the percentage of MHCII+ myeloid cells that may be capable of antigen presentation in the conjunctiva.



DS Alters Gene Expression in Myeloid Cell Populations in the Conjunctiva

Gene expression in the conjunctiva was profiled using the NanoString nCounter mouse myeloid innate immunity V2 panel in 4 populations of cells sorted by the strategy shown in Figure 3. These include one MHCIIhi, and three MHCIIlo populations consisting of Ly6Chi, Ly6Cinter, and Ly6Clo cells taken from non-stressed (NS) and DS5 groups. Cells sorted from both conjunctivae of 20 mice were required to obtain sufficient RNA to perform one expression panel. Data from these pooled samples are shown in Figure 4. Comparison of gene expression between the MHCII- monocyte and MHCII+ populations in non-stressed conjunctiva revealed a ≥ 2 log2 fold increase in 95 genes (Figure 4A) and decrease in 46 genes. Upregulated genes were associated with antigen presentation (MHCII, CD74, CD86), cytokine/chemokine signaling, myeloid cell differentiation and innate inflammation. Expression was also compared between NS and DS monocyte and MHCII+ populations (Figures 4B, C). DS increased innate inflammatory genes in both monocytes and MHCII+ cells and increased M1 macrophage (Trem1, Ido1, Il12b, Stat5b) and decreased homeostatic (Mertk) and M2 macrophage (Arg1, CCL24, Supplementary Figure 2D) genes in the MHCII+ cells. These findings suggest there are myeloid cell populations in the conjunctiva with distinct phenotype and gene expression patterns. DS recruits myeloid cells from the blood to the conjunctiva and significantly changes their phenotype and gene expression profile.




Figure 3 | Sorting strategy for Nanostring arrays. Lymphocytes were identified by forward -scatter area (FSC-A) and side scatter area (SSC-A) gates, followed by two singlets gates (FSC-A vs. FSC-W and SSC-A vs. SSC-W) followed by live/dead identification using the infra-red fluorescent viability dye. Alive CD45+ cells were plotted for CD11b+ vs dump channel (anti-NK1.1/Ly6G/CD3e/CD45R/B220) to remove NK cell, granulocyte, T cell and B cells lineages, respectively. The CD11b+ cells were further gated on MHCII. The MHCII- population was sub-gated on Ly6C as MHCII-CD64+Ly6chigh (monocytes), MHCII-CD64+Ly6cinter and MHCII-CD64+Ly6clow (macrophages). Cells were sorted from twenty C57BL/6 mice (n = 20) to obtain sufficient RNA to perform the NanoString expression profiles.






Figure 4 | NanoString nCounter gene expression analysis. (A) Heatmap representation of top 94 genes upregulated ≥ 2 log2 fold in MHCII+ group as compared to MHCII-CD64+Ly6chigh (monocytes). These genes are involved in antigen presentation, lymphocytes trafficking, cytokine and chemokine signaling and myeloid cell differentiation; (B) Relative gene expression of top fifty upregulated genes in MHCII-CD64+Ly6chigh (monocyte) cells exposed to 5 days of dessicating stress (DS5) as compared to control (NS); (C) Relative gene expression of top 50 genes upregulated in MHCII+ cells exposed to dessication stress (DS5) as compared to control. The NanoString data was analyzed using the nSolver Analysis Software v4.0.6.2 and the heat maps were generated using GraphPad Prism V9.0.2 (San Diego, CA).






Discussion

This study evaluated myeloid cells populations in the conjunctiva in normal non-stressed environmental conditions and in the desiccating stress dry eye model that has features similar to SS KCS (marked reduction in tear volume and secretion, loss of reflex tearing, loss of goblet cells). In non-stressed homeostatic conditions, we found distinct myeloid populations ranging from classical Ly6Chi monocytes to macrophages. Our findings indicate that recruitment of myeloid cells to the conjunctiva in homeostasis and during DS is CCR2 dependent. This may be in response to CCL2 which was found to increase in response to DS or other CCR2 ligands (CCL7, 8, 12 and 13) (21). DS changed the ratio of myeloid cell populations, causing a decrease in classical monocytes and increase in MHCII+CD64+ macrophages. In this DS induced monocyte cascade, there was a concurrent increase in MHCII+ and CD64+ cells as Ly6C+ monocytes decreased. These findings suggest that the inflammatory milieu created by DS promotes maturation of monocytes to macrophages, potentially with antigen presenting capability. We did not determine if in addition to recruitment, these changes in myeloid cell populations could be due to proliferation or increased death of these cells in situ. We have previously reported that DS promotes apoptosis of the ocular surface epithelia (22). The findings in our mouse model are consistent with the increased percentage of HLA-DR+ cells found in the conjunctival epithelium of patients with non-SS and SS KCS (11, 23–25). HLA-DR expression was found to positively correlate with categorical severity of KCS and inversely correlate with conjunctival goblet cell density in SS in one study (11).

Mature APCs have been found to be essential in the induction of autoreactive T cells in the mouse DS model (14). We previously reported that generation of autoreactive T cells is suppressed by clodronate depletion of phagocytes on the ocular surface (13). The findings of our current study suggest these APCs may be induced from resident and recruited monocytes when the ocular surface is under desiccating stress.

Changes in gene expression in the monocyte to macrophage cascade are consistent with monocyte maturation to macrophages with increased levels of MHCII and antigen processing and presentation genes, as well as a variety of innate inflammatory genes (complement factors, NLRP3, caspase 1, matrix metalloproteinases, cytokines and chemokines).

DS-induced changes in gene expression profiles were seen in tandem to the changes in myeloid cell populations observed by flow cytometry. In the monocyte population, there was increased expression of a number of genes associated with monocyte differentiation and activation. Of note, two genes associated with the NLRP3 inflammasome (Nlrp3 and Casp1) were among those with the greatest increase with DS. There was also increased expression of Cd1d1, the glycoprotein that presents lipids to and activates Type 1 NKT cells (26). Expression of p38 MAPK (Mapk11), MAPK3k14 and M1 macrophage associated genes (Trem1, Ido1, Il12b, Stat5b) increased in DS stimulated MHCII+ cells. IFNγ has previously been implicated in promoting goblet cell loss in KCS (16, 19, 27) and increased expression in the conjunctiva and concentration in tears has been found in SS (19, 28–32) Induction of IFNγ in NK and T cells requires IL-12 and IL-18. These findings suggest that increased expression of these IFNγ inducing cytokines in DS activated myeloid cells could contribute to IFNγ mediated goblet cell loss.

The conjunctiva presents a unique challenge to characterize immune cells because only a small number of myeloid cells can be sorted from the mouse conjunctiva and a large sample size was required to obtain sufficient RNA to perform the expression panel. Therefore, our results represent RNA extracted from cell populations pooled from both eyes of 20 mice per group. A robust threshold of ≥ 2 log2 fold difference was used for comparing differentially expressed genes between monocytes and MHCII+ cells in NS and ≥ 1.5 log2 fold difference was used for the NS to DS comparisons. The gene expression findings in this study will need to be confirmed using replicates or by single cell sequencing in the future.

Our findings suggest that monocyte recruitment is a consequence of reduced lacrimal function and ocular surface desiccation, as occurs in SS. They also indicate that monocytes subjected to DS become activated and produce dry eye associated inflammatory mediators and MHCII antigens that may promote development or amplify severity of KCS. This concept is consistent with the finding that MHCII is a sensitive biomarker that correlates with severity of human KCS (25). Additionally, we found that five of the differentially expressed genes in DS stimulated monocytes (Mx1, Irf7, Baft, S100a9 and Icam1) are all found to have significantly increased expression in the conjunctiva of SS patients (manuscript submitted to this special issue). Further research is needed to determine if monocytes or macrophages in the conjunctiva express these KCS biomarkers. Minimizing desiccation of the ocular surface in dry eye could potentially reduce myeloid cell recruitment and the downstream events. Approved dry eye therapies target certain inflammatory mediators produced by DS activated myeloid cells. Lifitigrast is an antagonist of the integrin LFA, a ligand of the adhesion molecule ICAM-1, that showed increased expression in the DS treated MHCII+ cells (33). A proposed mechanism of action of lifitigrast is suppression of myeloid cell recruitment and migration into the conjunctiva. Corticosteroids inhibit both NFkB signaling and activation of the NLRP3 inflammasome (34), pathways involved in dry eye associated inflammation and that increase in DS activated monocytes (30, 35). Taken together, this data suggests that myeloid cells may be important in the pathogenesis of KCS as well as relevant therapeutic targets.
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Supplementary Figure 1 | (A) Flow cytometry sorting strategy used for experiments show in Figures 1 and 2. Lymphocytes were identified by forward -scatter area (FSC-A) and side scatter area (SSC-A) gates, followed by two singlets gates (FSC-A vs. FSC-H and SSC-A vs. SSC-H) followed by live/dead identification using the infra-red fluorescent viability dye. Live CD45+ cells were plotted for CD11b+ vs dump channel (anti-NK1.1/Ly6G/CD3e/CD45R/B220) to remove NK cell, granulocyte, T cell and B cells lineages, respectively. The CD11b+ cells were further gated on MHCII, CD64, Ly6C and CD11c. (B) Immune cell populations in the normal C57BL/6 conjunctiva expressed as a percentage of total CD45+ cells. CD11b+ non-myeloid cell lineages are shown on the right side.

Supplementary Figure 2 | (A) Flow cytometry data shown in Figure 2A. from each group are visually presented as concentric donuts (n = 6).  The non-stressed (NS) group was statistically compared with the 3- and 5-day desiccating stress (DS3 or DS5) groups using the Student T-test; (B) Representative flow cytometry dot plots (left) and bar graphs showing individual samples (n=6, right) of MHCII+CD11c+ cells. The non-stressed (NS) group was statistically compared with the 3- and 5-day desiccating stress (DS3 or DS5) groups using the Student T-test; (C) Bar graph shows ratio of CD11b+ myeloid cells (mCD11b+) to non-myeloid lineage CD11b+ cells in the dump channel. Dots are individual samples; (D) Heatmaps showing expression levels of M2 macrophage markers in CD64+Ly6chigh and MHCII+ populations in non-stressed (NS) conditions and after DS5.
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There is a critical need to deconvolute the heterogeneity displayed by the minor salivary glands of primary Sjögren’s syndrome (pSS) patients. This is challenging primarily because the disease etiology remains unknown. The hypothesis includes that initial events in the disease pathogenesis target the salivary glands, thereby triggering the development of focal infiltrates (≥50 mononuclear cells) and finally germinal center-like structures. However, the proportion of key mononuclear immune cells residing at these sites, in combination with the overall ratio of morphometric tissue atrophy and adipose infiltration within the minor salivary glands (MSG) parenchyma at distinct phases of inflammatory disease establishment and progression have not been quantified in detail. In this cross-sectional study, we intended to address this problem by stratifying 85 patients into mild (S1), moderate (S2), and severe (S3) stages using the Inflammatory severity index. We found that mild (<3%) and marked (≥3%) levels of atrophy were accompanied by the respective levels of adipose infiltration in the non-SS sicca controls (p <0.01), but not in pSS patients. The percentage of adipose infiltration significantly correlated with the age of patients (r = 0.458, p <0.0001) and controls (r = 0.515, p <0.0001). The CD4+ T helper cell incidence was reduced in the focal infiltrates of the MSG of S2 patients compared to S1 (p <0.01), and in S2 compared to S1 and S3 combined (p <0.05). CD20+ B cells increased from S1 to S3 (p <0.01) and S2 to S3 (p <0.01), meanwhile CD138+ plasma cells diminished in S3 patients compared to both S1 and S2 groups combined (p <0.01). The proportion of patients with anti-Ro/SSA+, anti-La/SSB+, and RF+ increased over the course of inflammatory disease progression and they were significantly more common in the S3 group relative to S1 (p <0.05). On the other hand, S2 patients measured a higher mean salivary flow relative to S1 and S3 patients combined (p <0.05). Our results demonstrate how the proposed Inflammatory severity index stratification revealed pathological cell and tissue-associated aberrations in the salivary component over the course of inflammatory progression, and their correlations to clinical outcomes. This could be directly transferred to the optimization of available diagnostic strategies applied for pSS patients.
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Introduction

Primary Sjögren’s syndrome (pSS) is a heterogenous autoimmune disease characterized by chronic inflammation that is manifested by mononuclear cell infiltration in the exocrine glands, namely the salivary and lacrimal glands. The minor salivary gland (MSG) tissue can be diagnostically examined by using the focus score (FS) which describes the number of cell infiltrates of at least 50 mononuclear cells within 4 mm2 (i.e., a focal infiltrate). Higher FS has been correlated with severe disease (1, 2) and associated with the occurrence of well-organized focal infiltrates closely resembling the germinal centers of secondary lymphoid organs with a light and dark zone (3). Due to their ectopic location in the salivary glands, such infiltrates are termed germinal-center like structures (GC), and have been reported in 25–30% of pSS patients (4, 5). The presence of GC in the diagnostic labial salivary gland have frequently been associated with antibody and immunoglobulin production (3) and a greater risk of lymphoma development (5, 6). Nevertheless, more studies are needed for a valid evaluation of their prognostic role (7), and hence, the GC+ biopsies of pSS patients do require special attention.

The heterogeneity in pSS also reflects on a histopathological level, where morphological features apart from the inflammatory lesions, such as salivary gland atrophy and adipose infiltration yet have not gained as much attention and diagnostic value (8). This could partially be ascribed to biological aging as has been found to correlate positively to the grade of atrophy or adipose tissue in the target organ of pSS patients for a long time (9–12). At the same time, pro-inflammatory mediators have been linked to atrophy and adipose infiltration in the glandular tissue (13, 14), and few studies have compared these respective tissue types morphologically by utilizing digital quantification techniques in a larger sample size.

Primarily, the focal infiltrations represent the hallmark feature in MSG biopsies of pSS patients, and these areas mainly comprise T and B lymphocytes and antigen-presenting cells (APCs). Nevertheless, the distribution of cell types within the focal infiltrates at distinct stages of inflammatory progression has been described by a few published studies (15), and a methodological concern lies in the patient stratification, where the GC+ and GC- patients were not assessed separately.

Herein, we sought to investigate the immunopathological changes in the MSG of pSS patients by disseminating stages from the mild phase to highly developed lesions. Specifically, we aimed to create an Inflammatory severity index of disease activity to subgroup patients, in order to i) morphometrically quantify areas of atrophy and adipose infiltrations in the MSG of pSS patients and investigate a potential relationship between the two tissue types, and ii) measure the incidence and composition of key immune cell populations that comprise the focal infiltrates from mild to severe lesions. The infiltrating cell types analyzed included CD4+ T helper cells (Th cells), CD8+ T cytotoxic cells (Tc cells), FoxP3+ T regulatory cells (FoxP3 Tregs), CD74+ (class II MHC expressing) APCs, CD68+ macrophages, CD20+ B cells, and CD138+ plasma cells.



Material and Methods


Study Population and Design

This cross-sectional study included MSG biopsies from 85 pSS patients and 47 age-and gender-matched non-SS sicca tissue controls. As part of the diagnostic procedure the biopsies were obtained between the years 1989 and 2009 at the Department of Otorhinolaryngology, Haukeland University Hospital, Bergen. All patients fulfilled the American–European classification criteria (AECG) (16), and after a post-hoc re-classification 70 patients (80%) additionally fulfilled the revised 2016 ACR/EULAR criteria (17).

Medical records and subject charts were obtained from the Department of Rheumatology at Haukeland University Hospital and were retrospectively assessed for sicca manifestations, alongside laboratory and histopathological parameters. Sicca manifestations were tested using Schirmer’s test and sialometry, while serology findings included seropositivity for the following antibodies: antinuclear antibody (ANA), anti-Ro/SSA, anti-La/SSB, and rheumatoid factor (RF). Additional histopathological features included FS and GC in pSS patients at the time of diagnosis. Patients lacking biopsy data were excluded from the analysis. Moreover, since assessments of FS and GC are semi-quantitative methods where the histopathological tissue architecture might differ on multiple sections taken from the same gland, a re-evaluation of the FS and GC was conducted on MSG tissue from all pSS patients in order to eliminate potential discrepancies. This was performed on hematoxylin–eosin-stained sections in accordance with our previous laboratory examinations of such structures (18).

Patient stratification was carried out by stratifying the pSS patients into three distinct groups, where each group represented a disease stage according to the degree of inflammation in their MSG using the Inflammatory severity index. Patients with mild lesions (FS ≤1) were included in the first stage (S1), patients with moderate lesions (FS ≥2) were included in the second stage (S2), while patients displaying severe lesions and GC in the MSG tissue (FS ≥2 and GC+) were classified in the third stage (S3). Informed consent was obtained from all subjects included and the study was approved by the Regional committee of Ethics, Western-Norway (2009/686). The clinical and histopathological characteristics of pSS patients and non-SS controls are summarized in Table 1.


Table 1 | Mean/median values and number (%) of all patients and non-SS control subjects in the total sample size positive for the clinical and histopathological characteristics.





Histomorphometric Analysis of Atrophy and Adipose Tissue

Hematoxylin–eosin-stained MSG sections were digitally scanned by the Hamamatsu NanoZoomer-XR digital whole slide scanner and converted into digital images available on Aperio ImageScope computer software (v12.4.3.5008; Leica Microsystems GmbH, Wetzlar, Germany). Atrophic and adipose areas within the parenchyma of the MSG were separately identified, morphometrically compartmentalized on the magnification of ×4 using the Pen tool in Aperio ImageScope (Figure 1), and finally divided by the total parenchymal area, giving the respective percentages of total atrophy and adipose tissue present in each biopsy. The MSG biopsies with mild (<3%) and marked levels (≥3%) of atrophy or adipose tissue were segregated due to a positively skewed distribution and to allow for a systemization of the MSG upon the grade of occupied tissues. All measurements were assessed blindly by two investigators (TKB, KS).




Figure 1 | Morphometric distinction of atrophy and adipose tissue in one MSG from two patients with pSS. One representative salivary gland from each patient biopsy, using AperioImage Scope©, are shown. Atrophy and adipose tissue were quantified as a percentage of the total MSG parenchymal area. Parenchymal atrophy in the MSG biopsy of patient (A) was 9.1% and parenchymal adipose infiltration in patient (B) was 49,4%, where both possessed marked levels. Scale bar = 0.5 mm.



The analysis was conducted using four inclusion criteria. Firstly, structures located within atrophic or adipose regions that were maximum 3.5 µm² in size, such as horizontally cut capillaries or small ducts, were included in the measurements, while structures above 3.5 µm² were excluded. Other incompatible structures were also left out regardless of size. Secondly, only atrophy and adipose tissue inside the glandular parenchyma were measured. Thus, stromal tissue consisting of exterior fat, loose connective tissue, and other structures were not added in the calculation of the MSG area. Thirdly, the atrophic area comprised of damaged and/or irregular glandular tissue and densely packed connective tissue. Hence, loose connective tissue in the interlobular septa was not included, and focal infiltrates were left out as inflammatory cells covered the underlying tissue. Fourthly, adipose areas with at least three co-localized adipocytes were included in the analysis, whereas single and double adipocytes were excluded. Independent regions entirely or predominantly covered by adipose tissue were precluded from the analysis, unless they displayed structures attributable to MSG parenchyma, such as acinar cells or glandular ducts.



Immunohistochemistry


Single Staining

Formalin-fixed paraffin embedded tissue of MSG from pSS patients were cut into 4 µm thick sections using a microtome (Leica Instruments GmbH, Nussloch, Germany). Next, the sections were placed on SuperFrost® Plus microscope slides (Fisher Scientific, Waltham, MA, USA) and incubated overnight at 56°C. A total of 30 pSS patients from the histomorphometric analysis fulfilling the 2017 ACR/EULAR criteria (17) were enrolled in the analysis (Supplementary Table 1). MSG biopsies of patients with absence of focal infiltrates (FS = 0) were not included. As some of the biopsies from the current pSS patient cohort had been used in previous works (19, 20) biopsies with insufficient MSG tissue had to be excluded, especially considering the number of sections that had to be taken from each patient for the staining procedure. The single staining technique was performed using mouse-monoclonal anti‐human antibodies obtained from Agilent (Carpintera, CA, USA) that targeted CD4 (1:100 dilution, clone 4B12), CD8 (1:200 dilution, clone C8/144B), CD21 (1:100 dilution, clone 1F8), and CD68 (1:150 dilution, clone PG-M1). In addition, FoxP3 (1:100 dilution, clone 259D/C7, BD Biosciences Pharmingen, San Diego, CA, United States), and rabbit-polyclonal antibody detecting human CD74 molecule (1:250 dilution, Atlas Antibodies, Stockholm, Sweden) were included in the investigation.

The immunohistochemical analysis was carried out using the Envision FLEX+ kit (K8012, Agilent, Carpintera, CA, USA). After overnight incubation, sections were deparaffinized in xylene and rehydrated by serial dilutions of ethanol in distilled water (100, 96, and 70%). They were subjected to heat-induced epitope retrieval (HIER) in a microwave for 25 min and blocked with peroxidase for 5 min, followed by a 1:10 dilution of Normal goat serum (X0907, Agilent, Carpintera, CA, USA) in 3% Bovine serum albumin (BSA) solution for 20 min. Next, the serum was removed, and the sections were incubated with the primary antibody mixed in diluent (K8006, Agilent, Carpinteria, CA, USA) for 60 min, following EnVision FLEX+ horseradish peroxidase (HRP)—conjugated secondary antibody for 20 min. 3,3′-diaminobenzidine (DAB, K3468, Agilent, Carpinteria, CA, USA) was applied on the sections and excessive chromogen was washed away with distilled water after 10 min. The sections were then counterstained with hematoxylin (S3301, Agilent, Carpinteria, CA, USA) for another 10 min, dehydrated via a graded ethanol series, and finally mounted with Pertex (Histolab Products AB, Gothenburg, Sweden). Following epitope-retrieval, all incubations were performed at room temperature, and Tris-buffered saline (TBS) pH 7.6 was used as a washing buffer between all steps. For antibodies CD4, CD8, and FoxP3 normal goat serum was replaced by a serum-free Protein block (X0909, Agilent, Carpintera, CA, USA), and an additional amplification step where EnVision FLEX+ Mouse Linker was incubated for 15 min following the primary antibody was added. Normal goat serum was not used for the CD21 antibody.



Double Staining of CD138 and CD20

Double-staining with mouse-monoclonal antibodies targeting human CD138 (1:200 dilution, clone MI15, Agilent, Carpintera, CA, USA) and CD20 (1:3,000 dilution, clone L26, Agilent, Carpintera, CA, USA) was performed. Here, CD138 was the first primary antibody incubated for 60 min at room temperature and developed using DAB similarly to the single-staining-technique described above. The sections were then treated with Dual Endogenous Enzyme Block (S2003, Agilent, Carpintera, CA, USA) for 5 min, and incubated with the second primary antibody CD20 overnight at 4°C. The following day, sections were stained with Vulcan Fast Red Chromogen (Biocare Medical, Concord, CA, USA). The sections were counterstained with hematoxylin for 10 min, dehydrated, and mounted as described above.



Evaluation of Staining

In order to evaluate the staining in a replicable manner, the MSG sections were converted into digital images accessible on Aperio ImageScope software as described above. Staining of CD21+ follicular dendritic cells (fDC) was carried out in order to verify the presence of CD21+ networks centrally within the GC in the tissue and ensure accurate S3 patient stratification with regard to the Inflammatory severity index. The rest of the antibodies were included in the staining analysis to assess the percentages of each immune cell population within the focal infiltrates of MSG tissue. Focal infiltrates with minimum 50 mononuclear cells located periductally or perivascularly, in close proximity to normal parenchyma and not adjacent to acinar atrophy, duct dilation, or fibrosis were included to avoid bias in the analysis, as is in line with the revised recommendations of Fisher et al. from 2016 (21). Cells were identified as positive based on typical morphology and at least 50% of the cell membrane, cytoplasm, or nucleus stained positively. Independent cell counting was performed manually by two investigators (TKB, KS) to control for the inter-observer variability. Positive cells located in five manually annotated focal infiltrates were counted using the Counter Tool on a ×40-objective magnification for each MSG. However, in MSG possessing <5 focal infiltrates the positively stained cell populations in all infiltrates present were examined. To further minimize discrepancies, the same focal infiltrates were investigated for every staining performed in each pSS patient, whenever feasible (Supplementary Table 2). To exclude differences attributable to the severity of lesions, counting was expressed as the number of positive cells/total number of infiltrating mononuclear cells for each focal infiltrate, and the percentage of each immune cell population was deduced (Table 2).


Table 2 | Composition of key immune cells in the focal infiltrates of patients included in the immunohistochemical analysis, expressed as the mean/median percentage of total infiltrating mononuclear cells.






Statistical Analysis

For the statistical analysis and comparison between groups, Chi-square and Fisher’s Exact Tests were applied primarily. Differences in means were investigated with Student’s T test and the accuracy of the results were presented using standard error mean (SEM). Continuous variables were explored using Shapiro–Wilk test and considered normally distributed at p >0.05. Mann–Whitney U test was carried out for non-parametric data and Pearson correlation test was used to determine the strength and direction of the linear regression. A p-value <0.05 was considered statistically significant. Analyses were performed using the IBM SPSS Statistics v. 20.0.0 software and statistical figures were generated using Prism 9 (GraphPad).




Results


Inflammatory Disease Severity in the MSG of pSS Patients Influence Adipose Tissue Replacement, Hyposalivation, and Autoantibodies

In this study, atrophic and adipose regions (Figure 1) were assessed in all control subjects, and in patients who were classified based on the glandular inflammation grade and upon the confirmation of GC (Figure 2) into the S1 (n = 44), S2 (n = 24) and S3 (n = 17). The mean glandular atrophy appeared consistent across all inflammatory severity stages, and between pSS patients compared to non-SS controls. Adipose tissue within the glandular parenchyma was 3.2% higher in MSG of patients compared to non-SS controls, although not significantly, and indicated a decreasing trend with greater inflammatory severity. Moreover, the mean age of diagnosis was 52.4 (± 1.22) for the pSS patients and 54.7 (± 1.41) for the non-SS sicca subjects, whereupon a positive correlation between the age and parenchymal adipose infiltration in both the patient (r = 0.458, p <0.0001) and non-SS sicca controls biopsies (r = 0.515, p <0.0001) was discovered. Conversely, age could not be associated with atrophy within the pSS patients, nor non-SS control biopsies. Furthermore, no association was observed between levels of atrophy and adipose infiltration in the MSG of the two groups. However, when the Chi-square test was applied to determine a relationship between mild and marked levels, it revealed that non-SS subjects with mild atrophy in their MSG exhibited mild adipose infiltration, while non-SS individuals with marked atrophy also displayed enhanced adipose deposition (p <0.01). The reciprocal pattern was not identified in the pSS patients.




Figure 2 | A CD21+ network of follicular DCs in GC in a MSG of a patient with pSS. Staining with CD21 antibody performed in all biopsies to identify a characteristic fDC-network formed in the light zone of GC. Image (B) is a magnification of (A). Scale bar = 0.5 mm.



The mean lacrimal flow of both eyes in the patients was measured and inversely correlated with their age (r = −0.268, p <0.05) and their focus score (r = −0.240, p <0.05). The percentage of patients with a positive Schirmer’s test increased with higher disease severity, where the incidence of patients with a positive test almost doubled in S3 compared to S1. Additionally, hyposalivation (≤1.50 ml/15 min) was considerably more common in S3 patients relative to those in the S2 group (p <0.05). Of note, patients in S2 measured a higher mean salivary flow relative to S1 and S3 patients combined (p <0.05).

Relatively to S1, a significantly higher prevalence of patients in S3 were seropositive for anti-Ro/SSA (p <0.05) and RF (p <0.05), and the percentage of patients with the respective autoantibodies increased with higher inflammatory disease severity. Meanwhile, anti-La/SSB positivity was less common in S1 compared to both S2 (p <0.01) and S3 (p <0.05) (Table 1). No correlations were observed between the aforementioned clinical parameters and the immunological patterns examined below (data not shown).



Lower Numbers of T Cell Subsets Detected in the Target Organ of pSS Patients Reflecting High Inflammatory Disease Severity

Immunohistochemistry was performed to quantify immune cells in the MSG of patients in the severity stages S1 (n = 11), S2 (n = 9), and S3 (n = 10). Three sub-populations of T cells (CD4+ Th cells, CD8+ Tc cells, and FoxP3+ Tregs) were investigated. CD4+ Th cells were prominent in all patients from each stage and especially numerous in focal infiltrates of the S1 group (Figures 3A–F). A substantial difference in the number of positive cells was observed between S1 and S2, where the mean value of counted cells was 10% higher in S1 patients compared to S2 (p <0.01). The number of CD4+ Th cells increased from S2 to S3, although not significantly (Figure 3G). Meanwhile, CD8+ Tc cells were found mostly in the focal infiltrates but were less densely packed, and in some patients these cells were frequently observed within the excretory ducts close to the infiltrates (Figures 4A–F). The CD8+ cells constituted approximately 20% of the lymphocytic foci in all severity stages, and there appeared to be a slight decrease with higher inflammatory severity (Figure 4G). Moreover, the FoxP3+ Tregs were scarce or absent in the majority of MSG (Figures 5A–F), yet the incidence of the cells was found to follow a similar trend as that of the CD4+ Th cells, with the highest mean percentage of cells detected in S1 and the lowest number observed in S2 patients (Figure 5G).




Figure 3 | Immunohistochemical detection and quantification of CD4+ Th cells in the MSG of pSS patients. CD4+ Th cells were most frequently observed in the focal infiltrates of MSG across all inflammatory severity stages (A–F) and dropped significantly in S2 compared to S1 (p = 0.009), in addition to S2 compared to S1 and S3 combined (p = 0.011) as determined by Student's T test (G). Immunohistochemical staining displaying the distribution of a specific immune cell in three representative examples of focal infiltrates in the MSG as classified into the respective inflammatory severity stages; S1 (A, B), S2 (C, D), and S3 (E, F). Image (B) is a magnification of (A), image (D) is a magnification of (C), image (F) is a magnification of (E). Scale bar = 0.5 mm. Bars (G) indicate the mean percentage of cell-type number/total infiltrating mononuclear cells in each stage and error bars represent ± SEM. Statistical significance is notated: * = p < 0.05, ** = p ≤ 0.01. The Student's T test was applied.






Figure 4 | Visualization of CD8+ Tc cells in the MSG of pSS patients. CD8+ cells were observed in both periductal foci and within the epithelial lining of salivary ducts, where such ducts mostly appeared to be non-dilated (A–F). Interestingly, the incidence of CD8+ cells fluctuated largely between patients regardless of lesion severity (G). Immunohistochemical staining displaying the distribution of a specific immune cell in three representative examples of focal infiltrates in the MSG as classified into the respective inflammatory severity stages; S1 (A, B), S2 (C, D), and S3 (E, F). Image (B) is a magnification of (A), image (D) is a magnification of (C), image (F) is a magnification of (E). Scale bar = 0.5 mm. Bars (G) indicate the mean percentage of cell-type number/total infiltrating mononuclear cells in each stage and error bars represent ± SEM. The Student's T test was applied.






Figure 5 | Identification of FoxP3+ cells in the MSG of patients with pSS. Here, some of the detected FoxP3+ Tregs are indicated by arrows (A–F). FoxP3+ cells were scarce or absent in the patients, particularly in the S2 group. Although the alternations in FoxP3+ cell-incidence in accord with inflammatory disease severity resembled that of CD4+ Th cells, no significant differences were noted for this subpopulation (G). Immunohistochemical staining displaying the distribution of a specific immune cell in three representative examples of focal infiltrates in the MSG as classified into the respective inflammatory severity stages; S1 (A, B), S2 (C, D), and S3 (E, F). Image (B) is a magnification of (A), image (D) is a magnification of (C), image (F) is a magnification of (E). Scale bar = 0.5 mm. Bars (G) indicate the mean percentage of cell-type number/total infiltrating mononuclear cells in each stage and error bars represent ± SEM. The Student's T test was applied.





Increased Infiltration of APCs at the Site of Inflammation in pSS Patients With Higher Inflammatory Disease Severity

Overall, the CD74+ expressing APCs represented the most abundant cell population in the focal infiltrates (Figures 6A–F) and increased in parallel with greater inflammatory disease severity, where S3 patients displayed a mean amount of approximately 40% positive cells (Figure 6G). Additionally, CD68+ macrophages were mostly found to be scattered and localized either interstitially or on the periphery of the infiltrates at the site of inflammation. Focal infiltrates were more enriched with this subgroup of APCs as compared to the GC (Figures 7A–F). This observation fits well with the small change in incidence of CD68+ macrophages discovered with respect to increasing inflammatory severity, as the highest occurrence rate was encountered in S1 and the smallest was seen in the S3 group (Figure 7G). Nevertheless, the total number of APCs occupying the infiltrates, with macrophages included, was highly elevated in S3 patients.




Figure 6 | Distribution of CD74+ cells in the MSG of patients with pSS. CD74+ APCs were found to predominantly accumulate within the inflammatory lesions (A–F), and steadily increased in parallel with higher lesion severity (G). Immunohistochemical staining displaying the distribution of a specific immune cell in three representative examples of focal infiltrates in the MSG as classified into the respective inflammatory severity stages; S1 (A, B), S2 (C, D), and S3 (E, F). Image (B) is a magnification of (A), image (D) is a magnification of (C), image (F) is a magnification of (E). Scale bar = 0.5 mm. Bars (G) indicate the mean percentage of cell-type number/total infiltrating mononuclear cells in each stage and error bars represent ± SEM. The Student's T test and Mann–Whitney U test were applied.






Figure 7 | Presence of CD68+ cells in the MSG of patients with pSS. The black arrows indicate detected CD68+ macrophages. The cells appeared co-localized and morphologically larger inside the heavier focal infiltrates of S3 patients (A–F), yet the highest percentage of cells was detected in S1 lesions. Immunohistochemical staining displaying the distribution of a specific immune cell in three representative examples of focal infiltrates in the MSG as classified into the respective inflammatory severity stages; S1 (A, B), S2 (C, D), and S3 (E, F). Image (B) is a magnification of (A), image (D) is a magnification of (C), image (F) is a magnification of (E). Scale bar = 0.5 mm. Bars (G) indicate the mean percentage of cell-type number/total infiltrating mononuclear cells in each stage and error bars represent ± SEM. The Mann–Whitney U test was applied.





Accumulation of CD20+ B Cells in MSGs of pSS Patients Displaying High Inflammatory Disease Severity and a Decline in CD138+ Plasma Cells

The CD20+ B cells heavily infiltrated the focal infiltrates of patients with GC, while the CD138+ plasma cells appeared to be rather condensed into clusters interstitially. Both cell types were commonly located in various regions of adipose deposition (Figures 8A–F). Strikingly, the CD20+ B cells exhibited the greatest variation in number amongst the three severity stages and were significantly up-regulated in MSG of S3 patients as compared to S1 (p <0.01), S2 (p <0.01) and both groups combined (p <0.01) (Figures 8G). On the other hand, the frequency of CD138+ plasma cells remained relatively consistent in both S1 and S2, yet diminished in S3, thereby giving rise to a considerable difference when comparing S3 with the S1 and S2 groups collectively (p <0.01) (Figure 8H).




Figure 8 | Distribution of CD20+ B cells and CD138+ plasma cells in the MSG of pSS patients. CD20+ B cells (magenta) were mostly observed in large numbers within large focal infiltrates and GC, in contrast to CD138+ plasma cells (brown) which were localized throughout the glandular tissue. However, the double staining revealed that both cell-types were commonly found adjacent to adipocytes (A–F), unlike the other mononuclear cells in this study. CD20+ B cells significantly increased from S1 to S3 (p = 0.004) as tested by the Student's T test, from S2 to S3 (p = 0.004) as tested by the Mann–Whitney U test and were elevated in S3 compared to S1 and S2 combined (p < 0.001) as tested by the Student's T test. On the other hand, a higher incidence of CD138+ plasma cells in S1 and S2 lesions together was discovered compared to S3 using the Mann–Whitney U test (p = 0.028). Immunohistochemical staining displaying the distribution of a specific immune cell in three representative examples of focal infiltrates in the MSG as classified into the respective inflammatory severity stages; S1 (A, B), S2 (C, D), and S3 (E, F). Image (B) is a magnification of (A), image (D) is a magnification of (C), image (F) is a magnification of (E). Scale bar = 0.5 mm. Bars (G, H) indicate the mean percentage of cell-type number/total infiltrating mononuclear cells in each stage and error bars represent ± SEM. Statistical significance is notated: * = p < 0.05, ** = p ≤0.01. The Student's T test and Mann–Whitney U test were applied.






Discussion and Conclusion

The histopathology of salivary glands in pSS is of particular interest as several clinical, biological, and immunological aberrations have been directly attributed to changes that occur in the patients’ glandular tissue (3, 4, 22, 23). At the same time, only a few published studies have concerned the extent of atrophy and adipose tissue in the disease target organ, although both features represent important degenerative changes where functional acinar cells are damaged or replaced (8). To the best of our knowledge, we are the first to present data that mild and marked atrophy levels in the salivary gland parenchyma of non-SS sicca controls significantly coincided with the respective levels of adipose infiltration, and that a similar parallel could not be drawn in the pSS patients (p <0.01). Common to both groups was a positive correlation between the age of diagnosis and adipose accumulation in the salivary glands, as has been demonstrated in patients previously (11, 24). On the other hand, adipocytes have been reported to localize inside favourable microenvironments, including interleukin (IL)-6 and IL-17 rich milieus that associate with the glandular inflammatory activity in pSS (14, 25). Additionally, the release of adiponectin by salivary gland epithelial cells could be in favour of the infiltrating adipocytes (26). Therefore, multiple biological and pathological mechanisms may collectively support the proliferation or presence of these cells within the salivary glands, also considering that a slightly higher mean adipose accumulation was detected in pSS patients as compared to non-SS individuals.

In this study, pSS patients with GC generally experienced reduced mean salivary flow (4, 27), meanwhile, it appears that salivary secretion largely but not consistently correlated with the FS (27). Here, we demonstrated a significantly reduced salivary flow in patients with mild and severe lesions collectively, compared to patients with moderate lesions. As expected, seropositivity to ANA, anti-Ro/SSA, and RF were significantly more common in the S3 group of patients (3, 4). Interestingly, the difference in detected anti-La/SSB between patients with moderate lesions and severe lesions was insignificantly small (Table 1).

Inflammation grade has been reported to influence the shift of infiltrating immune cell populations within the MSG, however, the changes are not extensively described and there appears to be a lack of consistency in the available data. This could be explained by methodological variations ascribed to evaluating the cell occurrence (e.g., cells per randomly selected tissue-area, number of cells in infiltrates), the grading system for inflammation (e.g., focus score, Tarpley score, Chisholm score), and the patient stratification (e.g., based on different histological or clinical features). In the current study, the stained immune cells were quantified within the focal infiltrates, which are hallmark features in the pSS biopsies that can be used to describe inflammatory disease severity and should follow certain criteria with respect to the infiltrate’s cellular quantity and its surrounding tissue, in agreement with the recommendations by Fisher et al. (21). To allow for a broader understanding of the early biological changes that contribute to disease initiation, pSS patients with FS 0 and FS <1 were enrolled, as has been recommended in previous studies (1, 28). Since several reports have emphasized differences in disease activity status and cytokine profiles between GC+ and GC− pSS patients, they were separated by using the CD21 marker in addition to the H&E evaluation for detection of follicular dendritic cell networks present within the ectopic GC structures (19, 29).

The focal infiltrates were found to mainly comprise CD74+ cells, CD4+, and CD20+ cells. The CD20+ cells clearly outnumbered the other CD74-expressing APCs; DCs, B cells, and macrophages. The anti-human CD74 recognizes the MHC class II invariant chain which is crucial for the formation, transportation, and function of the MHC class II molecule following antigen-binding. Additionally, the CD74 pathway plays a crucial role in B cell survival and has been described as complementary to that of the B cell receptor (BCR) and the B cell activating factor receptor (BAFFR) (30). Interestingly, CD20+ B cells comprised approximately half of the CD74+ APCs localized within the mild and moderate inflammatory lesions, respectively, and accounted for the vast majority of CD74+ APCs in the severe lesions. Moreover, the number of these B cells was further increased in severe lesions.

Besides recognizing antigens presented by APCs through the class II MHC molecules, CD4+ Th cells express the CD74 ligand macrophage migration inhibitory factor (MIF) and are key players in promoting B cell survival signaling pathways, for example through the activation of nuclear factor-kappa-B (NF-κB) pathway, resulting in the transcription of anti-apoptotic genes in these cells (30). In line with previous reports, it was observed that CD4+ Th cells dominated over the CD8+ Tc cells, particularly at earlier timepoints of the inflammatory course (15, 28, 31). One of the most extensively studied CD4+ Th cells that gain access into the GC are the T follicular helper (Tfh) cells which are up-regulated in the salivary glands of pSS patients (32, 33), and have been directly linked to support differentiation of antigen-specific B cells into memory B cells and plasma cells at these sites (34). In the present study, CD4+ Th cells were found to largely accumulate in S3 patients comparatively to patients with a higher focus score and absence of GC. However, as a significant difference was not detected, further exploration to uncover the suggested shift in the CD4+ Th cell subpopulations could provide a better understanding of the development of these intricate structures in the target tissue.

In contrast to the B cells from which they differentiate, CD138+ plasma cells in the focal infiltrates significantly declined in the MSG of S3 patients. According to a study from 2011 by our group where MSG biopsies from pSS patients were classified into FS = 1 and FS ≥2 irrespective of GC, there was an insignificant difference in detected CD138+ plasma cells in the focal infiltrates between the two groups, meanwhile, a significant increase in interstitial CD138+ plasma cells of biopsies with FS ≥2 was reported when compared to the other FS = 1 group (20). In this context, the plasma cells could possibly be elevated in the MSG of S3 patients but rather accumulate interstitially and form clusters or “infiltrates” of their own. This is further supported by the GC and over-expressed plasma cell survival factors, including CXCL12 and IL-6, which are released by epithelial cells, mononuclear cells, and adipocytes in the salivary glands of pSS patients (14, 20). Arguably, this may to some extent justify the preferred localization of plasma cells adjacent to adipocytes in the interstitium as demonstrated in the current study (Figures 8A–F), and in accordance with previous reports (14, 20). Nevertheless, further data is required to elucidate this concept.

Meanwhile, CD68+ macrophages and FoxP3+ Tregs constituted the least common of all cell types investigated within the focal infiltrates. As might be anticipated given that both cells express the CD4 co-receptor, the percentages of both CD68+ macrophages and FoxP3+ Tregs detected within the focal infiltrates appeared to fluctuate insignificantly over the course of the inflammatory progression in a relatively similar fashion to CD4+ Th cells. Although the highest incidence of CD68+ macrophages were immunolocalized in the severe lesions (35), the detected rise in cells associated with the mild lesions could indicate an active role in orchestrating tissue injury as part of the initial, innate immune response which could, in turn, possibly be linked to the following increase in atrophy in the S2 group (Table 1). Similar to the CD68+ macrophages, the FoxP3+ cells were reduced in the moderate lesions, although differences were insignificant. On the other hand, these cells have been found to increase with higher salivary gland infiltration grade (36). Interestingly, we did identify the highest cell incidence in the S1 patients’ mild inflammatory lesions, probably reflecting the immune system’s attempt to efficiently control local immune responses in these patients following disease progression.

In summary, our findings provide novel insights into the pSS disease pathogenesis, specifically by investigating the significance of the salivary gland degradation which is usually coupled with adipose tissue occurrence and immune cell alternations in the focal infiltrates, and how they associate with clinical outcomes. This could add valuable knowledge to the current understanding of the disease pathogenesis and be directly transferred to the optimization of available diagnostic strategies applied for pSS patients in distinct inflammatory disease severity stages. Further assessments of atrophy and adipose tissue in the context of immunopathological cell aberrations in the salivary glands should be encouraged, for example by imaging modalities and cytometry platforms.
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Common variable immunodeficiency disorders (CVID) are a group of rare diseases of the immune system and the most common symptomatic primary antibody deficiency in adults. The “variable” aspect of CVID refers to the approximately half of the patients who develop non-infective complications, mainly autoimmune features, in particular organ specific autoimmune diseases including thyroiditis, and cytopenias. Among these associated conditions, the incidence of lymphoma, including mucosal associated lymphoid tissue (MALT) type, is increased. Although these associated autoimmune disorders in CVID are generally attributed to Systemic Lupus Erythematosus (SLE), we propose that Sjogren’s syndrome (SS) is perhaps a better candidate for the associated disease. SS is an autoimmune disorder characterized by the lymphocytic infiltrates of lacrimal and salivary glands, leading to dryness of the eyes and mouth. Thus, it is a lymphocyte aggressive disorder, in contrast to SLE where pathology is generally attributed to auto-antibody and complement activation. Although systemic lupus erythematosus (SLE) shares these features with SS, a much higher frequency of MALT lymphoma distinguishes SS from SLE. Also, the higher frequency of germ line encoded paraproteins such as the monoclonal rheumatoid factor found in SS patients would be more consistent with the failure of B-cell VDJ switching found in CVID; and in contrast to the hypermutation that characterizes SLE autoantibodies. Thus, we suggest that SS may fit as a better “autoimmune” association with CVID. Examining the common underlying biologic mechanisms that promote lymphoid infiltration by dysregulated lymphocytes and lymphoma in CVID may provide new avenues for treatment in both the diseases. Since the diagnosis of SLE or rheumatoid arthritis is usually based on specific autoantibodies, the associated autoimmune features of CVID patients may not be recognized in the absence of autoantibodies.
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Introduction

Common variable immunodeficiency disorders (CVID) are a group of rare diseases of the immune system and the most common symptomatic primary antibody deficiency in adults. They comprise a group of disorders with similar antibody deficiency but a myriad of different aetiologies, most of which remain poorly understood (1–8). CVID are sometimes complicated with autoimmune features (9–11). Several biological mechanisms have been recently implicated in the development of these complications, including the decrease in the number of circulating switched memory B cells, CD21low B cell expansion, interferon (IFN) signature and B-Cell Activating Factor (BAFF) hyper-expression, and they will be addressed in the subsequent paragraphs of this review. All of these mechanisms prevent the emergence of somatic mutation among the autoantibodies in CVID patients. Thus, CVID provides an opportunity to understand processes such as neutropenia, thrombocytopenia, and lymphoproliferation in the absence of the affinity selected autoantibodies that we normally invoke as pathogenetic mechanisms.

It is worth recalling the original studies by Kunkel et al. (12) pointed out that germ line genes (encoding both heavy and light chains) were found as autoantibodies in patients with Waldenstrom’s macroglobulinemia that had not undergone significant affinity selected maturation and recombination. For example, the germ line encoded antibodies with mixed cryoglobulin or cold agglutinin activity were sequenced and found to have a limited repertoire that was defined as conserved “idiotypes” and later found to have sequence due to germ line encoded heavy and light chains. Of interest, similar limited expression of light chains was found in the rheumatoid factor (RF) of Sjögren’s syndrome (SS) patients (i.e., the 17-109 idiotype) but not in the highly variable light chains of RF in Systemic Lupus Erythematosus (SLE) patients (13). Further, the B-cell lymphomas of SS show a marked limitation of their surface immunoglobulin heavy and light chains (14). In contrast, autoantibodies with extensive somatic diversification mechanisms are the hallmark of SLE and these patients do not have the elevated frequency of B-cell Mucosa Associated Lymphoid Tissue (MALT) lymphomas (15).

In this review we look at the potential link between CVID and SS based on the high frequency of lymphoma in both groups. This contrasts with the most reviews that suggest SLE is the main “associated” systemic autoimmune disorder. This change of view is more than semantic and emphasizes that SS is a disorder of “aggressive” hyperactivated lymphocytes that infiltrate tissues in comparison to SLE that is characterized by its pathogenic antibodies that play a role through immune complexes and complement activation.



Clinical Features, Autoimmune Aspects and Heterogeneity of CVID

CVID represents the most frequent clinically expressed primary immunodeficiency (PID) in adults, accounting for more than 50% of cases of PIDs (1, 2). Worldwide geographic differences in prevalence are the consequence of discrepancies in diagnostic methods, disease awareness and data registration (3).

The term CVID was firstly coined in 1971 by the World Health Organization to express a diagnosis of exclusion from other antibody deficiency syndromes with more specific clinical and inheritance patterns (4). Since then, CVID diagnostic criteria have been revised many times (1, 5–7), matching the evolution in the clinical, immunological and genetic knowledge on the disease (7, 8).

In 2008, Chapel et al. firstly categorized CVID complications, identifying five distinct phenotypes: no complications, autoimmunity, polyclonal lymphocytic infiltration, enteropathy and lymphoid malignancy (9). Subsequently, other studies attested the classification of CVID based on the presence of complications, and the concomitance of certain features, as autoimmunity, lymphocytic interstitial lung disease and lymphoid hyperplasia, was noted (10, 11).

More recently, the 2016 International Consensus document on CVID supported further analysis on the associations between genetics, clinical presentation, disease severity and immunotype, allowing the distinction into “infection-predominant”, “inflammatory predominant” and “autoimmunity predominant” entities (1).

The latest European society of Immune Deficiency (ESID) (2019) diagnostic criteria include autoimmune and inflammatory conditions as primary clinical presentations, in addition to laboratory abnormalities (8).

In fact, it has emerged that at least 30% of patients show additional non-infectious conditions, as autoimmune, autoinflammatory, granulomatous, lymphoproliferative and/or malignant complications, especially in patients with low fraction of isotype switched memory B cells (1, 6, 11, 16).

Autoimmune diseases can be observed before CVID diagnosis in up to 17.4% of patients and as the only clinical manifestation at the time of diagnosis of CVID in 2.3% of patients (17).

Autoimmune and autoinflammatory conditions reported in CVID are summarized in Table 1.


Table 1 | Autoimmune and autoinflammatory conditions reported in CVID.



Systemic autoimmune diseases, properly rheumatic diseases, were found in 5.9% of all cases in a cohort of 870 CVID patients analyzed from the USIDNET registry, accounting for almost 40% of the detected global autoimmune manifestations. One third of patients with CVID-associated rheumatologic disorders had an additional inflammatory complication or malignancy (18). Among CVID patients affected by rheumatologic conditions, a female predominance has been noted, while inflammatory arthritis has been reported as the most frequent rheumatological manifestation (3%), followed by SS (11/870 in USIDNET registry), SLE, vasculitis and Behçet’s disease and others (18–20).

Importantly, in CVID patients, the overall risk of lymphoid malignancies [e.g. extra-nodal B cell non-Hodgkin lymphoma (NHL)] ranges between 2 and 10% (11, 20), while the risk of gastric cancer was reported as 10-fold increased (21).



CVID and Autoimmunity

The pathogenesis of autoimmune complications in CVID is poorly understood, as well, and is counterintuitive because these patients are defined by their inability to make antibodies yet still mount autoimmune reactions. Some general assumptions may support this paradox:

	a) the co-existence of hypo- and hyper-immune states in the same individual at the same point in time is not implausible given the complexity of the immune system;

	b) both T and B cells abnormalities may contribute to the development of autoimmunity in CVID patients;

	c) increased autoreactive B cells and reduced T regulatory cells may be involved in the pathogenesis of autoimmunity in CVID.



Studies on B and T cell immune dysregulation found many possible responsible factors for autoimmunity appearance, such as the expansion of CD21low/- B cells and related reduction of T regulatory cells (22); the reduction of switched memory B cells (23, 24); the low levels of naïve CD8+ (25) and CD4+ (22, 25, 26) T cells and the elevated T helper 1 and IFN gamma signature (27), related to the increase in T helper 1 and follicular T CD4+ cells (28, 29). Conflicting evidence emerged on the role of BAFF and IL-7 (10, 30–32).


Challenge of Identifying SS in CVID

Even if autoimmune clinical manifestations reported in CVID mostly resemble SLE (autoimmune cytopenias in particular), we suggest that SS may fit as a better “autoimmune” association.

SS diagnosis is not as simple as you’d think. One recent study from academic institutions with expertise in SS has shown that almost 50% of patients diagnosed as SLE with dry eye symptoms actually had SS when the patients were re-examined for the presence of anti-SSA antibody and other clinical features of SS (33). Moreover, after the patient is initially labelled as SLE, it is rare that the underlying diagnosis is re-examined. As a result, SS patients with extraglandular manifestations, that might benefit from new trials of therapy, could be never considered.

Moreover, patients affected by CVID might show SS typical manifestations even in the absence of SS related autoantibodies, determining a condition resembling seronegative SS. These clinical manifestations include both glandular (e.g. sicca symptoms) and extraglandular manifestations (e.g. constitutional manifestations, interstitial lung disease, tubular nephritis, haemolytic anemia, thrombocytopenia) (34). Thus, patients with CVID should be investigated more thoroughly for SS-related symptoms and studied in depth with functional, instrumental and histopathological tests (e.g. minor salivary gland biopsy) in addiction to laboratory parameters.



SS-Like Features in CVID Patients Who Lack Autoantibody to SS-A

The characteristic pathologic picture in both glandular and extraglandular manifestations of SS is the “aggressive” lymphocyte that infiltrates tissues. This may be reflected in the “focus score” that counts clusters of lymphocytes in a minor salivary gland biopsy, the analogous infiltrates of the lacrimal glands, the lymphocytic clusters in the lung in lymphocytic interstitial pneumonitis (LIP) or the markedly increased frequency of lymphoma.

Although elegant models have shown that SS-A is a chaperone molecule to both single and double stranded viral nucleotides, it is the resistance of SS-A to breakdown in the apoptotic bleb that makes it an attractive candidate for perpetuating the autoimmune cycle. The binding to antibody to SS-A (whose production is closely linked to HLA-DR3) provides a mechanism for Fc internalization of the SS-A/hYRNA complex with subsequent internalization and translocation to the toll-like receptor (TLR) (35). Yet, the finding of lymphoid infiltrates and lymphoma and CVID indicate that there is more to the story.

In fact, since CVID patients lack detectable circulating autoantibodies including anti-SS-A estimation of the role of SS pathogenetic factors in CVID is likely to be grossly underestimated. For example, it has been shown that activation of TLR receptors by viral and bacterial nucleic acids plays a role in CVID by promoting IFN alpha pathway rather than TNF alpha upon stimulation (36). Also, non-coding small RNAs are important (37). Other common factors such as T-follicular type and T-helper type phenotype and B-cells expressing low levels of cellular surface CD as well as reciprocal decrease in regulatory T-cells and isotype switched memory B cells will be reviewed below.

Thus, the lesson for rheumatologists from CVID is that we have considered the cardinal feature of SS as SS-A antigen and antibody that targets. However, also in the absence of antibody to SS-A we see the lymphocyte aggressive features that characterize its dysautonomic features (dry eyes, dry mouth, dry skin, interstitial pneumonitis, interstitial nephritis, and increased frequency of lymphoma).




Relevant Clues From the Genetics of CVID

While CVID is mainly a polygenic and multifactorial disease, recent technical advances in next generation sequencing (NSG) allowed to discover a monogenic cause in up to 15-30% of cases (38, 39). Thirteen monogenic mutations associated with CVID are listed on the Online Mendelian Inheritance in Man (OMIM) database. Among them, some are specifically associated with autoimmunity, and are listed in Table 2.


Table 2 | Mutations associated with CVID and autoimmunity.



TACI may be involved in the central B cell tolerance and that reduced function results in the loss of tolerance and resultant autoimmunity (40).

ICOS and NF-κB deficiencies lead to CVID-like immunodeficiency syndromes and autoimmunity (37–39). Interestingly, dysregulation of NF-kB in glandular epithelial cells results in SS-like features (41), as well as expression of NF-κB at both the mRNA and protein level was up-regulated in SS-lymphoma-BAFF-RHis159Tyr-derived B cells, linking the innate to the adaptive immunity upregulation and lymphoma in SS (42).

STAT3 is thought to lead to autoimmunity by promoting the activation and expansion of autoimmunity-associated TH17 cells, a subtype of T cell deeply involved in the early mechanisms of autoimmunity (43–45).

LRBA and CTLA-4 are inhibitors of T cell, and their deficiencies cause excessive T cell activation and breakdown of immune tolerance, resulting in autoimmunity, as emerged even under checkpoint inhibitor therapy, namely ipilimumab (46–48).

Activated PI3Kδ syndrome (APDS) is characterized by impaired T- and B-cell development and (APDS) function, autoimmunity, and lymphoproliferation (49).



Common Features Between CVID and Sjögren’s Syndrome


Lymphoproliferation

Both CVID and primary SS are strongly related to lymphoproliferation and lymphoma, in particular B cell NHL and MALT-type lymphoma.


CVID and Lymphoproliferation

Data collected from 1091 CVID patients, showed that CVID patients with a lymphoproliferative pattern have a 2.5-fold increased risk of developing lymphoma. The most common forms of benign lymphoid hyperplasia in CVID are splenomegaly and lymphadenopathy, but lymphoid hyperplasia and polyclonal lymphoproliferative infiltrations frequently affect other organs and tissues such as lungs and gastrointestinal. The lung represents the prevalent extranodal site for lymphoproliferative disorders, which include follicular bronchiolitis, lymphoid interstitial pneumonia, and pulmonary nodular lymphoid hyperplasia (50). Chapel et al. confirmed polyclonal lymphoid infiltrate as a predictor of lymphoma in CVID, which increased by 5 times the risk of developing lymphoma (9). The main histotypes of lymphoma in CVID are represented by mature B-cell malignancies followed by Hodgkin’s lymphoma and rarely by MALT-type lymphomas (51–53).

The presence of a 2-step transformation mechanism is hypothesized, as in non-Hodgkin’s lymphoma (9). A benign lymphoproliferation is deeply linked to the immune dysregulation intrinsic to CVID patients, as observed in other primitive immunodeficiencies such as CTLA-4 haploinsufficiency and STAT 3 gain of function mutations and as do autoimmune diseases such as primary SS (43, 46, 54). In CVID, mutation of TACI, reduction of isotype-switched memory B cells, expansion of CD21low/- B cells, expression of an IFN signature, expansion of inflammatory innate lymphoid cells and retained B cell function are all linked with development of autoimmunity and lymphoproliferation (19).



SS and Lymphoproliferation

B-cell clonal expansion is a key feature of SS and progression to B-cell lymphoma occurs in about 5% of patients. The progression from polyclonal, to benign clonal lymphoproliferation, to overt lymphoma in SS is one of the few human models in which one can study B-cell lymphomagenesis and its link to immune dysregulation (55).

The pathological hallmark of SS is MALT arising in chronically inflamed tissues, mainly in salivary glands, where inflammation, autoimmunity and lymphoproliferation coexist, creating a complex biological and immunological substratum that fuels autoreactive B lymphocytes persistence and promotes their proliferation, towards a clonal selection and a possible lymphoma development (54, 56).

In SS the prevalent histological type of lymphoma is marginal zone and particularly MALT lymphoma of the salivary glands but other histotypes are described and lung is one of the prevalent organ targets of lymphoproliferation besides exocrine glands (57).

In primary SS, splenomegaly and lymphadenopathy also represent well established lymphoma risk factors, in addition to salivary gland swelling (58, 59). Moreover, in primary SS patients the typical histopathological feature of ILD is LIP (60, 61). Both lung and stomach are other sites of lymphoma development in primary SS, other than salivary and lacrimal glands (58, 59).




BAFF Hyperexpression


CVID and BAFF Hyperexpression

Knight et al. demonstrated high serum levels of BAFF, APRIL and TACI in CVID patients, however, they didn’t find a correlation with immunological or clinical phenotypes (30).

Similarly, Kreuzaler et al. showed increased BAFF serum concentration in CVID patients, without a clear correlation with clinical parameters, immunodeficiency-related inflammatory disease and B cell subsets (62).

On the contrary, Maglione et al. showed that ILD progression in CVID correlates with increased levels of IgM, particularly with the production of IgM within B cell follicles in lung parenchyma; the main stimulator of pulmonary B cell hyperplasia seems to be BAFF, which was increased both in the blood and in the lung of CVID-ILD patients (63).



SS and BAFF Hyperexpression

Among the systemic autoimmune diseases, SS showed the highest serum levels of BAFF (64–69). In mice model, the overexpression of BAFF in mice leads to hyperplasia, autoimmunity, hyperglobulinemia and splenomegaly, while the normal expression of BAFF allows B cell survival and maturation (70). In BAFF transgenic mice there’s an excessive survival signal to autoreactive B lymphocytes, probably linked to a dysregulation of tolerance at the splenic level, where they observed an enlargement of marginal zone B-cell subset. B cells with an Marginal Zone (MZ)-like phenotype infiltrate the salivary glands of BAFF transgenic mice. Parallelly, unbalanced BAFF production in the lymphoid infiltrates of the salivary glands of primary SS patients promote recruitment of a specific and potentially pathogenic subpopulation of B cells (71). Epithelial cells also produce BAFF, thus supporting the hypothesis of the crucial role of BAFF in the pathogenesis of primary SS, by an immune dysregulation through an autocrine pattern of self-stimulation (72). High levels of BAFF were correlated with the specific autoantibodies of SS, anti-SSA/SSB, and BAFF was also found mainly in local lymphoid and inflammatory microenvironments (73). In addition, BAFF upregulation correlates both with primary SS disease activity and B cell prelymphomatous and malignant lymphoproliferative disorders (74). Genetic mutations in BAFF-mediated pathway may significantly contribute to this risk of malignant evolution (42). The efficacy of belimumab, a human monoclonal antibody targeting soluble BAFF, approved for the treatment of SLE, in a phase II clinical trial of primary SS strongly supported the pathogenic role of BAFF in this autoimmune disease (75, 76), and a phase III trials of belimumab in co-administration with rituximab in primary SS is ongoing (NCT02631538).



B Cell Abnormalities

Two B cell subpopulations have been shown to play a central role in both these entities: switched memory B cells and CD21low/- B cells. The formers are CD19+CD27+IgM-IgD- memory B cells which have undergone the isotypic switch; the latter are a peculiar B cell subset that under expresses CD21, a coreceptor of BCR, and at the same time expresses higher levels of IgM, CD11c, CD19 and CD95. CD21low/- B cells belong to a unique anergic B cell population which is polyclonal, pre-activated, enriched in autoreactive clones and can express highly autoreactive antibodies, including antinuclear antibody and RF (77, 78). The nature of this cell population was extensively studied also in the context of HCV related cryoglobulinemia; in both HCV related cryoglobulinemia and CVID, an anergic subset of CD21low/- B cells appears expanded and characterized by high constitutive expression of extracellular signal regulated kinase (pERK) (79–81). Moreover a BAFF hyperexpression and aberrant type I and II IFN response are thought to support CD21low/- B cell population, suggesting a profound interconnection between dysregulated innate and adaptative immunity (77, 82).



CVID and B-Cell Abnormalities

Since the early 2000s the role of switched memory B cells and CD21low/- B cells in CVID has been investigated. Warnatz et al. observed a significant decrease in class-switched B memory cells in CVID patients compared to healthy controls and identified a CVID subgroup, clinically characterized by splenomegaly and autoimmune disorders, with a high proportion of CD21low/- B cells. These findings suggested a correlation between low switched memory B cells, increased CD21low/- B cells and autoimmune and lymphoproliferative disorders in CVID (23, 83). In particular, the reduction of IgM-, IgD- CD27+ switched memory B cells represents the most common aberration in CVID, and it correlates with decrease in serum IgA and IgG levels. Sanchez Ramon et al. found that levels of switched memory B cells <0.55% had 3.3-fold higher risk to correlate with autoimmune disease (84). Many other studies confirmed these results (19, 77, 78, 85). Of note, in the large cohort of USIDNET register lower levels of switched B memory cells were observed in CVID-Rheum group (18).



SS and B-Cell Abnormalities

On the other hand, there is strong evidence of unbalance of B cell subpopulations also in SS. Many authors found that memory and switched memory B cells are reduced in primary SS compared to controls (86–88), and this unbalance appears to be related to disease duration and activity (88). Saadoun et al. found an increase of CD21low/- B cells in primary SS and in particular in primary SS with lymphoproliferative disorders, suggesting a key role of this B cell population in SS related lymphomagenesis (89, 90). As in CVID, they found that CD21low/- B cells are enriched in autoreactive clones and express highly autoreactive antibodies, such as RF, as a consequence of a chronic antigenic stimulation; this mechanism was preliminary linked to lymphoproliferation in primary SS and in HCV infection (91). The persistence of these cells can represent the initial reservoir for monoclonal expansion of a transformed clone and drive to B cell lymphoproliferation (90). Other papers support the correlation between the presence of B cell NHL in primary SS patients and the proportion of circulating CD21low/- B cells (92, 93).

Rituximab can efficiently target those subtype of B cells in CVID with autoimmune or nonmalignant lymphoproliferative manifestations, as well as other therapeutic approach aiming to specifically deplete CD21low/- B cells through an anti FcRL5 recombinant immunotoxin, originally employed in cryoglobulinemic vasculitis (94).




Interferon Signature

Type I and II IFNs are cytokines which play a central role in regulation of immunity and inflammation. Since their contribution in loss of immunotolerance, they were considered as potential therapeutic targets of drugs such as anifrolumab, an anti-type I IFN receptor monoclonal antibody [NCT 02446899], in SLE. Type II IFN (IFN gamma), instead, appears more significant in diseases characterized by a prominent lymphoproliferative component, such as primary SS (95).

This increased expression of canonical IFN stimulated genes in tissues and in circulating blood cells is defined IFN signature, which is one of the possible key items shared among primary SS and CVID with autoimmunity. In particular, an upregulated IFN signature expression distinguishes CVID patients with inflammatory complication, including autoimmunity and, at the same time, it is a hallmark of various systemic autoimmune diseases such as SLE, systemic sclerosis, myositis and primary SS (19, 96).


CVID and Interferon Signature

Regarding CVID, few papers have been published on the role of IFN signature (27, 97).

Subjects with CVID and inflammatory/autoimmune conditions displayed significantly over-expressed IFN-related transcriptional modules and pronounced downregulation of transcript related to the B cell, plasma cell and T cell modules as compared to CVID without these conditions or controls (27). Also, a significant expansion of circulating IFN gamma producing innate lymphoid cells (typically ILC3) in CVID patients with noninfectious complications compared to those without and identified these cells in the affected mucosal tissues of lung and gastrointestinal tract (97). Notably, these cells, that also correlate with inflammation and produce IL17, were detected in salivary glands of primary SS patients, although their role in this autoimmune disease is not known (98). Unger et al. demonstrated a Th1 skewed CD4 T-cell population that highly express IFN-gamma both in peripheral blood and in lymph-nodes. Notably, in the same study, IFN gamma immune environment is thought to participate in expansion of circulating CD21low/- B cells (29).



SS and Interferon Signature

On the contrary, the role of IFN signature in SS has been highlighted by many studies (99, 100). The presence of IFN-induced gene expression was demonstrated in salivary glands, peripheral blood mononuclear cells, isolated monocytes and B cells of primary SS patients and type I IFN signature was associated with higher disease activity and higher levels of autoantibodies (101–106). Type II IFN signature was also detected in salivary glands of primary SS patients (107). Two studies by Bodewes et al. confirmed the central role of overactivated innate immunity and IFN system in primary SS, particularly type II IFN (108, 109).

An aberrant activation of type I IFN response could drive autoantibody production, partly by direct activation of autoreactive B cells and partly by cytotoxic effect, accumulation of cellular debris and expression of autoantigen Ro52 (110, 111). Additionally, type I IFNs induce the expression of BAFF (109).

Interestingly, a prominent type I IFN signature was also associated with markers of B cell overactivity, such as anti-SSA antibodies, that can be attributed to type I IFN induced BAFF overproduction (106, 112). In the setting of lymphomagenesis both type I and II IFN transcript levels were considerably increased in minor salivary gland tissues from primary SS derived lymphoma, implying a direct role of these cytokines, and in particular IFN gamma, in this process (95).

Even if the main site of B cell hyperplasia and lymphoma development in CVID is the lung, also salivary glands can be involved in some cases (50–53, 113). Data suggest that IFN gamma could upregulate BAFF both in peripheral blood and in lung tissue, and locally BAFF could promote B cell survival and proliferation (63, 114).





Use of “Anti-Rheumatic Therapies” in CVID and SS

Whereas immunoglobulin replacement therapy and improved anti-microbial drugs have significantly ameliorated CVID patients survival by reducing infectious complications (16), patients with CVID affected by at least one non-infectious complication still have significant higher risk of mortality compared to the other CVID patients, since these clinical manifestations do not respond to the antibiotic and immunoglobulin replacement therapy alone (11, 20). Thus, it appears that noninfectious complications, especially gastrointestinal and pulmonary involvement, constitute the most difficult aspects of the CVID patient management (1, 20, 115–117).

Over the last 5-10 years, rituximab has been used in various non-infectious CVID complications, such as autoimmune cytopenias, granulomatous lymphocytic interstitial lung disease (GLILD) and non-malignant lymphoproliferative syndromes (118). Of note, rituximab and, more recently, belimumab, as B-cell targeted therapies, have been applied in primary SS, and they resulted effective in particular in patients with systemic features (75, 76, 119). Combination strategies with both drugs are currently under evaluation in primary SS and also in other autoimmune diseases (69).

Also, abatacept, a CTLA-4 immunoglobulin fusion protein, showed good results as a replacement therapy in patients affected by CTLA-4 and LRBA deficiency (47, 120). In addition, tocilizumab and inhibitors of Janus Kinases (JAKs) were successfully trialed in patients with STAT3 gain of function mutations, as its activation occurs downstream of both IL-6 and JAKs (43, 121).

Yet, both tocilizumab and abatacept were employed as possible new treatments of primary SS, and even JAKs inhibitors are under evaluation in primary SS (NCT04496960).

The multicenter double-blind randomized placebo-controlled trial with tocilizumab in primary SS did not improve systemic features over 24 weeks of treatment compared with placebo (122); however, tocilizumab might be effective in contrasting SS-related articular and pulmonary involvement, such as refractory organizing pneumonia (123); moreover, tocilizumab has been recently approved by FDA for pulmonary fibrosis in systemic sclerosis (124).

Two open studies have assessed abatacept in primary SS; the first demonstrated the reduction in glandular inflammation and an increase in saliva production (125), while the second one showed the decrease of ESSDAI, ESSPRI, RF, and IgG levels but salivary and glandular functions did not improved (126). Finally, the phase III trial failed to demonstrate any clinical benefit of abatacept in primary SS (127).

On the other hand, leniolisib (CDZ173), a potent and selective oral inhibitor of PI3Kdelta (128), has been successfully used in a series of patients with APDS, in which PI3Kdelta gain-of-function mutation results in lymphoproliferation of the MALT, T-cell senescence and immunodeficiency. Leniolisib normalized B cells in APDS, and improved lymphoproliferation (129). A phase II clinical trial [NCT02775916] assessing the safety, pharmacokinetics, and preliminary efficacy of leniolisib in SS has been completed in January 2021, and preliminary data were presented in 2018 (130).



Lessons From PID: Autoimmunity Is Not Just an Autoantibody!

First, SS may be probably underestimated in CVID, due to the absence of specific autoantibody, while specific symptoms may be unnoticed by specialists other than rheumatologists. On the other hand, patients with autoimmune diseases undergoing recurrent infections, or with peculiar features such as early onset or overlap syndrome should be evaluated for PID.

Second, the link between impaired B cell development, autoimmunity and lymphoma should be better elucidated based on the new growing knowledge in CVID.

Some CVID show B cell survival defects blocking the progression from transitional to naïve mature B cells, other CVID are characterized by class-switch recombination defects, impairing the evolution from follicular B cell to switched memory B cells, finally still other CVID display maturation defects into plasma cells (131). Nevertheless, the B cells in CVID are still able to produce autoantibodies, but they cannot isotype switch or affinity mature in response to new antigen challenge.

In X-linked agammaglobulinemia (XLA), BCR transcripts from peripheral blood CD19+ CD10+ IgM+ CD27−, emigrant mature naive B‐cells, represent the majority of peripheral blood B‐cells in XLA patients, and a higher proportion of which are self‐reactive and polyreactive antibodies and preferentially used VH1‐3 and VH4‐34 genes (132). Usually, the IgMkappa type encoded by the V(H)4-34 gene segment is the monoclonal immunoglobulin detected in primary chronic cold agglutinin disease (CAD), that is an autoimmune haemolytic anaemia induced by cold reactive autoantibodies (cold agglutinins) against erythrocyte surface antigens (133). Of note, unmutated VH4‐34+ B‐cells can be detected in patients with SLE memory compartment and VH4‐34‐expressing plasma cells appear to be clonally expanded during flares (134).

Interestingly, in ocular adnexal marginal zone B-cell lymphomas, which are observed also in SS, a strongly biased usage of V(H)4-34 in chlamydia negative patients was documented, suggesting the involvement of a particular stimulatory (auto-) antigen in their development (135). Similarly, the VH4 family usage of immunoglobulin gene rearrangement characterized also the MALT lymphomas of thyroid (136).

Yet, in Wiskott–Aldrich syndrome (WAS), a rare X‐linked PID with the classical clinical features of susceptibility to infections and autoimmune thrombocytopenia, memory B‐cells showed a low frequency of somatic hypermutation, while an increased usage of uncommon VH genes in transitional, naive and CD19highCD21low B‐cells if compared with healthy controls, some of which are enriched in autoantibodies (VH4‐34 and VH4‐61) (137). Therefore, autoimmunity in the absence of B-cell switching is possible; when B-cells are frustrated in their normal path, they can proliferate in other pathways and use germ line genes that promote autoreactivity.

Importantly, in SLE undergoing rituximab, it was reported that B-cell abnormalities resolved after effective B cell depletion and immune reconstitution, including the frequency of autoreactive VH4.34 memory B cells (138), thus, possibly explaining the efficacy of rituximab in some autoimmune manifestations of PID.

In the same way, also anti-neutrophil cytoplasmic antibodies, that may play a pathogenic role in vasculitis, showed the use of germ-line VH4 family genes (139), as well as IgG anti-platelet autoantibodies in chronic immune thrombocytopenic purpura (140).

In CVID, the available BCR repertoire data are in line with the heterogeneity of the disease and generally show lower levels of somatic hypermutation, decreased repertoire diversity and longer CDR3 segments (141). The genetic heterogeneity of CVID made it difficult to better study the sequence encoded in their B cells.

Third, lymphoproliferation over autoimmunity is the hallmark of SS rather than SLE or other systemic autoimmune diseases. Indeed, SS more than SLE shows a high frequency of monoclonal gammopathy, with germ-line gene sequences recorded in lymphomas and Waldenström’s macroglobulinemia (i.e., 17-109 crossreactive idiotype) (142). Moreover, CAD represents a spectrum of clonal lymphoproliferative disorders overlapping with Waldenström’s macroglobulinemia itself (143).

In SS, a germline and coding polymorphism of TNFAIP3 (A20), a central gatekeeper of NF-kB activation, was found associated with lymphoma, linking the impaired control of NF-kB activation in B cells to autoimmunity and to the risk of lymphoma (144).

This concept has been recently reinforced particularly in mixed cryoglobulinemia secondary to SS, where the original Waldenström RF idiotypes were shown to be used in the monoclonal RF of mixed cryoglobulinemia in SS. Interestingly, in SS, at the beginning of the cascade of the events that lead to lymphoma and cryoglobulinemia, the unmutated V(D)J germ-line combinations with the characteristics of RF antibodies of Wa and Po public idiotypes, have very weak binding to self-IgG and this low affinity for IgG autoantigen would enable these newly formed B cells to evade central and peripheral B cell tolerance checkpoints and be activated transiently by IgG forming complexes with foreign antigens. The subsequent events are affinity maturation, somatic mutation acquisition and finally soluble accumulation of particular V(D)J mutations that compromise solubility of autoantibody-antigen complexes (145). It can be argued that in CVID, the first step described above is dramatically increased by mutations that promote breakdown tolerance and infections that facilitate proliferation of the expansion of autoreactive clones, leading to autoimmunity. In this regard, in SS, circulating IgG complexed with Ro and La ribonucleoproteins represents the driving force that induces low-affinity RF B cells to proliferate. Rare immunoglobulin mutations that improve affinity for self-IgG selectively allow some clones to emerge as dominant. In CVID, the levels of autoantibodies may be rarely found in circulation because their serum levels are extremely low, as also regularly occurred in idiopathic thrombocytopenic purpura or in chronic autoimmune neutropenia, since the neutropenia and thrombocytopenia may be due either to IgG Fc-mediated clearance in the spleen or due to destruction in periphery by routine clearance. Similarly, the very low amount of IgG anti-SS-A or SS-B, as well RF, may be cleared from the circulation or the low production may be confined in the target tissue (146). Deeper molecular and tissue studies in CVID with associated SS could support this hypothesis.



Conclusions

It is paradoxical that patients with CVID have a high frequency of associated autoimmune features. Increasing pathogenetic insights allowed to reconcile the lack of B-cell maturation and autoimmunity in the wider concept of dysregulated immune system, both diseases being influenced by genetic and epigenetic factors which can lead to different clinical phenotypes (Figure 1).




Figure 1 | An integrated view of the immune system in primary immunodeficiency and autoimmune disorders. The figure illustrates the concept that immunodeficiency (downregulation of the immune system - the hand with thumb down) and autoimmunity (upregulation of the immune system - the hand with thumb up) appear different categories of human pathology, the former more related to genetics, the latter to environment and epigenetics, while the interplay between these two apparently distinct categories is guaranteed by the common line of the innate and acquired immunity, which is dysregulated in both.



The association of hypogammaglobulinemia and autoreactive B cells in CVID patients has been commonly listed as “SLE-like”. However, we propose that the autoimmunity and lymphoproliferation associated with CVID is more closely associated with a SS-like picture of immune dysregulation. In this context, CVID and SS, two conditions which can occur simultaneously and share several pathogenetic aspects, as well as targeted therapy (i.e., rituximab, abatacept), could represent a model of this immunological view. Therefore, better understanding of the underlying immunological mechanisms and specific genetic mutations that result in the immune dysregulation may lead to the development of new therapeutic targets for both the diseases.
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Primary Sjögren’s syndrome (pSS) is an autoimmune inflammatory disease with profound clinical heterogeneity, where excessive activation of the type I interferon (IFN) system is considered one of the key mechanisms in disease pathogenesis. Here we present a DNA methylation-based IFN system activation score (DNAm IFN score) and investigate its potential associations with sub-phenotypes of pSS. The study comprised 100 Swedish patients with pSS and 587 Swedish controls. For replication, 48 patients with pSS from Stavanger, Norway, were included. IFN scores were calculated from DNA methylation levels at the IFN-induced genes RSAD2, IFIT1 and IFI44L. A high DNAm IFN score, defined as > meancontrols +2SDcontrols (IFN score >4.4), was observed in 59% of pSS patients and in 4% of controls (p=1.3x10-35). Patients with a high DNAm IFN score were on average seven years younger at symptom onset (p=0.017) and at diagnosis (p=3x10-3). The DNAm IFN score levels were significantly higher in pSS positive for both SSA and SSB antibodies compared to SSA/SSB negative patients (pdiscovery=1.9x10-8, preplication=7.8x10-4). In patients positive for both SSA subtypes Ro52 and Ro60, an increased score was identified compared to single positive patients (p=0.022). Analyzing the discovery and replication cohorts together, elevated DNAm IFN scores were observed in pSS with hypergammaglobulinemia (p=2x10-8) and low C4 (p=1.5x10-3) compared to patients without these manifestations. Patients < 70 years with ongoing lymphoma at DNA sampling or lymphoma at follow-up (n=7), presented an increased DNAm IFN score compared to pSS without lymphoma (p=0.025). In conclusion, the DNAm-based IFN score is a promising alternative to mRNA-based scores for identification of patients with activation of the IFN system and may be applied for patient stratification guiding treatment decisions, monitoring and inclusion in clinical trials.
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Introduction

Primary Sjögren’s syndrome (pSS) is a chronic inflammatory disease with both organ-specific and systemic autoimmune manifestations (1). Focal lymphocytic infiltrates in the salivary and lachrymal glands are hallmarks of the organ-specific autoimmunity, causing the characteristic sicca symptoms. A proportion of patients displays signs of systemic autoimmunity. Autoantibodies against Sjögren´s syndrome antigen A (SSA)/Ro, subunits Ro52 and Ro60, and SSB/La, are present in sera from approximately 75% and 45% of patients, respectively. Hypergammaglobulinemia, leukopenia and extraglandular manifestations such as purpura or arthritis may be present (2). Patients with pSS have an increased risk of lymphoma, most commonly non-Hodgkin lymphomas of the B cell type arising in the mucosa associated lymphoid tissue (MALT) (3). The genetic background supports the clinical and serological heterogeneity of the disease, where only SSA/SSB antibody positive pSS present with an HLA association (1). This provides evidence for the distinction of two subgroups of pSS with different etiopathogenic backgrounds.

Activation of the type I interferon (IFN) system is regarded as one of the key mechanisms in the pathogenesis of pSS, most prominent in patients positive for SSA/SSB antibodies (4, 5). Immune complexes consisting of SSA/Ro and SSB/La proteins bound to nucleic acid and SSA/SSB antibodies ligate to endosomal toll-like receptor (TLR) 7. A signaling cascade is initiated, involving interleukin (IL)-1 receptor-associated kinase 4 (IRAK4), which leads to transcription of type I IFN genes (6). Type I IFNs bind to the ubiquitously expressed type I IFN receptor (IFNAR), activating the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway, ultimately leading to the transcription of thousands of IFN-induced genes, eliciting an immune response (7).

Direct measurement of IFN-α protein levels in sera has proven difficult due to the many type I IFN subtypes, the usually low concentration of IFNs under physiological conditions and the use of different methods. Instead, type I IFN system activation is commonly determined by assessing mRNA upregulation of a set of IFN-stimulated genes (ISGs), a so called “IFN signature”. An IFN score can be determined based on gene expression levels of a panel of ISGs in controls, calculated as sum of Z-scores (8). Approximately 55-80% of patients with pSS display an IFN signature in peripheral blood cells (9–12). As several biological treatments targeting the IFN system are currently under development or in clinical trials, sub-classification of patients with a high IFN system activation who could benefit particularly from IFN inhibition may be essential for future clinical trial outcomes. However, RNA is not always available and is subjected to degradation during long-term storage. DNA is more commonly collected and is more stable over time under most conditions. Recently, we have developed a method for assessing type I IFN system activation using DNA methylation (DNAm) data, which strongly correlates with mRNA-based IFN scores in multiple blood cell types (13). The aim of the current study was to determine potential associations between a DNAm-based IFN score and clinical and serological manifestations in patients with pSS.



Material and Methods


Patients and Controls

The discovery cohort consisted of 100 consecutive patients with pSS from the Rheumatology clinic at Uppsala University Hospital, Sweden. As control samples, 587 individuals were enrolled including 400 healthy blood donors from the Uppsala Bioresource (Uppsala University Hospital, Sweden) and 187 population controls from the Karolinska University Hospital (Stockholm, Sweden) (14). For replication, 48 patients with pSS from the Rheumatology unit at the Stavanger University Hospital, Norway were included. Clinical data presented ever during the disease course and treatment at DNA sampling were extracted from the medical records. Germinal center-like formations in minor salivary glands were assessed in hematoxylin and eosin staining with light microscopy as previously described (15). Autoantibody status was retrieved at the nearest time point to DNA sampling. All patients fulfilled the American Consensus Group (AECG) criteria for pSS, and all subjects provided informed consent to participate in the study. The study protocol was approved by the regional Ethics Boards.



DNA Methylation-Based IFN Score

Genomic DNA was prepared from peripheral whole blood samples from patients with pSS and control individuals, and DNA methylation levels of 485,577 CpG sites were interrogated using the Illumina Infinium HumanMethylation450k BeadChip array as described previously (16, 17). Signal intensities were parsed into the R Minfi package for quality control and normalization, detailed in (16, 18). Methylation beta‐values were calculated as the fraction of the signal intensity from the methylated CpG sites over the total intensity (range 0 to 1, corresponding to 0 to 100% methylation). Relative distribution of major blood cell types in samples from controls and patients was estimated applying the method by Houseman et al., where publicly available reference DNA methylation profiles from flow sorted blood cell types are used to deduct the cell type composition of each sample included in the current study (19, 20). IFN system activation scores based on DNA methylation-beta levels at three CpG sites located at type I IFN regulated genes (cg05696877 at IFI44L, cg05552874 at IFIT1, and cg10549986 at RSAD2) were calculated according to the previously developed formula by Kirou et al. and described for DNAm data by Björk et al. (8, 11). Briefly, methylation-beta mean and standard deviation for each CpG site in the control group were used to achieve standardized values (Z-scores) for each individual according to the formula: Z-score = (valueindividual – meancontrols)/s.d.controls. In the second step, Z-scores for the three CpG sites were summed up to total IFN scores. A high IFN score was defined as IFN score > 4.4, corresponding to DNAm IFN score > meancontrols +2 s.d.controls. An IFN score ≤ 4.4 was defined as low IFN score.



Statistical Analysis

Categorical variables were reported as number and percent, and continuous variables as mean and standard deviation. Correlations between two continuous variables were analyzed using Spearman’s rank correlation coefficient ρ. A two-tailed Mann-Whitney U test with continuity correction was applied to assess distributions of continuous variables between two groups. Kruskal-Wallis H with post hoc Mann-Whitney U test was used for comparisons between more than two groups. Frequencies between groups were assessed with X2-test or, for sparse data, with Fisher’s exact test. P-values < 0.05 were considered significant. Analyses were performed using R v.4.0.4 and GraphPad Prism v9, and graphs were prepared in R v.4.0.4 using ggplot2 with ggpubr and ggrides.




Results

The study included a total of 148 patients with pSS (discovery cohort n=100 from Uppsala, Sweden, and replication cohort n=48 from Stavanger, Norway) and 587 Swedish control individuals. Clinical data are presented in Table 1. IFN score levels in controls had by definition a mean of 0, and in our study material a standard deviation of ±2.2 and a median of –0.4 (range  –7.2 to 13.8) (Figures 1A, B). The vast majority of controls (96%) presented a low IFN score, while a high IFN score was observed in 26 (4%) control individuals. The IFN score in the pSS discovery cohort varied between –3.7 and 15.5 with a mean of 5.6 ( ± 4.3) and a median of 5.7 (Figures 1A, B). In the replication cohort IFN scores between –3.5 to 13.4 were observed with a mean of 6.0 ( ± 4.9) and median of 7.3 (Figures 1A, B). Patients with pSS displayed a tendency for a bimodal distribution of the IFN score, with either a low IFN score ≤ 4.4, or a high IFN score around 10 (Figure 1B). There was a strong enrichment for IFN system activation in patients with pSS: A high IFN score, defined as IFN score > 4.4, was observed in 57 patients (57%) in the discovery cohort (pdiscovery=3.5x10-30) and in 30 patients (63%) in the replication cohort (preplication=1.8x10-24) compared with controls (Figure 1C). IFN score levels were similar between female and male patients with pSS (pdiscovery=0.567; preplication=0.335), as well as between female and male control individuals (pcontrols=0.365) (Supplementary Figure S1).


Table 1 | Demographic and clinical characteristics of patients with primary Sjögren’s syndrome (pSS) included in the discovery cohort and the replication cohort.






Figure 1 | (A) DNAm IFN scores in controls (n=587), pSS discovery cohort (n=100) and pSS replication cohort (n=48). The dotted red horizontal line indicates the threshold for high IFN score (DNAm IFN score > 4.4 corresponding to > mean IFN scorectrl +2s.d.ctrl). (B) Density plot of IFN score distribution in controls (orange), pSS discovery cohort (light blue) and pSS replication cohort (dark blue). (C) Mosaic plot illustrating enrichment of high IFN score in the pSS discovery and pSS replication cohorts compared to controls. (D) Correlation between IFN score levels and fraction of major blood cell types in the pSS discovery cohort (upper part) and in controls (lower part). Bars with asterisks indicate significant correlations. (E, F) PSS patients in the discovery and replication cohorts stratified for IFN signature status (high vs low); for (E) age (in years) at diagnosis, DNA sampling, symptom onset, and (F) disease duration from diagnosis to DNA sampling in years. (A) Kruskal-Wallis with post hoc Mann-Whitney U. (C) X2-test. (D) Spearman’s rho. (E, F) Mann-Whitney U. *P < 0.05; **P < 0.01. Boxes indicate median and interquartile range, whiskers indicate total range.




Cell Type Fractions

In order to study whether changes in the IFN score were related to the proportion of major blood leukocytes, we investigated potential correlations between IFN score and leukocyte fractions based on DNAm data. In patients with pSS, a positive correlation was observed for fractions of CD19+ B cells and monocytes (R=0.21, pdiscovery=0.039 and R=0.28, pdiscovery=6.6x10-3, respectively), while the fraction of NK cells was found to correlate negatively with the IFN score (Rdiscovery=–0.23, pdiscovery=0.022) (Figure 1D and Supplementary Figure S2A). Fractions of CD4+ T cells, CD8+ T cells and granulocytes did not correlate with IFN score levels in patients with pSS. Accordingly, a positive correlation between fractions of B cells and monocytes, and a negative correlation of NK cells with the IFN score was also seen in control individuals (Figure 1D and Supplementary Figure S2B).



IFN Score and Age

In patients with pSS, a tendency for negative correlation of the IFN score with age at sampling was noted (Rdiscovery=–0.20, pdiscovery=0.0461; Rreplication=–0.19, preplication=0.193), while this trend was absent in control individuals (Rcontrols=0.06, pcontrols=0.15) (Supplementary Figure S3). Stratification on IFN score status revealed that patients with a high IFN score were younger at pSS diagnosis (discovery: Δage =–5.4 years; replication: Δage =–9.7 years) and at DNA sampling for interrogation of DNAm (discovery Δage =–4.8 years; replication: Δage =–9.9 years) compared with pSS patients with a low IFN score (Figure 1E). For the discovery cohort, clinical data regarding age at symptom onset were available, where patients with a high IFN score on average were 6.9 years younger at symptom onset compared to patients with a low IFN score (pdiscovery=0.017) (Figure 1E). There was no difference in disease duration from diagnosis to DNA sampling between patients with high or low IFN scores (pdiscovery=0.60; preplication=0.85) (Figure 1F). Table 2 shows the summarized results from the discovery and replication cohorts together.


Table 2 | Association between DNA methylation-based IFN score status and clinical parameters and disease manifestations in patients with primary Sjögren’s syndrome (pSS) summarized for discovery and replication cohorts together.





Autoantibodies

Autoantibodies against ANA, SSA and SSB are prominent features of pSS in the majority of patients (21). In the current study, a total of 89% of patients expressed any of these autoantibodies in their sera (Table 1). Therefore, we sought to further dissect the association between the IFN score and autoantibody status. Figure 2 depicts the distribution of the IFN score in controls and in overlapping groups of patients with pSS in the discovery cohort, displaying different autoantibody profiles. Patients with pSS positive for all three autoantibodies (ANA, SSA and SSB; n=40) showed the highest IFN score (mean 7.7 ± 3.6, median 8.7), while patients negative for all three autoantibodies (n=12) displayed an IFN score close to controls (mean 1.2 ± 2.5, median 1.7, pdiscovery=5.6x10-6) (Figure 3A). There was also a significant difference in IFN score levels between patients positive for all three autoantibodies compared to patients positive for only one of the antibodies (n=27, IFN score mean=3.4 ± 3.8, median 2.0, pdiscovery=4.2x10-5) (Figure 3A).




Figure 2 | Ridges plot representing the distribution DNAm-based IFN scores in controls and subgroups of patients with pSS from the discovery cohort defined by autoantibody status. An individual patient can be part of one or several pSS subgroups. Ridges are sorted by increasing group median indicated by the black vertical line within each ridge. Ridges gradient indicates low (dark purple) to high (light yellow) DNAm IFN score levels. The dotted red vertical line indicates the threshold for high IFN score (DNAm IFN score > 4.4 corresponding to > mean IFN scorectrl +2s.d.ctrl).






Figure 3 | Association between DNAm IFN score levels and different autoantibody profiles in patients with pSS in the discovery cohort. The threshold for high IFN score is indicated by the dotted red horizontal line in each graph. Boxes within the violins indicate median and interquartile range, whiskers indicate total range. (A) Association between DNAm IFN score and number of different autoantibodies in sera from patients with pSS. Autoantibodies included in the analysis were ANA, SSA and SSB. (B) IFN score in SSA positive pSS compared with SSA negative pSS. (C) SSA positive pSS patients stratified for Ro52 or Ro60 single positivity (violin on the left with IFN scores of Ro52 single positive pSS indicated by red dots and Ro60 single positive pSS indicated by blue dots) compared with Ro52 and Ro60 double positive pSS (violin on the right with individual IFN scores of patients indicated by grey dots). (D) IFN score in SSA and SSB double positive pSS compared with SSA and SSB double negative pSS. (A) Kruskal-Wallis with post hoc Mann-Whitney U. (B–D) Mann-Whitney U.



Previous studies have shown an upregulated IFN score on the mRNA level predominantly in patients with pSS positive for SSA/SSB antibodies (9, 10). In order to determine if the DNAm-based IFN score was also preferentially elevated in SSA/SSB antibody positive pSS, we dissected SSA/SSB antibody status further. In the discovery cohort, patients positive for SSA antibodies (n=72) showed a mean IFN score of 7.1 ± 3.8, while patients negative for SSA antibodies (n=28) had a mean IFN score of 1.8 ± 2.9 (pdiscovery=3.8x10-8) (Figure 3B). The association of SSA antibody positivity with IFN score elevation was confirmed in the replication cohort (SSA positive n=38 with IFN score mean=7.4 ± 4.2; SSA negative n=10 with IFN score mean 0.9 ± 3.5; preplication=4.8x10-4) (Supplementary Figure S4).

Information about SSA antibody subtype (Ro52 and/or Ro60) was available from 82 patients in the discovery cohort, (n=51 Ro52 positive and n=52 Ro60 positive, Table 1). Of these patients, nine (11%) were positive for only one of the SSA subtypes, while 47 (57%) were double positive. Single positivity for any of the SSA autoantibodies had an IFN score mean of 4.2 ± 4.7, while double positivity for both Ro52 and Ro60 was associated with a high IFN score mean of 8.1 ± 3.2 (p=0.022) (Figure 3C). In the discovery cohort, a total of 41 pSS patients were positive for autoantibodies against both SSA and SSB with a mean IFN score of 7.7 ± 3.3, compared with pSS negative for both SSA and SSB (n=28, mean IFN score 1.8 ± 2.9, pdiscovery=1.9x10-8) (Figure 3D). A significantly elevated IFN score in SSA and SSB positive compared to SSA and SSB negative pSS was confirmed in the replication cohort (preplication=7.8x10-4) (Supplementary Figure S4). Stratifying patents in the combined discovery and replication cohort for high (>4.4) or low (≤4.4) IFN score, confirmed the significantly higher frequencies of SSA/SSB antibodies in patients with a high IFN score (Table 2).



Extraglandular Manifestations

Next, we investigated if IFN score levels were associated with different laboratory or clinical manifestations present any time during the disease course. For these analyses the discovery and replication cohorts were analyzed together. We found that patients with leukopenia, hypergammaglobulinemia or low complement C4 displayed significantly higher IFN score levels compared to patients without these manifestations (Table 3). Stratifying patients into high or low IFN score revealed significantly higher frequencies of hypergammaglobulinemia and low C4 in patients with a high IFN score (Table 2). Further, we stratified patients’ C4 status on the presence of SSA antibodies. Among patients with normal C4 levels, this resulted in a bimodal distribution of IFN scores where patients positive for SSA antibodies had significantly higher IFN score levels (mean IFN score =7.0 ± 4.0) compared to patients negative for SSA antibodies (mean IFN score =1.1 ± 3.3, p=1.5x10-4) (Figure 4). All patients with low C4 levels had high IFN scores and all but one were SSA antibody positive. This patient was positive for RNP antibodies.


Table 3 | Association between DNA methylation-based IFN score level and clinical manifestations of primary Sjögren’s syndrome (pSS).






Figure 4 | DNAm IFN score levels in pSS patients with normal C4 status (left box) compared with pSS patients with low C4 status (right box), discovery and replication cohort together. Dotted red horizontal line indicates threshold for high IFN score. Boxes represent median and interquartile range, whiskers indicate total range. Patients positive for SSA antibodies are indicated by red open circles, patients negative for SSA antibodies by blue open circles. IFN score median and interquartile range for pSS patients stratified on SSA status are indicated by red (SSA positive pSS) and blue (SSA negative pSS) filled circles and vertical lines, respectively. Differences between groups were assessed using Mann-Whitney U.



There were no differences in IFN score levels between patients with or without any extraglandular organ manifestations or the presence of germinal center-like formations in diagnostic minor salivary gland biopsies (Table 3). When comparing patients with a high or low IFN score, no difference between the patient groups was found for minor salivary gland histopathology or any extraglandular organ manifestation (Table 2). We stratified patients according to antimalarial (AMA) treatment or not. Of the 87 pSS patients with a high IFN score (>4.4), 20 (23%) were AMA treated at the time of DNA sampling. Of the 61 patients presenting with a low IFN score (≤4.4) 10 (16%) were treated with AMA (p=0.55). Conversely, AMA treated pSS had a mean DNAm IFN score of 6.5 ± 4.8, compared with non-AMA treated 5.6 ± 4.4, p=0.41.



Lymphoma

There were 15 patients with lymphoma in the current study out of which eight (53%) presented with MALT lymphoma. Six patients had been diagnosed with lymphoma prior to DNA sampling (range –19 to –5 years) and nine patients were diagnosed with lymphoma concomitantly with DNA sampling ( ± 2 months, n=3) or at follow-up (range 1 to 12 years, n=6) (Supplementary Table S1). Of the six patients with prior lymphoma, two had received chemotherapy (13 and 5 years before DNA sampling, respectively) and four patients had received surgery (in three cases plus radiation). There was no difference in IFN score levels between patients with or without lymphoma, or between patients with ongoing and lymphoma at follow-up compared with patients without lymphoma (Table 3 and Figure 5). Two SSA and SSB antibody negative patients developed non-MALT lymphomas at follow-up, aged >70 years (73 and 82, respectively). As old age in general is a risk factor for lymphoma and the antibody profiles and lymphoma subtypes were not typical for pSS, we excluded those two patients from the analysis (22). Six out of seven remaining patients with ongoing or follow-up lymphomas displayed a high IFN score, and the association between elevated IFN score levels (mean IFN score =9.5 ± 4.9) compared to pSS without lymphoma (mean IFN score = 5.7 ± 4.3) was strengthened (p=0.025) (Table 3 and Figure 5). The low total number of lymphomas in the study precluded any analyses stratified for different lymphoma subtypes.




Figure 5 | DNAm IFN score levels in patients with pSS stratified for lymphoma, discovery and replication cohort together. Dotted red horizontal line indicates threshold for high IFN score. Boxes represent median and interquartile range, whiskers indicate total range. pSS patients without lymphoma indicated in purple in the left panel. In the right panel pSS patients with lymphoma stratified for lymphoma prior to DNA sampling (in red), lymphoma at or after DNA sampling in patients < 70 years of age at lymphoma diagnosis (in dark blue), and lymphoma at or after DNA sampling in patients ≥ 70 years of age at lymphoma diagnosis (in light blue). DNAm IFN score median and interquartile range for each of the pSS subgroups are indicated by filled circles and vertical lines colored according to the corresponding patient subgroup.






Discussion

This is the first study using a DNAm-based IFN score in whole blood to assess clinical sub-phenotypes in any systemic inflammatory autoimmune disease. We found a high IFN score in 59% of patients with pSS compared with only 4% of controls. This is in concordance with previous studies using mRNA-based IFN signatures (9–12). Further, we demonstrate an association between IFN score levels and the presence of SSA and SSB antibodies, and a particularly elevated IFN score in patients displaying both SSA/Ro52 and SSA/Ro60 antibody subtypes. Interestingly, a recent study by Armağan et al. investigated clinical and serological profiles of patients with pSS being single or double positive for Ro52 and Ro60 antibodies (23). They found a higher prevalence of markers for B cell activity in patients double positive for Ro52 and Ro60 antibodies compared with single positive patients. The results from our study corroborate the findings of an activated immune system also with IFN system activation, being most prominent in patients double positive for Ro52 and Ro60 antibodies.

We found that patients presenting with hypergammaglobulinemia or low C4 during their disease course, displayed higher IFN score levels compared to patients negative for these phenotypes. Stratifying patients into high and low IFN score status confirmed the increased frequency of high IgG and low C4 in patients with a high IFN score. Previous studies using mRNA-based type I IFN scores have consistently found a higher frequency of SSA/SSB antibody positivity, hypergammaglobulinemia and lymphopenia in IFN score positive patients (9–11, 24). Furthermore, associations between a positive IFN score and rheumatoid factor (RF), low complement C3 or C4 and neutropenia has been described (9, 11).

A proposed mechanism for the interaction between IFN system activation and B cell activity are the SSA/SSB containing immune complexes, activating both complement and stimulating IFN gene transcription. Interaction between B cells and the professional IFN-producing plasmacytoid dendritic cells (pDCs) results in increased immune complex mediated type I IFN production (25). Further, the interaction between pDCs and immune complexes drives the expansion of peripheral B cell subsets (26). Type I IFNs stimulate different immune cells including B cells with induction of plasmablast differentiation, immunoglobulin production and further SSA/SSB antibody synthesis (27). This will perpetuate a vicious circle with IFN system and B cell activation in patients with pSS positive for SSA/SSB antibodies (28). Our finding that all patients with low C4 levels were SSA or RNP antibody positive supports this notion.

Patients with leukopenia during their disease course had higher IFN score levels compared to patients without leukopenia. Leukopenia has been associated with increased IFN-α levels and IFN-α-inducing capacity of sera from patients with SLE (29). One possible mechanism is that circulating IFN-α can lead to increased adhesion of leukocytes to the vessel. The mRNA-based IFN signature has not been associated with leukopenia per se, but with lymphopenia and neutropenia (9, 10). In contrast, we observed a positive correlation between the IFN score and the fraction of monocytes and B cells. Both monocytes and B cells are IFN-producing cells that also express the IFNAR, which amplifies the IFN response in a positive feedback manner (30, 31). We noted a weak negative correlation between the IFN score and the fraction of NK cells. The role of NK cells in pSS pathogenesis is unclear, and reduced NK cell numbers and activity in pSS have been reported, as well as a shift within the NK cell sub-populations (32, 33). The reasons behind the negative correlation observed is unclear and needs to be further explored.

While previous mRNA-based IFN scores studies have determined the association between IFN score positivity and laboratory parameters, the association with clinical manifestations is less clear. A weak association between an IFN signature and the cutaneous, hematological or biological domains of the EULAR Sjögren´s syndrome disease activity index (ESSDAI) has been reported, whereas Bodewes et al. only found an association with the biological domain (includes cryoglobulinemia, low complement, hypergammaglobulinemia or clonal component) (9, 10, 34). Activity in other extraglandular organs have not differed between IFN high and low patients. ESSDAI scores from the time of DNA sampling were not available from our patients, but associations with the cumulative extraglandular manifestations were not detected. We conclude that IFN system activation predominantly affects serological markers with less impact on clinical manifestations in pSS. The reason for this is unclear, but it is possible that other immunopathological mechanisms are of importance for certain clinical manifestations.

One exception might be the development of lymphoma. We hypothesized that patients with either ongoing lymphoma or lymphoma at follow-up may be more likely to present with a high IFN score as a sign of immune system activation. Our results indicate high IFN score levels as a possible predictor for lymphoma development, but the findings need to be confirmed in larger cohorts of patients with lymphomas of different subtypes. Nezos and co-workers did not find any difference in type I IFN score in peripheral blood between pSS lymphoma and pSS non-lymphoma patients (11). However, in MSG biopsies, pSS-lymphoma patients showed a predominance of type II IFN and a significantly increased IFN-γ/IFN-α ratio compared with pSS non-lymphoma. Further longitudinal studies of the impact of IFNs in peripheral blood or diagnostic MSG biopsies for lymphomagenesis are needed.

Patients with an earlier disease onset and younger age at DNA sampling, presented with higher IFN score levels. Younger patients are more often SSA/SSB antibody positive and present with systemic features of pSS, which might explain this association. Men with pSS often have a more active disease with pulmonary involvement and a higher frequency of lymphomas (35, 36). There were no differences in IFN score between male and female patients in this study where only 16 males were included. Larger studies including more male patients are warranted before conclusions regarding possible sex differences in IFN system activity can be drawn. Since AMA treatment has been shown to impair type I IFN activation, one might have expected a lower DNAm IFN score in AMA-treated patients with pSS (12, 37, 38). It can be speculated that AMA treatment would be particularly common in patients with active disease and presumably stronger activation of the IFN system, and that the IFN score in these patients might have been even higher prior to AMA treatment.

Direct measurement of type I IFNs has been proven challenging. Therefore, IFN scores based on mRNA expression of ISGs are commonly used as a proxy. Recently, we have developed alternative tools using DNAm or protein expression that allow the assessment of IFN activation under circumstances where RNA material is missing (13). We found in general a high correlation with the IFN score derived from mRNA expression in monocytes and B cells. Instead of using genome-wide methylation arrays, for practical reasons the DNAm IFN score might be generated in a more time- and cost-effective manner by interrogation of DNAm levels in a small panel of CpG sites by e.g. pyrosequencing or qPCR of bisulfite-converted DNA. It can be speculated whether IFN scores based on DNAm data may be more stable over time compared to mRNA or protein expression-based scores, and therefore more suitable for patient classification. On the other hand, mRNA expression-based scores may be more prone to dynamic changes in response to environmental and/or endogenous stimuli, and therefore more informative as biomarkers e.g. for monitoring disease activity and treatment responses. Studies simultaneously assessing IFN scores derived from gene expression, protein expression and from DNAm data in samples collected at different time points during the disease course are needed to further disentangle their relation and functional implication in pSS.

Several biological treatments targeting the IFN system are currently under development. Trials targeting B cells by blocking with anti-CD20 or anti-BAFF antibodies have shown an effect on biological markers, but less efficacy on most clinical manifestations (39, 40). Chloroquine interferes with endosomal TLR-signaling and inhibits plasma cell differentiation and class switch, but had no effect on symptoms of dryness, pain and fatigue in a previous study (38, 41). Potential therapeutics within the IFN system are antibodies against IFN-α, the IFNAR1 subunit (Anifrolumab) or molecules targeting JAK1, TLR7 or IRAK4 (42, 43). Sub-classification of patients who present with a high IFN system activation score and therefore could benefit particularly from IFN inhibition may be essential for future clinical trial outcomes.

The strengths of this study are the well characterized pSS patients from two Scandinavian cohorts of homogenous genetic background. The results from the discovery cohort are consistently replicated, confirming their validity. DNAm data in conjunction with clinical phenotype data have not been presented before. This study largely confirms the results from the mRNA-based IFN score, i.e. the strong association between IFN system activity and the presence of SSA antibodies. The concordance between mRNA-based IFN score and DNAm-based IFN score justifies the use of DNAm-based IFN scores when RNA is not available. Limitations are the low frequencies of certain clinical manifestations such as interstitial lung disease, which precluded any analyses, the low frequency of lymphomas, the low number of male patients in the study and the lack of ESSDAI at the time of DNA sampling. Since our study is limited to Scandinavian patients with pSS, similar investigations in multi-ethnic cohorts are required for studying generalizability of the results across different ancestries.



Conclusion

PSS is a heterogeneous disease with an apparent need for biomarkers to identify patient subgroups for monitoring, prognosis, treatment and inclusion in clinical trials. Further analysis of patient sub-phenotypes may advance our understanding of the underlying molecular mechanisms of the disease and add novel insights in the etiopathogenesis. The results of this study suggest that activation of the type I IFN system in patients with pSS is mainly driven by SSA antibody positivity. The DNAm-based IFN score is a reliable alternative to mRNA-based scores when RNA material is not available.
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Supplementary Figure 1 | DNAm IFN score levels in controls, pSS discovery cohort and pSS replication cohort stratified for sex. Boxes represent median and interquartile range, whiskers indicate total range. Associations were tested using Mann-Whitney U. F, female; M, male.


Supplementary Figure 2 | Correlation between DNAm IFN score and fractions of major blood cell types (CD4+ T cells, CD8+ T cells, NK cells, CD19+ B cells, monocytes, and granulocytes) in samples from (A) patients with pSS and (B) controls. Correlations were assessed using Spearman’s rho.


Supplementary Figure 3 | Correlation between DNAm IFN score and age at DNA sampling (in years) in (A) patients with pSS in the discovery cohort, (B) patients with pSS in the replication cohort and (C) controls. Correlations were assessed using Spearman’s rho.


Supplementary Figure 4 | Association between DNAm IFN score levels and different autoantibody profiles in patients with pSS in the replication cohort. Threshold for high IFN score is indicated by the dotted red horizontal line in each graph. Boxes within the violins indicate median and interquartile range, whiskers indicate total range. (A) Association between DNAm IFN score and number of different autoantibodies in sera from patients with pSS. Autoantibodies included in the analysis were ANA, SSA and SSB. (B) IFN score in SSA positive pSS compared with SSA negative pSS. (C) IFN score in SSA and SSB double positive pSS compared with SSA and SSB double negative pSS. (A) Kruskal-Wallis with post hoc Mann-Whitney U. (B, C) Mann-Whitney U.

Supplementary Table 1 | Patients with primary Sjögren’s syndrome and lymphoma.
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Sjögren syndrome (SS) is an autoimmune condition that targets the salivary and lacrimal glands, with cardinal clinical signs of dry eye (keratoconjunctivitis sicca, KCS) and dry mouth. The conjunctiva of SS patients is often infiltrated by immune cells that participate in the induction and maintenance of local inflammation. The purpose of this study was to investigate immune-related molecular pathways activated in the conjunctiva of SS patients. Female SS patients (n=7) and controls (n=19) completed a series of oral, ocular surface exams. Symptom severity scores were evaluated using validated questionnaires (OSDI and SANDE). All patients fulfilled the ACR/EULAR criteria for SS and the criteria for KCS. Fluorescein and lissamine green dye staining evaluated tear-break-up time (TBUT), corneal and conjunctival disease, respectively. Impression cytology of the temporal bulbar conjunctiva was performed to collect cells lysed and subjected to gene expression analysis using the NanoString Immunology Panel. 53/594 differentially expressed genes (DEGs) were observed between SS and healthy controls; 49 DEGs were upregulated, and 4 were downregulated (TRAF5, TGFBI, KLRAP1, and CMKLRI). The top 10 DEGs in descending order were BST2, IFITM1, LAMP3, CXCL1, IL19, CFB, LY96, MX1, IL4R, CDKN1A. Twenty pathways had a global significance score greater or equal to 2. Spearman correlations showed that 29/49 upregulated DEGs correlated with either TBUT (inverse) or OSDI or conjunctival staining score (positive correlations). Venn diagrams identified that 26/29 DEGs correlated with TBUT, 5/26 DEGs correlated with OSDI, and 16/26 correlated with conjunctival staining scores. Five upregulated DEGs (CFB, CFI, IL1R1, IL2RG, IL4R) were uniquely negatively correlated with TBUT. These data indicate that the conjunctiva of SS patients exhibits a phenotype of immune activation, although some genes could be inhibitory. Some of the DEGs and pathways overlap with previous DEGs in salivary gland biopsies, but new DEGs were identified, and some of these correlated with symptoms and signs of dry eye. Our results indicate that gene analysis of conjunctiva imprints is a powerful tool to understand the pathogenesis of SS and develop new therapeutic targets.
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Introduction

Patients with Sjögren syndrome (SS) develop an ocular surface disease called keratoconjunctivitis sicca (KCS). Pathological changes in the conjunctiva in KCS include altered epithelial differentiation with increased expression of cornified envelope precursors (1) that are found in the epidermis (involucrin, SPRR-2G) (2, 3) and dysfunction and loss of the goblet cells that secrete gel-forming mucin that is essential for maintaining tear film stability (4). Evidence from clinical and mouse model studies indicates innate, and adaptive immune mediators and cells contribute to these pathological changes based on clinical correlation with disease severity and improvement following topical treatment with the immunomodulatory agent cyclosporine A (5–8). Current methods to diagnose SS KCS include the use of dyes that stain conjunctival epithelial cells lacking a mucin coating or impression cytology to measure conjunctival goblet cell density, but they do not measure disease-relevant biomarkers. Additionally, the mechanism(s) by which this epithelial pathology develops is not entirely understood. An increased number of activated antigen-presenting cells (APCs) and increased interferon-γ expression have been found in the conjunctival epithelium in KCS (1, 6, 8–10). Interferon IFN-γ disrupts cholinergic mediated secretion and causes unfolded protein response (UPR) and apoptosis of conjunctival goblet cells (11, 12). Additional inflammatory mediators have been detected in the conjunctiva (1, 13, 14).

The purpose of this study was to compare the expression of immune-related molecular factors in the conjunctiva of normal subjects and SS KCS using the NanoString® Immunology panel.



Methods

The study was conducted following the Declaration of Helsinki, and the Baylor College of Medicine Institutional Review Board approved the protocol and informed consent form before study initiation. Written informed consent was obtained from all participants after explaining the purpose and possible consequences of the study. Female control subjects and patients with SS were enrolled in the study from January 2019 to January 2021. SS patients were recruited from the multispecialty SS clinic at Baylor College of Medicine (BCM) and had a complete ocular, oral, and rheumatologic evaluation, including a panel of serum autoantibodies, and met proposed the American College of Rheumatology/European League Against Rheumatism diagnostic criteria for SS (15).

Symptom assessment in dry eye (SANDE) and Ocular Surface Disease Index (OSDI) symptom questionnaires, fluorescein tear break-up time (TBUT), Schirmer I test, cornea fluorescein and conjunctival lissamine green dye staining, and tear meniscus height (TMH) measurement using optical coherence tomography (OCT) were performed as previously described (16, 17). The ocular surface clinical parameters were all measured by the same observer (S.C.P.). Dry Eye Workshop (DEWS) criteria were used to grade clinical severity (18).

Healthy control subjects had no eye irritation, a TBUT ≥ 7 s, Schirmer 1 ≥ 10 mm, corneal fluorescein score ≤2, conjunctival lissamine score ≤ 2, and no meibomian gland disease. Subjects were excluded if they had prior laser-assisted in situ keratomileusis or corneal transplantation surgery, cataract surgery in the past year, punctal occlusion with plugs or cautery, a history of contact lens wear, use of topical medications other than preservative-free artificial tears, or chronic use of systemic medications known to reduce tear production. They were instructed not to instill any eye drops on the day of the evaluation.

All SS KCS patients had a severity score ≥of 3, and healthy controls had a severity score = 0.


Conjunctival Impression Cytology and RNA Extraction

Cells were obtained by impression cytology of the temporal bulbar conjunctiva using the EyePrim™ device (Opia Tech, Paris, France) that applies a porous membrane with uniform pressure to the conjunctival surface. After collection, the membrane was placed in 0.5 mL RNA lysis buffer (Qiagen, Valencia, CA, USA) containing 1% 2-mercaptoethanol and immediately stored at -80°C. Total RNA was isolated using an RNeasy Mini Kit (Qiagen) following the manufacturer’s protocol. The RNA was eluted in 15 μL RNase-free water- The RNA concentration was measured by its absorption at 260 nm using a spectrophotometer (NanoDrop 2000; Thermo Scientific, Wilmington, DE, USA) and Agilent Bioanalyzer.



NanoString® and Data Analysis Using ROSALIND® NanoSstring Gene Expression Methods

Five hundred ninety-four transcripts were quantified with the NanoString® nCounter multiplexed target platform using the Human Immunology V2 panel (www.nanostring.com). nCounts of mRNA transcripts were normalized using the geometric means of 15 housekeeping genes (ABCF1, ALAS1, EEF1G, G6PD, GAPDH, GUSB, HPRT1, OAZ1, POLR1B, POLR2A, PPIA, RPL19, SDHA, TBP, TUBB). Data were analyzed by ROSALIND® (https://rosalind.onramp.bio/), with a HyperScale architecture developed by ROSALIND, Inc. (San Diego, CA). Read Distribution percentages, violin plots, identity heatmaps, and sample MDS plots were generated as part of the QC step. Normalization, fold changes, and p-values were calculated using criteria provided by NanoString®. ROSALIND® follows the nCounter® Advanced Analysis protocol of dividing counts within a lane using the same lane’s geometric mean of the normalizer probes. Housekeeping probes to be used for normalization are selected based on the geNorm algorithm as implemented in the NormqPCR R library (19). The abundance of various cell populations is calculated on ROSALIND using the NanoString® Cell Type Profiling Module. ROSALIND performs filtering of Cell Type Profiling results to include scores with a p-value lower than or equal to 0.05. Fold changes and P-values are calculated using the fast method described in the nCounter® Advanced Analysis 2.0 User Manual. The Gene Set Analysis (GSA) module from NanoString® is incorporated into ROSALIND to summarize the global significance score and the directed global significance score. GSA summarizes the change in regulation within each defined gene set relative to the baseline, as described in the nCounter® Advanced Analysis 2.0 User Manual. P-value adjustment is performed using the Benjamini-Hochberg method of estimating false discovery rates (FDR). Clustering genes for the final heatmap of differentially expressed genes was done using the PAM (Partitioning Around Medoids) method using the FPC R library (20) that considers the direction and type of all signals pathway the position, role, and type of every gene. Hypergeometric distribution was used to analyze the enrichment of pathways, gene ontology, domain structure, and other ontologies. The topGO R library (20) was used to determine local similarities and dependencies between GO terms to perform Elim pruning correction. Several database sources were referenced for enrichment analysis, including Interpro (21), NCBI5 (22), MSigDB (23, 24), REACTOME (25), WikiPathways (26). Enrichment was calculated relative to a set of background genes relevant for the experiment. Data analyzed in ROSALIND was downloaded, and Volcano plots of differential expression data were plotted using the −log10 (P-value) and log2 fold change using GraphPad Prism (Version 9, GraphPad Software, San Diego, CA). Heatmaps were also constructed using GraphPad Prism. Venn diagrams were made using Venny 2.1 (27). Over-represented pathway investigation was performed using www.innatedb.com (28).



Statistical Analysis

Comparisons of OSDI, SANDE, TMH, TBUT, corneal and conjunctival scores between HC and SS subjects were performed using non-parametric Mann Whitney U test using GraphPad Prism version 9.0 (GraphPad Sofware). Non-parametric Spearman correlations using GraphPad Prism investigated the correlations of OSDI, TBUT, corneal and conjunctival score with up or down-regulated DEGs.




Results


Patient Demographics

Nineteen control subjects and seven age-and-sex-matched SS KCS patients were enrolled from January 2019 to January 2021 (Table 1). The control subjects had minimal eye irritation symptoms and no clinical signs of KCS, while SS KCS patients had significant symptoms and clinical signs. Statistical comparison of OSDI and SANDE scores, tear meniscus height (TMS), tear-break-up time (TBUT), corneal and conjunctival staining scores between controls and SS KCS are shown in Table 2.


Table 1 | Demographic Characteristics of Study Groups.




Table 2 | Summary of clinical data, showing mean ± standard deviation.





Gene Expression Analysis in the Conjunctiva of SS KCS Identifies Upregulated Targets

The conjunctiva of SS KCS shows epithelial metaplasia, goblet cell loss, T cell infiltration, and increased expression of HLA-DR and IFNG mRNA (6, 10, 29–32). We and others have shown that impression cytology of the conjunctiva collects a mix of epithelial and immune cells (8, 14, 33). To gain insights into the molecular mechanisms involved locally, impression cytology of the conjunctiva was used to collect conjunctival cells, which were then lysed and processed for RNA analysis using a NanoString® nCounter panel enriched for immune genes (Immunology V2). This panel allows for the simultaneous evaluation of 594 genes. Gene expression analysis was quantified in the conjunctiva of healthy and SS KCS patients using nCounter and ROSALIND software, as described in methods. Out of the 594 genes, eight genes were not detected; 53 were significantly modulated in SS KCS patients: 4 genes were downregulated (TRAF5, TGFBI, KLRAP1, and CMKLRI), and 49 genes were upregulated using a stringent 1.5-fold increase or decrease threshold (volcano plot in Figure 1A). Significance was plotted against fold change (log2 values) using a -log10 of the adjusted p-value for each dot. The top 20 upregulated differentially expressed genes (DEGs) in descending order were BST2, IFITM1, LAMP3, CXCL1, IL19, CFB, LY96, MX1, IL4R, CDKN1A, SERPING1, HLA-DRB3, S100A8, IRF7, ICAM1, C4A/B, TNFAIP3, CD74, HLA-B, and TAP1 (Table 3). A complete list of DEGs can be found in 3Supplementary Table 1.




Figure 1 | Differential expression of immune genes in the conjunctiva of SS patients. (A) A volcano plot shows −log10(p-value) and Log 2-fold change in gene expression in SS-KCS patients compared to control subjects (fold increase >1.5 or fold decrease <1.5 and p adjusted value of 0.05). P-value thresholds were adjusted using the Benjamini–Hochberg method of estimating false discovery rates. The horizontal line indicates p=0.05, and the two vertical lines indicate greater or lower than 1.5-fold. (B) Pathway descriptors are included in the panel. Dark bars indicate modulated genes (up or down), and white bars show unaffected genes. SS-KCS, Sjögren Syndrome keratoconjunctivitis sicca. Numbers above the bars indicate the number of unaffected genes (left) followed by the affected genes (right).




Table 3 | Top 20 upregulated and 4 downregulated genes in SS KCS compared to controls.





Differential Pathways Are Activated in the Conjunctiva of SS KCS Patients

Previous studies have identified a significant role for inflammation in the conjunctiva of SS KCS patients (6, 13, 14, 34). To gain insight into the pathways involved, we analyzed which DEGs have been annotated or identified in immune pathways using the ROSALIND software and nCounter software, using the gene set analysis. This algorithm calculates a T-statistic for each gene against each covariate in the model. A gene set’s global significance score for a covariate measures the cumulative evidence for the differential expression of specific genes in a pathway. Out of the 32 immune pathways included in the panel, the top 20 pathways are shown in Figure 1B (global significance range from 2.0 to 4.24). For each pathway, modulated genes and unaffected genes are shown. The pathways (Figures 2–4) and their respective global significance scores are Type I Interferonsignaling (4.24), Type II Interferon signaling (2.91), MHC Class I antigen presentation (2.84), B cell receptor signaling (2.44),Phagocytosis and degradation (2.44), Cytokine signaling (2.40), MHC Class II antigen presentation (2.37), NLR signaling (2.36), Innate immune system (2.32), Host-pathogen interaction (2.31), Immunometabolism (2.28), Adaptive immune system (2.28), Complement system (2.25), Transcriptional regulation (2.24), TLR signaling (2.23), NFkB signaling (2.23), Apoptosis (2.15), Lymphocyte activation (2). As expected, not all pathways in the panel were identified in our results.




Figure 2 | A heatmap of expression of immune pathways that were upregulated in SS KCS conjunctiva. Heatmaps show Type I and II Interferon, MHC class I and II antigen presentation, phagocytosis and degradation, and B cell receptor signaling pathways.






Figure 3 | Heatmaps of expression of immune pathways with significant genes upregulated or downregulated gene (TRAF5) in SS KCS conjunctiva. Heatmaps show Cytokine signaling, Host-pathogen interaction, Innate immune system, Nod-like-receptor (NLR) signaling, and Complement pathways.






Figure 4 | Heatmaps of Adaptive immune system, Lymphocyte activation, NFkB, TLR signaling, Transcriptional regulation, Immunometabolism, Cell adhesion, and apoptosis. The downregulated genes TRAF5, CMKLR1, and TGFBI, are found in the NFkB signaling, Immunometabolism, and Cell adhesion pathways.



Some DEGs overlapped in more than one pathway. For example, the proteasome subunits beta type-8 (PSMB8) and type-9 (PSMB9) were annotated in multiple pathways (type I interferon, MHC Class I antigen presentation, B cell receptor signaling, cytokine signaling, innate immune system, adaptive immune system, NFkB, immunometabolism, and apoptosis). Both PSMB8 and PSMB9 are integral parts of the immunoproteasome and, together with TAP1 and TAP2, are involved in the MHC class I presentation. TAP1 and TAP2 are transporters (-1,-2, respectively) and ATP binding cassette subfamily B members. Similar to PSMB8 and PSMB9, TAP1 and TAP2 were also annotated in multiple pathways (MHC class I presentation, phagocytosis, host-pathogen interaction, adaptive immune response, Figures 2–4). However, other DEGs were uniquely annotated. An example is LAMP3 (lysosome-associated membrane glycoprotein 3 or DC-LAMP), which was uniquely annotated in the phagocytosis pathway.

It has been demonstrated that SS patients have a Type I and II Interferon signature in their serum (35–38). Accordingly, we observed many DEGs involved in Type I and II interferon responses in the conjunctiva, such as BST2, IFITM1, IRF7, and MX1 (Figure 2). BST2 (bone marrow stromal antigen 2) was the most upregulated DEG in our results. Elevated BST2 levels are found in labial gland SS biopsies compared to controls and these levels correlated with rheumatoid factor and B2M serum levels (39). IFITM1 (interferon-induced transmembrane protein 1), IRF7 (interferon regulatory factor 7), and MX1 (interferon-induced GTP-binding protein Mx1) are also interferon-responsive genes (40) that were upregulated with greater significance in our results. IFITM1 was the second most upregulated DEGs in our results, and it is involved in Type I interferon and B cell receptor signaling, which also showed upregulation of PSMB8 and PSMB9.

The complement system participates in the lysis of infectious organisms by facilitating the binding of antibodies and phagocytic cells to microorganism membranes. It also promotes inflammation and immune clearance. There were five upregulated DEGs in our results, as shown in Figure 3 (CFB, CFI, C2, C4A/B, and SERPING1). CFB, a component of the alternative pathway of complement, is also increased in cerebrospinal fluid of patients with SS and fatigue (41). Both C2, C4A, and C4B proteins are known to participate in the generation of the classical complement pathway. The complement pathway is also part of the innate immune system, which showed many DEGs, such as CEACAM-1, CXCL1, S100A8, S100A9, PIGR, and MUC1. CEACAM-1 (carcinoembryonic antigen-related cell adhesion molecule 1) is a co-inhibitory molecule in mucosal immunology (42). CXCL1 is an antimicrobial protein that is a chemoattractant for neutrophils, which have been implicated in dry eye (43, 44). PIGR is a polymeric immunoglobulin receptor (also known as secretory component) that mediates polymeric IgA and IgM transport across mucosal epithelial cells. It is highly expressed in the lacrimal gland and tears (45) and, once secreted, can act as an antimicrobial agent on its own (46).

The involvement of the major inflammatory pathway NFkB in SS is well established in the literature (47, 48). Figure 3 shows the DEGs involved in this pathway: ICAM-1, IL1R1, Ly96, TNFAIP3 (encoding tumor necrosis factor, alpha-induced protein 3 or A20 protein), TNFSF13B, and downregulation of TRAF5. TNFSF13B encodes BAFF, B cell activation factor, a protein involved in B cell survival. BAFF SNPs and mutations have been shown in SS patients (49, 50). TRAF5, TNF receptor-associated factor 5, is a scavenger protein involved in TNF and NFkB activation and mediates IL-17-ACT1 interactions. TRAF5 SNPs showed an association with rheumatoid arthritis compared to control subjects (51). Genome-wide association studies have shown that TNFA1P3 is upregulated in Chinese SS patients (52). TNFAIP3, HLA-DMA, HLA-DR genes (HLA-DRB5 and HLA-DRB1), CDKN1B (cyclin-dependent kinase inhibitor 1B), IFITM1, NKFB1 (nuclear factor of kappa light polypeptide gene enhancer in B-cells 1), and IRF7 also elevated in labial salivary biopsies (53). Other small molecules and drugs that target the NFkB pathway in SS are undergoing clinical trials [reviewed in (54)].

Five transcription factors were upregulated and are shown in Figure 4: BATF, IRF7, STAT1, STAT2, XBP1. BATF (basic leucine zipper transcription factor, ATF-like) and is involved in Th17 differentiation. BATF-/- mice have decreased Th17 and ameliorated experimental autoimmune encephalitis (55), a model where Th17 cells are pathogenic. IL-17 has been implicated in dry eye and models of SS (56–61). IRF7 is a transcription factor that mediates IFN-α signaling. IRF7 has been found elevated in the SS patients, where it is thought to mediate the IFN signature (35–38, 62).

The immunometabolism pathway had two DEGS; CMKLR1 and RARRES3 (-7.1- and 1.6-fold change, respectively, Figure 4). CMKLR1 encodes chemerin chemokine-like receptor 1, also known as resolvin E1 receptor, a critical molecule in inflammation resolution (63). A CMKLR1 agonist antibody has shown promise in pre-clinical models of intestinal mucosal inflammation (64). RARRES3, retinoic acid receptor responder protein 3, is an intracellular retinoid receptor responder that belongs to RNA pattern recognition receptors. RARRES3 has been shown to interact with the immunoproteasome and upregulate IRF1 in breast cancer cells, and to stimulate the proliferation of keratinocytes (65).

TGBI and ICAM-1 were differentially modulated in our dataset and are annotated in the cell adhesion pathway (down and upregulated DEGs, respectively, Figure 4). Mutations of TGFBI (transforming growth factor beta-induced) have been implicated in cornea dystrophies (66). ICAM-1, intercellular adhesion molecule-1, is a critical molecule in the adaptive immune system that facilitates cell adhesion and promotes cell adhesion. ICAM-1 is elevated in SS serum and mouse models of dry eye disease (67–70). Lifitegrast, which blocks the immunological synapse of lymphocyte function-associated antigen/ICAM-1, is an FDA-approved eye drop for dry eye disease (71–73).

Pathway overrepresentation analysis using the InnateDB tool (28) showed that the “Antigen processing and presentation” pathway was over-represented in our results (10% of genes, P<0.00001, p-adjusted value), using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Genes involved in this pathway were B2M, CD74, HLA-A, HLA-B, HLA-DMA, TAP1, and TAP2. These same genes were annotated in Type I and II interferon responses, MHC class I and II antigen presentation, phagocytosis, and degradation in the NanoString® pathways (Figure 2). B2M (beta-2 microglobulin), involved in MHC Class I antigen presentation to CD8 T cells, has shown to be a hub for protein interaction in SS (74). HLA-A and HLA-B are major histocompatibility complexes that form a heterodimer with B2M.

These results demonstrate the pleiotropic abilities of specific genes, which participate in multiple pathways.



Correlation of Upregulated DEGs With Symptoms Severity Score and Signs

We performed Spearman correlation analysis between the normalized counts vs. OSDI, or TBUT, or corneal staining score, or conjunctival score to investigate which DEGs correlated with symptoms and signs of dry eye. No correlations between gene normalized counts and corneal fluorescein staining scores were observed in any of the genes in our results.

From the 54 DEGs, 29 DEGs correlated with either OSDI, TBUT, or conjunctival staining score (Table 4), and some DEGs correlated with more than one clinical sign. Only upregulated DEGs showed any significant correlation. Two representatives Spearman correlation graphs are shown in Figure 5A: 1) CD74, a critical step in MHC II pathway (75), inversely correlated with TBUT and positively with conjunctival staining score, 2) LAMP3, a lysosomal protein involved in autophagy (76), which correlated with OSDI, TBUT, and conjunctival staining score. Increased levels of CD74 have been previously reported in minor salivary gland SS biopsies (62, 77).


Table 4 | Spearman correlations with clinical symptoms (OSDI), Tear-break-up time (TBUT), and conjunctival (CJ) staining score were calculated using GraphPad Prism software using clinical data from all subjects (19 healthy controls and 7 SS KCS subjects). Out of 54 DEGs, only 29 of the upregulated DEGs showed a correlation.






Figure 5 | A subset of upregulated genes correlates with ocular symptoms and signs. Spearman correlations of clinical symptoms (OSDI), Tear-break-up time (TBUT), and conjunctival (CJ) staining score with up or downregulated DEGs were calculated using GraphPad Prism software using clinical data from all subjects (19 healthy controls and 7 SS KCS subjects). (A) Representative graph showing Spearman correlations of CD74 and LAMP3 vs. OSDI, TBUT, corneal staining score, and conjunctival staining score. Additional genes are shown in Table 3. (B) Venn diagram showing common and unique correlation of genes and OSDI, TBUT, and conjunctival staining score. R = coefficient of correlation. Please note that GraphPad Prism does not plot all dots if they overlap.



Next, we used the data in Table 4 to make Venn diagrams to identify the unique and shared correlations (Figure 5B). We identified that 26/29 DEGs showed an inverse correlation with TBUT; 5 of these 26 DEGs showed a positive correlation with OSDI, and 16/26 showed a positive correlation with conjunctival staining score. Five upregulated DEGs (CFB, CFI, IL1R1, IL2RG, IL4R) were uniquely inversely correlated with TBUT, while PML (promyelocytic leukemia protein) was uniquely correlated with conjunctival staining score (Table 4). PML is upregulated by STAT1 and participates in TNF-α and IFN-α induction of angiogenesis (78). Detection of PML in liver biopsies has been used as a diagnostic tool for autoimmune liver diseases, including primary biliary cirrhosis (79, 80). In addition to LAMP3, only an additional 6 DEGs correlated with OSDI (CDKN1A, PRDM1, HLA-B, MX1, PSMB8, and TMEM173). The disconnection between symptoms and signs in SS KCS is well described in the literature.




Discussion

The pathogenesis of SS has been a subject of intense investigation. The cornea and the conjunctiva develop pathological changes in SS KCS (81). Because it is not possible to obtain cells from the cornea noninvasively, we performed multiplex gene analysis of cells obtained from the conjunctiva using impression cytology using an Immunology panel. Impression cytology of conjunctiva has been used to investigate conjunctival goblet cell density, epithelial metaplasia, and obtain cells for flow cytometry (10, 82–87). It has also been used to investigate gene expression between different forms of dry eye disease and comparisons between healthy controls and SS KCS, as in our studies (6, 13, 14).

A careful investigation of pathways in our immunology panel confirmed some findings in literature but also unraveled new pathways and DEGs that had not been previously associated with SS. Pathways that have been previously associated with SS include Type I and Type II Interferon, MHC Class I and II presentation, Innate immune system, Phagocytosis, NFkB, B cell receptor to name a few. Increased expression of the interferon-inducible genes is consistent with our findings of increased IFN-γ expression in the conjunctiva of patients with SS KCS (1, 6) and that interferon-γ produced by NK and T cells increases chemokine expression and promotes goblet cell loss in conjunctival of mouse SS models (11, 88–92). Interestingly, the B cell receptor signaling pathway was upregulated in our results involving the conjunctiva. The involvement of B cells in SS is well established, as SS patients have B cell infiltration in salivary and lacrimal glands in humans and rodents. SS patients have an increased risk for non-Hodgkin lymphomas (93–96). The role of B cell receptor signaling in the conjunctiva of SS KCS patients has not been thoroughly investigated.

There were several upregulated genes in the host-pathogen, NLR signaling, and TLR signaling pathways. While no ocular surface pathogen has been identified in the pathogenesis of SS, there is a link between intestinal dysbiosis (with increased proteobacteria genera) and the severity of SS KCS (97, 98). Additionally, antibiotic-induced dysbiosis in mice increased the ocular surface inflammatory response to topically applied lipopolysaccharide (99) and led to a worse dry eye phenotype after desiccating stress (97). Upregulated genes in these pathways can heighten the TLR signaling (e.g., LY96) and innate and adaptive immune responses to microbial products that can be released into the circulation with intestinal dysbiosis. Several of the upregulated DEGs (IL-4R, IL-19, and DUSP) may have compensatory immunosuppressive functions. Th2 cytokines, such as IL-4 and IL-13, are usually implicated in allergic conjunctival inflammation (100), and IL-13 signaling through its heterodimeric receptor, which includes the IL-4R, stimulates goblet cell proliferation and mucin production in the conjunctiva (101, 102). Similarly, IL-19 is an anti-inflammatory cytokine that belongs to the IL-10 family and participates in the modulation of macrophage from M1 to M2, and DUSP4 negatively regulates phosphorylation of several MAPKs (103–105).

One pathway that was discovered in our panel was immunometabolism, with two unique DEGs (CMKLR1 and RARRES3). CMLKR1 also participates in the resolution of inflammation. Topically applied resolvin E1 analogs improved corneal staining, goblet cell density, and improved tear secretion while decreasing CD11b+ and CD4+ infiltration to the cornea in a murine model of dry eye disease (106, 107). A protective role for resolvin D has been shown in the salivary gland of SS animal models (108). Interestingly, RARRES1, another member of the same family, is elevated in SS labial salivary gland biopsy microarray studies (53). This is the first time that RARRES3 is associated with the conjunctiva of SS KCS patients.

Our results showing increased XBP-1 and STAT1 levels agree with the literature and with our previous publication that showed increased XBP-1 and GRP78 in the SS KCS conjunctiva compared to healthy controls (11). Increased levels of STAT1 have been previously reported in humans and animal models, also in the conjunctiva (13, 14, 62, 109). XBP-1 (X-box binding protein-1) participates in ER stress and UPR, decreasing salivary gland protein secretion (110). In the conjunctiva, XBP-1 participates in the IFN-γ-induced UPR by decreasing Muc5ac protein secretion from cultured conjunctival goblet cells (11).

Correlation analysis of the DEGs with clinical signs identified that 53% of DEGs correlated with at least one clinical sign. IFITM1, the second most upregulated DEG in our results, correlated with TBUT and conjunctival staining score. Elevated IFITM1 levels have been reported in the conjunctiva of dry eye patients (111). PSMB8 correlated with OSDI, TBUT, and conjunctival staining, while TAP1 and TAP2 correlated with TBUT and conjunctival staining. Epigenetic changes in PSMB8 and TAP1 have been reported in human labial gland biopsies in SS patients from the SICCA repository (112). Increased mRNA and protein expression in PSMB8 and PSMB9 in epithelial and immune cells of salivary glands have been reported (77, 113). LAMP3 was one of the only five DEGs correlated with three ocular parameters (OSDI, TBUT, and conjunctival staining score). LAMP3 is a marker of mature DCs in humans (114), and we and others have shown that the conjunctiva of SS KCS patients is rich in antigen-presenting cells (8, 33, 115, 116). LAMP3+ patients have increased levels of autoantibodies in their serum, and in-vitro, overexpression of LAMP3 induces apoptosis of minor salivary gland epithelial cells (117). Adenovirus transfection with LAMP3 in mice induces an SS-like phenotype accompanied by decreased salivary function (118). CDKN1A, cyclin-dependent kinase inhibitor 1, p21, correlated with OSDI and conjunctival staining score. Elevated senescence markers CDKN1A (119) and CDKN1B have been found in minor salivary gland SS biopsies (62). Genetic deletion of p21 in lupus-prone mice promoted apoptosis of long-lived T and B cells, decreasing autoimmunity (120). Our results are the first to show elevated CDKN1A, PSMB8, and PSMB9 in the conjunctiva of SS patients.

Our studies agree with Kessal and colleagues, who reported increased C2 and CFB (complement factor B) in the conjunctiva of SS KCS patients (13, 14). The complement system is activated at the ocular surface at low levels, where it is thought to participate in immunosurveillance (121). However, functional studies of the complement system in SS are primarily concentrated in the serum, where decreased complement levels have been found (122). Variants in C4 genes (which segregate with MHC II genes) increase the odds ratio of SS (123). A systematic review in the literature showed that a deficiency of C1-inhibitor (encoded by SERPING1) was present in autoimmune diseases (124). Our study adds CFI (complement factor I), C4/B, and SERPING1 to the list of upregulated genes in the complement cascade in the conjunctiva of SS KCS patients. The role of the complement cascade in the conjunctiva warrants further investigation.

Antigen presentation and processing, including MHC class I and class II pathways, were overrepresented in our results. Elevated HLA-A, HLA-B, HLA-DMA levels, together with other HLA-DR genes (HLA-DRB5 and HLA-DRB1), have been found in labial salivary biopsies in SS patients (53, 77). Genome-wide studies have shown that DEGs TAP1, TAP2, PSMB9, HLA-DR, HLA-DMA have been associated with SS in more than one study (52, 125, 126). LAMP3 was the third most upregulated DEG in our results, in agreement with previous studies that also reported elevated LAMP3 levels in SS (62, 117). MX1 has also been found elevated in other cohorts of SS patients, including conjunctiva (13, 14), labial salivary biopsies (53, 62, 127, 128), and serum (129). When comparing our DEGs with previous studies that performed comprehensive gene analysis of the conjunctiva, our studies identified four overlapping DEGs (MX1, C2, CFB, STAT1, STAT2) (13, 14). Compared to studies that performed gene analysis in labial gland biopsies from SS patients, our results identified some overlapping DEGs (62, 74, 77, 113, 127, 128). Unique DEGs not previously associated with SS were HLA-DRB3, CFI, CEACAM1, CXCL1, DUSP4, IL19, IL1R1, MUC1, SERPING1, S100A8, S100A9, PIGR, XBP1, although some proteins encoded by these DEGs have been associated with dry eye [XBP1, HL-A-DR (11, 33, 115)]. The majority of these DEGs participate in Innate immune response. Some of these proteins are secreted by epithelial cells and demonstrate the importance of the epithelial barrier in autoimmunity (130). Elevated levels of PIGR have been found in the SS saliva (131). MUC1, mucin 1, has been shown to regulate inflammation and TLR signaling after infections in mucosal sites (132). SNPs in the MUC1 gene have been identified in SS and dry eye subjects (133–135). Interestingly, 5/50 upregulated genes in the conjunctiva of a mouse model of SS were also included in our upregulated DEGs [MX1, ICAM1, S100A9, IRF7, BATF, (136)].

The strengths of this study include robust gene expression data via NanoString and comprehensive measures of signs and symptoms of dry eye disease to allow correlation of gene expression levels with different objective measures of the disease. The limitations of our study include the relatively limited set of genes evaluated by this NanoString® platform and the restriction to immune-related genes as compared to the more open approach of RNA sequencing, though the use of the NanoString platform allowed for a direct focus on immune-related genes, which was the purpose of the study.

Further studies are necessary to validate these DEGs identified in our study, which identified shared and unique DEGs and pathways in the conjunctiva of SS KCS patients. These findings highlight that some therapies targeting immune mediators might be efficacious for SS KCS. The ocular surface also has unique activated pathways that warrant further investigation if these DEGs can be used as valid biomarkers modulated by therapies such as cyclosporine A and short-term steroids. Investigation of immune pathways in the conjunctiva might yield novel therapeutic targets for SS KCS.
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Background

Primary Sjögren’s syndrome (pSS) is a chronic systemic autoimmune disease of the exocrine glands characterized by specific pathological features. Previous studies have pointed out that salivary glands from pSS patients express a unique profile of cytokines, adhesion molecules, and chemokines compared to those from healthy controls. However, there is limited evidence supporting the utility of individual markers for different stages of pSS. This study aimed to explore potential biomarkers associated with pSS disease progression and analyze the associations between key genes and immune cells.



Methods

We combined our own RNA sequencing data with pSS datasets from the NCBI Gene Expression Omnibus (GEO) database to identify differentially expressed genes (DEGs) via bioinformatics analysis. Salivary gland biopsies were collected from 14 pSS patients, 6 non-pSS patients, and 6 controls. Histochemical staining and transmission electron micrographs (TEM) were performed to macroscopically and microscopically characterize morphological features of labial salivary glands in different disease stages. Then, we performed quantitative PCR to validate hub genes. Finally, we analyzed correlations between selected hub genes and immune cells using the CIBERSORT algorithm.



Results

We identified twenty-eight DEGs that were upregulated in pSS patients compared to healthy controls. These were mainly involved in immune-related pathways and infection-related pathways. According to the morphological features of minor salivary glands, severe interlobular and periductal lymphocytic infiltrates, acinar atrophy and collagen in the interstitium, nuclear shrinkage, and microscopic organelle swelling were observed with pSS disease progression. Hub genes based on above twenty-eight DEGs, including MS4A1, CD19, TCL1A, CCL19, CXCL9, CD3G, and CD3D, were selected as potential biomarkers and verified by RT-PCR. Expression of these genes was correlated with T follicular helper cells, memory B cells and M1 macrophages.



Conclusion

Using transcriptome sequencing and bioinformatics analysis combined with our clinical data, we identified seven key genes that have potential value for evaluating pSS severity.
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Introduction

Primary Sjögren’s syndrome (pSS) is a chronic systemic autoimmune disease of the primary exocrine glands characterized by specific pathological features (1, 2). pSS often features immune-mediated destruction of exocrine tissues, such as salivary and lacrimal glands, resulting in the loss of saliva and tear production (3). Immunological abnormalities such as antinuclear antibodies (ANAs), antibodies against Ro/Sjögren’s syndrome-related antigen A (SSA) and La/Sjögren’s syndrome-related antigen B (SSB), and hypergammaglobulinemia are often detected in pSS patients by laboratory tests (4, 5). pSS is estimated to affect between 0.03 and 4.8% of individuals across different regions and global populations and occurs in women approximately 9 to 20 times more frequently than in men (6–8). However, the pathogenesis and underlying mechanism of pSS are still unclear due to the heterogeneity of clinical phenotypes and complex pathogenetic mechanisms. Therefore, identifying disease-associated biomarkers is necessary to understand the complex progression of pSS.

The hallmark characteristic histological feature of pSS is the infiltration T cells, B cells, plasma cells, macrophages, mast cells, and dendritic cells into the lacrimal and salivary glands (9). Salivary glands from pSS patients express a unique profile of cytokines, adhesion molecules, and chemokines compared to healthy controls (10). Nocturne et al. revealed that T lymphocytes are key factors in the immunopathogenesis of pSS and that the activation of B cells accelerates disease progression and drives some disease-specific phenotypes (11). Current studies have increased the understanding of autoimmune disease complexity. Although the innate immune system has been demonstrated to play a significant role in early stages of pSS, the exact role played by regulatory cells and their related genes in SS is far from understood. Labial minor salivary gland (LSG) biopsy is widely used in the diagnosis of pSS due to its simplicity, familiarity, and acceptance, and plays an irreplaceable role in the established American-European Consensus Group classification criteria and the proposed American College of Rheumatology/European League Against Rheumatism (ACR/EULAR) criteria (12). Evidence suggests that investigation of LSGs could reveal potential biomarkers and additional prognostic, stratification, or mechanistic insights in pSS (13).

Previous Literature has reported that flow cytometry or immunohistochemistry can be used to detect certain immune cell subsets and genes related to pSS in peripheral blood mononuclear cells (PBMCs) and salivary glands (14). Over the past decade, genetic studies have been a useful and effective tool for the identification of novel pathogenesis-supporting pathways. Nocturne et al. reviewed the first genome-wide association study (GWAS) and identified three major pathogenic steps in pSS: innate immune system activation, B-cell activation, and T-cell activation (11). Using RNA sequencing data and four salivary glands microarray datasets, Luo et al. revealed the potential roles of ICOS in pSS (15). Recently, single-cell RNA sequencing has been applied to PBMCs from pSS patients, to identify the immune cell subsets and susceptibility genes related to the pathogenesis of pSS (16). However, little is known about genes associated with disease progression. Overall, delineating the molecular events and related genes involved in different stages of pSS represents an unmet clinical need, as this information could improve disease diagnosis and inform future therapeutic target selection.

Herein, we performed a comprehensive investigation involving transcriptomic analyses, salivary histology, and validation of hub genes in salivary gland samples from different stages of pSS. First, guided by integrated bioinformatics analysis, we identified differentially expressed genes (DEGs) from both our own RNAseq data (minor salivary gland) and pSS datasets (both major and minor salivary glands) from the NCBI Gene Expression Omnibus (GEO) database. Second, histochemical staining and transmission electron
micrographs (TEM) were performed to macroscopically and microscopically characterize the morphological features of minor salivary glands at different disease stages. Furthermore, we performed quantitative PCR to validate hub genes. Finally, we analyzed the correlations between selected hub genes and immune cells in the autoimmune microenvironment. Our findings provide further insight into the mechanisms underlying the progression of pSS and suggest that the hub genes are potential diagnostic biomarkers and therapeutic targets.



Materials and Methods


Data Download and Preprocessing

The “GEOquery” package in R software was used to download the pSS datasets GSE40611 (17), GSE127952 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127952), and GSE154926 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE154926), and GSE159574 (15) was downloaded from the corresponding supplementary file from the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). The microarray datasets, GSE40611 and GSE127952, contained 17 pSS and 10 control parotid tissue samples and eight pSS and six control minor salivary gland samples, respectively. For these datasets, the normalize between arrays function in the R limma package was used to remove the inter-batch difference effects, and the maximum value method was used to remove the duplicate gene names corresponding to multiple probes. The high-throughput sequencing count datasets, GSE154926 and GSE159574, contained 43 pSS and 7 control minor salivary gland samples, and 16 pSS and 13 non-pSS salivary gland samples, respectively. For these datasets, the R Bioconductor package DESeq2 was used for data standardization and to obtain the standardized matrix file.



Bioinformatics Analysis

The DEGs from GSE40611, GSE127952, and GSE154926 were identified using the limma and DEseq2 packages (|logFC| >1, p<0.05) and using as training cohorts. The “ClueGO” plug-in with integration of Gene Ontology (GO) terms in Cytoscape was used to construct separate biological process networks from the list of upregulated genes (18). Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed using the cluster profiler package in R (19). P-value <0.05 was set as the cutoff criterion for significance. Interactive relationships and protein–protein interaction (PPI) networks of the overlapping DEGs were evaluated using the STRING database (http://string-db.org) (20). Cytoscape software (http://www.cytoscape.org/) was used to construct and visualize a biological network of key DEGs (21). A receiver operating characteristic (ROC) curve was used to analyze diagnostic values, including the area under the curve (AUC), sensitivity, and specificity obtained from the GSE159574 dataset. CIBERSORT (http://cibersort.stanford.edu) (22) was used to calculate immune cell proportion and estimate the scores of 22 human immune cell types in pSS samples from the GSE154926 cohort (p<0.05). Spearman correlation analysis was performed to assess correlations between hub genes and immune cells.



RNA Sequencing Data

We selected three cases each of pSS and non-pSS and sequenced each group of labial minor salivary gland tissue pools separately. Total RNA of each group was extracted by TRIzol Reagent (Invitrogen, USA) and quantified and qualified by Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA), NanoDrop (Thermo Fisher Scientific Inc.), and 1% agarose gel. One microgram total RNA with RIN > 6.5 was used for following library preparation. Next-generation sequencing library preparations were constructed according to the manufacturer’s protocol. Then the prepared libraries were subsequently multiplexed and loaded on an Illumina HiSeq instrument (Illumina, CA, USA). Sequencing was carried out using a 2 × 150 bp paired-end (PE) configuration. Image analysis and base calling were conducted by the HiSeq Control Software (HCS), OLB, and GAPipeline-1.6 (Illumina) on the HiSeq instrument. To remove technical sequences, pass filter data of fastq format were processed by Cutadpt (V1.9.1) to be high-quality clean data. Differential expression analysis used the DESeq2 Bioconductor package. Padj of genes were set at <0.05 to detect differential expressed ones. The raw data were uploaded to the NCBI SRA database, under accession the number PRJNA722690.



Clinical Samples

Labial salivary glands from a total of 14 pSS patients with pSS, 6 non-pSS subjects (female, 40–65 years old), and 6 healthy control patients (mucous cysts or lower lip trauma) were collected from Ruijin Hospital, Shanghai Jiao Tong University School of Medicine (Shanghai, China). All pSS patients fulfilled either the 2016 ACR/EULAR classification criteria (23) or the 2012 ACR classification criteria (24) for pSS. Non-pSS meet the same diagnostic criteria as patients presenting with xerostomia and xerophthalmia, but do not meet the classification criteria for pSS (25). The labial salivary gland biopsies were divided into four groups based on lymphocyte infiltration levels (25): healthy control, non-pSS, pSS1 (lymphatic infiltration foci = 1), and pSS2 (lymphatic infiltrating foci ≥ 2). Tissue samples for histochemical staining were fixed immediately following resection and were embedded in paraffin after 24 h. The samples for transmission electron
micrographs (TEM) were fixed with 2.5% glutaraldehyde in a 0.1 M phosphate‐buffered saline (PBS) for 2 h at 4°C. Other biopsy samples were flash frozen in liquid nitrogen and stored at −80°C until RNA extraction.



Histochemical Staining

Hematoxylin and eosin (HE) staining, Alcian blue (AB)-Sirius red staining, and Alcian blue-Periodic Acid-Schiff (PAS) stained sections from labial salivary glands of both non-SS and pSS subjects were examined under a light microscope (Leica, DMLB, Leica Microsystems Wetzlar, Germany). Inflammatory infiltration (grading and scoring), fibrosis (diffuse or partial), acinar atrophy with ductal epithelial changes, and amyloid deposits were assessed by independent observers. Tissue damage arising from both ducts and acini, lymphocyte infiltrates, fibrosis, etc., were also analyzed (26, 27).



Transmission Electron Micrographs (TEM)

All non-SS and pSS labial salivary glands samples for transmission electron microscopy were subjected to 2.5% glutaraldehyde fixation, 1% osmium tetroxide postfixation, and ethanol gradient dehydration. Twochanges of 100%propylene oxido (P.O.) for 10 minutes each and finally into the embedding resin. The samples were sectioned by diamond knife (LEICA EM UC7) to 70-90nm, followed by electron stained with lead citrate, and visualized on a Transmission electron microscope (HITACHI H-7650).



RNA Extraction and Quantitative RT-PCR

RNA was extracted using Takara RR420 and RR036A isolation kits according to the manufacturer’s instructions. First-strand cDNA synthesis was performed using PrimeScript reverse transcriptase (Takara RR420). qPCR was carried out using the Takara RR036A kit. β-Actin was used as an internal reference. The relative expression of target genes was calculated using 2−ΔΔCt method. A P value <0.05 was considered significant. Primer sequences are summarized in Table S1. All PCR reactions were conducted in triplicate.



Immunohistochemical Staining of Biomarkers in Labial Salivary Glands

Based on the RT-PCR results, we selected two established proteins representing T cells and B cells, for validation. After deparaffinization, paraffin-embedded non-pSS, pSS1, and pSS2 labial salivary gland sections were incubated in antigen retrieval solution (Dako, Denmark), followed by the appropriate blocking steps. Following CD3 (IR503, Dako, Denmark) and CD19 (IR656, Dako, Denmark) primary antibody staining, slides were incubated with HRP-conjugated secondary antibody and developed with DAB (Dako, Denmark). Fourteen pSS labial salivary glands and 6 non-pSS tissues were chosen randomly. Images were captured under a light microscope (Olympus Bx51, Japan).



Statistical Analysis

Statistical analysis was performed using unpaired Student’s t-test or one-way ANOVA in GraphPad Prism software. Data are presented as means ± SD. A P value < 0.05 was considered statistically significant.




Results


Identification of Common DEGs in pSS

The workflow of this study is shown in Figure 1. To investigate the common DEGs involved in pSS, we downloaded three public pSS datasets, including major (parotid) salivary gland (GSE40611) and minor salivary gland (GSE127952, GSE154926) datasets. As seen in Figure 2A and Table S2, a total of 47 upregulated and 2 downregulated common DEGs (≥3 instances of intersection) were identified (|logFC| >1, p<0.05). Figure 2B indicates whether these DEGs were found in the non-pSS versus pSS samples from each of three datasets. To systematically analyze the relationships between the common DEGs, we constructed a PPI network using the STRING database and visualized the data using Cytoscape 3.4.0 (Figure 2C). In addition, a DEG network was constructed using DEGREE algorithm analysis within the Cytoscape software (Figure 2D). Here, the hub nodes, including CD3G, CD3D, CD2, B2M, CD19, MS4A1, CXCL9, CXCL13, IFI6, GZMK, et al., were considered hub genes in the pSS DEG list. The identification of these DEGs laid the foundation for the subsequent identification of potential pSS biomarkers.




Figure 1 | A schematic showing the protocol utilized in the current study to identify the potential biomarkers associated with the progression of primary Sjögren’s syndrome (pSS).






Figure 2 | Differentially expressed genes (DEGs) in pSS and normal samples from the GSE40611, GSE127952, and GSE154926 datasets. (A) Venn diagrams showing the overlap between significant DEGs from the control and pSS samples within each dataset. (B) Heatmaps of common DEG (≥2 datasets overlap) pSS vs. control samples in three GSE datasets. (C) Construction of the PPI network based on common DEGs (≥3 datasets overlap). (D) Construction of DEG networks using the DEGREE algorithm in the Cytoscape software.





Function and Pathway Enrichment Analysis of Common Upregulated DEGs

To explore the potential biological processes associated with pSS, we performed pathway analysis on the common upregulated DEGs using the ClueGO plug-in within the Cytoscape suite (18). As seen in Figure 3A, we observed enrichment of immune-related signaling pathways like chemokine signaling pathway, T cell receptor signaling pathway, antigen processing and presentation, natural killer cell–mediated cytotoxicity, and Th1 and Th2 cell differentiation. Viruses that lead to inflammation, deregulation of epithelial cells, and autoimmune responses have been implicated as one of the pathogenic drivers of pSS (9). In line with previous studies, our findings demonstrated that common DEGs were also involved in infection-related pathways such as Epstein-Barr virus infection and viral protein interactions with cytokines and cytokine receptors. The pathway-related genes are displayed in Figures 3B, C. Using the DAVID database, the top five GO terms related biological processes among DEGs were primarily associated with response to virus, immune response-activating cell surface, receptor signaling pathway, T cell activation, antigen receptor-mediated signal pathway, and lymphocyte differentiation (Figures 4A, B and Table S3). The terms related to molecular functions were mainly involved in cytokine receptor binding, antigen binding, and chemokine receptor binding (Figures 4C, D and Table S4). In addition, there is significant correlation in external side of plasma membrane, chromosome, centromeric region, and endocytic vesicle membrane in relation to cellular component (Figures 4E–F and Table S5). These genes could be related to multiple biological pathways orchestrating pSS pathogenesis.




Figure 3 | ClueGO network analysis of the upregulated common DEGs. (A) KEGG pathway analyzes the upregulated common DEGs (≥2 times of intersection genes) involved in the occurrence and development of pSS. The pathways in the red box indicate the immune-related signaling pathways. The pathway in the yellow box indicates the infection-related signaling pathways. (B) Genes involved in infection-related signaling pathways. (C) Genes involved in immune-related signaling pathways.






Figure 4 | Functional enrichment analysis of upregulated DEGs. The significantly enriched GO-biological processes (A–B), GO-cellular component (C–D), and GO-molecular function (E–F) of the upregulated DEGs.





Identifying Candidate Biomarkers of pSS

RNA-Seq was carried out to further validate the results of the bioinformatics analyses above. As shown in Figures 5A, B, 28 DEGs were identified as common to the GSE127952, GSE154926, GSE40611, and our RNA-Seq data and therefore may be useful as candidate pSS biomarkers. To further verify the accuracy of these selected DEGs, another pSS dataset (GSE159574) was used as testing cohort to generate ROC curve. As shown in Figures 5C–E, common DEGs associated with T lymphocytes (CXCL9, CD3D, CD3G, CD2, SH2D1A, SIT1, ZBTB32), B lymphocytes (MS4A1, BANK1, CD19, TCL1A, CXCL13, CCL19), immune response (B2M, HLA-DRA, IFI6, IFI44L, NLRC5, GZMK, GZMA, ADAMDEC1, and CD247), and cell growth (IFI27, SLAMF1, ZC3H12D, and LAMP3) were further assessed (AUC > 0.65). These common DEGs were thought to be potential biomarkers of pSS.




Figure 5 | Identification of biomarkers in common DEGs. (A) Venn diagram showing common DEGs (logFC > 1, p < 0.05) to the GSE127952, GSE154926, and GSE40611 datasets and our RNA-Seq data. (B) Volcano map of the 28 common DEGs in our RNA-seq data. In the volcano plots, green and red points represent downregulated and upregulated genes, respectively, with logFC > 1, p < 0.05. (C–F) ROC curves based on pSS dataset GSE159574 predict candidate biomarkers related to T lymphocytes (C), B lymphocytes (D), immune response (E), and cell growth (F).





Histological Observation of pSS Progression

As a limited amount of information is available regarding the link between macroscopic and microscopic features of the disease progression, we performed morphological observations to explore changes to the acini and ducts during various disease stages. Clinical characteristics of the pSS patients are shown in Table 1. The labial salivary gland samples were divided according to their lymphocyte infiltration levels for labial salivary gland biopsy (25). Macroscopically, as seen in Figure 6A, we could clearly observe slight infiltration (Grade I); moderate infiltration or less than one focus (Grade II); one focus, mainly located in the periductal region (Grade III); and more than one focus with heavy interlobular and periductal lymphocytic infiltration (Grade IV). In addition, Alcian blue-Sirius red staining revealed abundant acinar tissue (blue) with clear cellular structures as well as evenly distributed collagen (red) in the acinar interstitium (Grade II) of non-pSS samples. pSS lesions of increasing severity, the serous and mucous acini appeared atrophied, and the blue and blue-purple stained areas were significantly reduced. In Grade IV samples, we noted severe acinar atrophy, increased interstitial collagen, and the appearance of fat infiltration (Figure 6B). Alcian blue-PAS staining showed that under normal circumstances, acidic mucous substances were blue, a glycogen and neutral mucous substances were red, and mixed mucous substances were blue-purple or purple-blue. As pSS disease severity increased, serous and mucous acini appeared atrophied, and blue and blue-violet stained areas were significantly reduced (Figure 6C). Representative histochemical staining of the labial salivary glands revealed pSS stage–specific histopathology stages and suggested that related genes may also change significantly in severe pSS patients.


Table 1 | Clinical characteristics of pSS female patients included in this study.






Figure 6 | Representative histochemical staining microphotographs in the labial salivary glands revealing pSS-specific histopathology of different stages. (A) Sections represent slight infiltrate (Grade I), moderate infiltrate or less than one focus (Grade II), one focus, mainly located in periductal region (Grade III), and more than one focus with a heavy interlobular and periductal lymphocytic infiltrate (Grade IV). (Hematoxylin and eosin stain, original magnification ×40 or ×200.) (B) Sections represent that in control group the acinar (blue) is abundant, the structure is clear, and the collagen (red) in the acinar interstitium is evenly distributed (Grade II). With the severity of pSS lesions, the serous and mucous acini appeared atrophied, and the blue and blue-purple stained areas are significantly reduced. Severe acinar atrophy and collagen in the interstitium increases, and fat infiltration appears in Grade IV. (Alcian blue-Sirius red stain, original magnification × 40 or × 200.) (C) Sections represent that under normal circumstances, acidic mucous substances are blue, glycogen and neutral mucous substances are red, and mixed mucous substances are blue-purple or purple-blue. As the degree of SS disease increases, serous and mucous acini appear atrophied. The blue and blue-violet stained areas are significantly reduced (Alcian blue-PAS stain, original magnification×40 or ×200). *Red asterisk indicates the lymphocyte infiltration. Focus indicates Lymphocytic infiltrate of >50 cells. Sections represent slight infiltrate (Grade I), moderate infiltrate or less than one focus (Grade II), one focus, mainly located in periductal region (Grade III), and more than one focus with a heavy interlobular and periductal lymphocytic infiltrate (Grade IV). (Hematoxylin and eosin stain, original magnification ×40 or ×200).





Scanning Electron Microscopy (SEM)

Ultrastructural alterations were detected in the labial salivary glands of pSS and non-pSS. In non-pSS (Grade II) sections, the acinar cell structure was normal, and the glandular epithelial cells in the acinus were myoepithelial cells. Cytoskeletal components and their unique myofilaments could be seen. By SEM we observed nuclear pyknosis of the duct epithelial cells and obvious swelling of organelles in pSS samples (Grade III) compared with non-pSS samples (Grade II) (Figure 7). In severe (grade IV) pSS, we observed disordered ductal structures, disappearance of some basal cells, obvious nuclear pyknosis of the duct epithelial cells, fat infiltration into the cytoplasm, and swelling of intracytoplasmic organelles (Figure 8). To our knowledge, this is the first study to report the microscopic labial gland changes during pSS disease progression.




Figure 7 | Representative transmission electron micrograph (TEM) images of acinar-specific ultrastructure changes in the labial salivary gland of non-pSS and pSS. In non-pSS (Grade II), the structure of the acinar is normal, and the glandular epithelial cells in the acinar are myoepithelial cells. The cytoplasmic skeletal components and their unique myofilaments could be seen. With the aggravation of pSS, there is serous and mucous acini atrophy, glandular epithelial cell nucleus shrinkage, organelle swelling to varying degrees, and increase of interstitial collagen components. MD, Mucous Droplets; N, Nucleus; MC, myoepithelial cell; C, collagen; LD, lipid droplets. Bar: 5 μm, 1 μm, 500 nm.






Figure 8 | Representative transmission electron micrograph (TEM) images of dust-specific ultrastructure changes in the labial salivary gland of non-pSS and pSS. In non-pSS (Grade II), the duct structure of normal glands is clear, and ductal epithelial cells have full nuclei and are connected with myoepithelial cells by desmosomes. As the degree of SS disease increases, duct structures begin to atrophy and become disordered, and part of the basement membrane damage disappears. Ductal epithelial cells can see obvious nuclear pyknosis, fat infiltration in the cytoplasm, and swelling of intracytoplasmic organelles. MC, myoepithelial cell; DN, Ductal Epithelial Cells Nucleus; De, desmosome. Bar, 5 μm, 1 μm, 500 nm.





Identifying Potential Biomarkers Associated With pSS Procession

Although recent advances in high-throughput sequencing have provided the opportunity to identify disease-related genes in blood or tissue samples, relatively little is known about genes associated with disease progression. To explore potential biomarkers associated with pSS stages and disease progression, we collected labial minor salivary gland biopsy samples from pSS patients and divided them into four groups according to lymphocyte infiltration. Subsequently, we performed RT-PCR to validate the expression levels of the abovementioned 28 DEGs. Of these, we selected seven hub genes (Figures 9B, D) that were significantly higher in pSS2 samples (p<0.01) than in control, non-pSS, and pSS1 samples, including MS4A1, CD19, TCL1A, CCL19, CXCL9, CD3G, and CD3D (over 10-fold increase) (data for other genes not shown). In accordance with the results of previous reports and our own RT-PCR, we observed increased T cell (CD3+) and B cell (CD19+) infiltration in pSS2 (Grade IV) samples (Figures 9A, C).




Figure 9 | Validation of potential biomarkers associated with pSS progression. (A) CD3 staining (brown) of sequential sections show slight infiltration of T cells (Grade II) or large T cell aggregates with periductal infiltration (Grade III and Grade IV) (original magnification ×100 or ×400). (B) Statistical analysis of the real-time PCR results for T-cell-related genes: CXCL9, CD3G, and CD3D. Gene expression in pSS2 (Grade IV) samples is shown relative to control, non-pSS (Grade II), and pSS1 (Grade III) samples. (C) CD19 staining (brown) of sequential sections slight (Grade II), moderate (Grade III) infiltration of B cells, and large periductal and interlobular infiltration (Grade IV) (original magnification × 100 or × 400). (D) Statistical analysis of the real-time PCR results for B-cell-related genes: MS4A1, CD19, TCL1A, and CCL19. Gene expression in pSS2 (Grade IV) samples is shown relative to control, non-pSS (Grade II), and pSS1 (Grade III). All data are presented as mean ± SD of results. **p < 0.01, as calculated by Student’s t-test.





Correlation Between Potential Biomarkers and Immune Cells

The above results demonstrated that the hub genes were highly enriched in immune-related pathways and infection-related pathways. To explore the underlying mechanisms associated with these potential biomarkers, we extracted the gene expression matrix from the GSE154926 pSS samples and used the CIBERSORT algorithm to estimate correlations between these genes and infiltration of pSS samples with 22 human immune cell types. As shown in Figure 10, the potential biomarkers MS4A1, CD19, TCL1A, CCL19, CXCL9, CD3G, and CD3D were positively correlated with T follicular helper cells (Tfh cells), memory B cells, and M1 macrophage infiltration. This result indicated a strong correlation between the seven potential biomarkers and the immune response.




Figure 10 | Associations between hub genes and immune cells as defined by the CIBERSORT algorithm. The horizontal axis represents immune cell contents, and the vertical axis represents genes. Different colors represent the correlation coefficient (red represents positive correlation, blue represents negative correlation), with a darker color indicating a stronger correlation. *p < 0.05, **p < 0.01, the asterisk represents the degree of importance.






Discussion

PSS is one of the more prevalent autoimmune diseases. The clinical presentation of pSS can differ greatly, ranging from common sicca symptoms to systemic symptoms (such as arthralgias, fatigue, neuropathy, or vasculitis) (28). PSS is a disease characterized by lymphocytic-mediated exocrine gland inflammation (29–31); however, the underlying genetic mechanisms driving the pathogenesis of pSS remain unclear. Lymphocytic infiltration of the exocrine glands, which leads to impaired lacrimal and salivary secretion, is the main characteristic of pSS (32). Although diagnostic criteria such as disordered saliva secretion have been widely used for pSS classification, their sensitivity still demands further improvement (33). The lack of standardized criteria used for diagnosis and classification of the disease leads to difficulty interpreting epidemiologic studies. In addition, a previous study reported that pSS patients typically do not receive a final diagnosis until as much as 7 years after the onset of symptoms (34). Therefore, the identification of potential biomarkers for pSS diagnosis is critical.

Previous studies have extensively investigated molecular biomarkers of pSS over the last several decades; however, these studies were conducted based on only one kind of gland (3, 8, 35–37). Considering the complexity of underlying pSS occurrence and development, it is essential for us to consider the expression of genes from all salivary glands in combination with clinical verification to identify more convincing biomarkers. In this study, we combined public datasets from major and minor salivary gland samples to screen for common DEGs as potential biomarkers. A total of 47 upregulated common DEGs were identified as likely to be involved in pSS development. The impact of DEGs is often to initiate fundamental molecular changes. To better appreciate the underlying mechanism of pSS, functional enrichment analysis was performed. The upregulated common DEGs were enriched in KEGG terms associated with immune-related pathways and infection-related pathways, including the T cell receptor and B cell receptor signaling pathways. GO terms implicated in pSS pathogenesis include immune system process (38), T cell activation (39–41), B cell activation (42, 43), and response to virus (44, 45). Previously reported pSS-related genes, including HLA-DRA (8, 46), CCL19 (47, 48), CXCL9 (49), and CD3D (50), were enriched in our study, suggesting that the related common DEGs are potential biomarkers for pSS. RNA-Seq was subsequently carried out to explore diagnostic biomarkers. The 28 common DEGs were thought to be directly involved in pSS development.

Investigating progression-associated gene expression profiles might enhance our understanding of the mechanisms underlying pSS progression. The public datasets we utilized for our bioinformatics analyses included transcriptomic profiles of both the major and minor salivary glands. To further screen for novel potential biomarkers associated with pSS progression and diagnosis, we collected labial salivary gland biopsy samples from 14 pSS and 6 non-pSS patients. We then investigated acinar and ductal morphologies at both the macroscopic and microscopic levels at various disease stages. Macroscopically, the occurrence of foci (an aggregate >50 lymphocytes), lymphocytic infiltration of the duct walls, and several other abnormalities (such as scattered lymphocyte infiltrates, interstitial sclerosis, and dilatation and regression of ducts and acini) are important features for the classification of pSS (51, 51). Infiltration of lymphocytes into the salivary gland, which leads to destruction and subsequent fibrotic changes, is typically observed in pSS patients (52, 53). Compared with non-pSS samples (Grade I, II), pSS samples clearly displayed one (Grade III) or more (Grade IV) foci. Microscopically, the development of pSS correlated with severe interlobular and periductal lymphocytic infiltration, increased acinar atrophy, and interstitial collagen and nuclear shrinkage and organelle swelling. To our knowledge, this is the first report using TEM to investigate the microscopic changes in pSS labial glands and the correlation of these changes with disease progression.

T lymphocytes are considered to be key factors in the immunopathogenesis of pSS, and the activation of B cells accelerates the disease process and produces some disease-specific manifestations (11). In accordance with the enriched KEGG signaling pathways identified here, immunohisto- chemistry revealed that B cells and T cells are significantly increased around the ducts and acini of pSS samples compared with non-pSS samples. T lymphocytes (16, 54) and B lymphocytes (55, 56) were predominantly found around the ducts and within the lymphocytic infiltrates of pSS biopsy samples. Activated T cells contribute to disease pathogenesis by producing proinflammatory cytokines, which leads to the establishment of a positive feedback loop (57). Our observations demonstrate that pSS progression is associated with T/B cells, which is in accordance with functional enrichment analysis results (GO:0042110, GO:0050852, GO:0042113, and GO:0050853). Therefore, we selected common DEGs related to T cells (CXCL9, CD3D, CD3G) and B cells (MS4A1, CD19, TCL1A, CCL19) as potential biomarkers and verified these by qRT-PCR. Furthermore, we estimated positive correlations between potential biomarkers and Tfh cells, memory B cells, and M1 macrophages using the CIBERSORT algorithm. We suggest that heightened immune activation might broadly influence inflammatory infiltrates, which might subsequently influence the expression of DEGs.

MS4A1 (58) and CD19 (59) are B-lymphocyte-specific membrane protein-coding genes related to immunodeficiency. These genes play significant roles in the regulation of cellular calcium influx, development, differentiation, and activation of B lymphocytes. Mudd et al. indicated that MS4A1 is expressed in subsets of T cells and exhibits significantly higher expression in nivolumab-bound T cells from human patients undergoing anti-PD-1 immunotherapy (60), which is in accordance with the results of our functional enrichment analysis. MS4A1 has also been identified in a study published by Luo et al. (15). CD19+ B cells are often used for the identification of pSS and have been widely verified as a diagnostic marker (61, 62). CCL19 maybe involved in more sever forms of autoimmune diseases, such as rheumatoid arthritis (63). Carubbi et al. indicated that CCL19 is involved in pSS pathogenesis (64), and Liu et al. identified CCL19 as a potential biomarker of pSS disease progression (47). CXCL9 has been shown to take part in T-cell trafficking, and Aota et al. found that enhanced production of CXCL9 may contribute to anti-inflammatory functions in pSS lesions (49). TCL1A is associated with precursor T-cell acute lymphoblastic leukemia and prolymphocytic leukemia (65). CD3G/CD3D forms the T-cell receptor-CD3 complex. Defects in CD3G are associated with T cell immunodeficiency (66), while CD3D is involved in T-cell development and signal transduction (67). Moreover, TCL1A is a novel biomarker that has never been reported in pSS. MS4A1, CD19, TCL1A, CCL19, CXCL9, CD3G, and CD3D might be potential diagnostic biomarkers associated with the progression of pSS, which remains to be verified based on a larger sample.



Conclusion

Our study describes characteristic pathological and ultrastructural changes in the salivary glands of severe pSS patients, including serous and mucous acinar atrophy, shrinkage of glandular epithelial cell nuclei, and damage to ductal structures and the basement membrane. Furthermore, using transcriptomic sequencing and bioinformatics analysis combined with our clinical data, we identified seven hub genes (MS4A1, CD19, TCL1A, CCL19, CXCL9, CD3G, and CD3D) that have potential value for the evaluation of pSS severity and that were strongly correlated with the immune response in the autoimmune microenvironment. Overall, understanding the mechanisms of pSS disease progression may pave the way for novel therapeutic interventions.
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A Corrigendum on: 


Integrated Bioinformatics and Validation Reveal Potential Biomarkers Associated With Progression of Primary Sjögren’s Syndrome
 byLi N, Li L, Wu M, Li Y, Yang J, Wu Y, Xu H, Luo D, Gao Y, Fei X and Jiang L (2021). Front. Immunol. 12:697157. doi: 10.3389/fimmu.2021.697157


In the original article, there was a mistake in the legends for Figures 7, Figure 8 as published. The authors confused the concept of scanning electron micrographs (SEM) and Transmission electron micrographs (TEM). The correct legend appears below.

Figure 7: Representative transmission electron micrograph (TEM) images of acinar-specific ultrastructure changes in the labial salivary gland of non-pSS and pSS. In non-pSS (Grade II), the structure of the acinar is normal, and the glandular epithelial cells in the acinar are myoepithelial cells. The cytoplasmic skeletal components and their unique myofilaments could be seen. With the aggravation of pSS, there is serous and mucous acini atrophy, glandular epithelial cell nucleus shrinkage, organelle swelling to varying degrees, and increase of interstitial collagen components. MD, Mucous Droplets; N, Nucleus; MC, myoepithelial cell; C, collagen; LD, lipid droplets. Bar: 5 μm, 1 μm, 500 nm.

Figure 8: Representative transmission electron micrograph (TEM) images of dust-specific ultrastructure changes in the labial salivary gland of non-pSS and pSS. In non-pSS (Grade II), the duct structure of normal glands is clear, and ductal epithelial cells have full nuclei and are connected with myoepithelial cells by desmosomes. As the degree of SS disease increases, duct structures begin to atrophy and become disordered, and part of the basement membrane damage disappears. Ductal epithelial cells can see obvious nuclear pyknosis, fat infiltration in the cytoplasm, and swelling of intracytoplasmic organelles. MC, myoepithelial cell; DN, Ductal Epithelial Cells Nucleus; De, desmosome. Bar, 5 μm, 1 μm, 500 nm.**

In the original article, there was an error. The authors confused the concept of scanning electron micrographs (SEM) and Transmission electron micrographs (TEM).

Corrections of “scanning electron micrographs (SEM)” to “transmission electron micrographs (TEM)” have been made in the following parts: Abstract, Methods; Introduction, paragraph 4; Materials and Methods, Clinical Samples; and Discussion, paragraph 3. In addition, Materials and Methods, Scanning Electron Micrographs (SEM) has been changed to Transmission electron micrographs (TEM):

“All non-SS and pSS labial salivary glands samples for transmission electron microscopy were subjected to 2.5% glutaraldehyde fixation, 1% osmium tetroxide postfixation, and ethanol gradient dehydration. Two changes of 100% propylene oxido (P.O.) for 10 minutes each and finally into the embedding resin. The samples were sectioned by diamond knife (LEICA EM UC7) to 70-90nm, followed by electron stained with lead citrate, and visualized on a Transmission electron microscope (HITACHI H-7650)”.

The authors apologize for these errors and state that they do not change the scientific conclusions of the article in any way. The original article has been updated.
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Primary Sjögren’s syndrome (pSS) is an autoimmune disease which primarily affects the exocrine glands, but can also affect other organs, including the nervous system. Many studies have reported evidence of autonomic nervous system (ANS) dysfunction in pSS which may contribute to a wide range of symptoms and functional burden. Symptoms of ANS dysfunction are common and widespread among patients with pSS and are associated with other features of the disease, particularly fatigue. Accumulating data on the inter-relationship between the ANS and the immune system via the vagus nerve have been reported. Vagus nerve stimulation (VNS) has also been associated with improvement in fatigue in patients with pSS. Taken together, these data suggest that the ANS may be a potential treatment target for pSS, in particularly those with fatigue being a predominant symptom. Future research to dissect the link between the ANS, immune dysregulation and clinical manifestations in pSS and to evaluate the potential of VNS as a therapy for pSS is warranted.
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Introduction

Primary Sjögren’s syndrome (pSS) is an autoimmune disease which primarily affects the exocrine glands, although other organs including the nervous system can be affected. The classical features of pSS include oral and ocular dryness, pain, and fatigue (1–3).

Fatigue is often reported as the predominant symptoms experienced by patients with pSS and is a common and disabling symptom of other autoimmune conditions as well as patients with many chronic conditions and cancers (3). Many studies have reported evidence of autonomic nervous system (ANS) dysfunction in pSS (4, 5) and that ANS dysfunction and fatigue are strongly associated (4). Additionally, the presence of ANS dysfunction is associated with a wide range of symptoms and functional burden in pSS (4).

The aetiology of pSS has been largely attributed to immune-mediated mechanisms leading to destruction of salivary and lacrimal glands. However, the degree of exocrine gland destruction in pSS and exocrine function are poorly correlated (6), and objectively measured glandular function does not correlate with subjective report of dryness for some patients (7). Therefore, it has been suggested that the symptoms experienced by patients might not be attributed to the immune process alone (8). Additionally, whilst immune dysregulation provides a plausible molecular basis for the glandular manifestations of pSS, for many pSS patients, the underlying mechanisms of symptoms such as pain and fatigue remain unclear.

Since the function of exocrine glands are highly regulated by the ANS (9), ANS dysfunction may contribute to the clinical manifestations of pSS (8). Interestingly, anti-muscarinic receptor antibodies have been found in saliva and serum of pSS patients (10) and such antibodies have been shown to interfere with muscarinic receptor signalling in vitro and reduce saliva production in mice (11). However, it remains unclear whether these autoantibodies play a role in pSS pathogenesis and subsequent autonomic dysfunction. There are extensive “cross-talks” between the ANS and the immune system via neural and non-neural communication pathways, with the cholinergic anti-inflammatory pathway among the best described to date (12). Broadly, inflammatory mediators activate the afferent arm of the vagus nerve, which signals are transmitted to the Nucleus Tractus Solitarius in the brain. The efferent arm of the vagus nerve on the spleen and other organs then release acetylcholine from splenic T cells, which in turn mediates anti-inflammatory effects (13). Conversely, sympathetic over-activation can contribute to the initiation and maintenance of inflammation (14).

This article reviews the clinical evidence of ANS dysfunction in pSS and the potential for the ANS as a treatment target in pSS.



Autonomic Nervous System

The ANS is responsible for maintaining homeostasis of many physiological functions in the body. It consists of the sympathetic and parasympathetic nervous systems, responsible for the “fight-or-flight” and “rest-and-digest” responses, respectively. It is essential for regulating various involuntary functions, such as heart rate, control of respiration, and secretion by glands (15). Here, we review the evidence suggesting ANS dysfunction in various body systems in pSS. A summary of studies on the ANS in pSS is shown in Table 1.


Table 1 | A summary of studies investigating ANS function in patients with pSS.





Cardiovascular Disturbance

The ANS plays a key role in the regulation of the cardiovascular system. ANS dysfunction may result in alterations in the regulation of heart rate (HR), blood pressure (BP), baroreceptor sensitivity, heart rate variability (HRV) and blood pressure variability (BPV). Cardiovascular reflex tests, such as measurements of HR or BP following deep breathing or a Valsalva manoeuvre, changes from lying to standing (tilt table test) can give insight into the autonomic function of the body.

Mandl et al. have conducted several studies exploring the autonomic function in pSS. Their initial study in 1997 comparing 19 pSS patients with 56 age-matched controls showed a significant reduction in systolic BP in pSS patients compared to controls, both at rest and during the tilt table test (16). The impairment of BP response to posture was validated in their follow-up study in 2001, which included 30 pSS patients and 56 age-matched controls (22). Additionally, the investigators reported significant differences in autonomic reflexes such as finger skin blood flow, deep breathing, and orthostatic blood pressure testing in pSS patients compared to healthy controls suggesting dysfunction of both sympathetic and parasympathetic function. They further reported a significant decrease in orthostatic systolic and diastolic BP readings in 46 pSS patients compared to 56 age-matched controls (26). They found similar differences in deep breathing and finger skin blood flow suggesting both parasympathetic and sympathetic dysfunction.

In another study of 51 pSS patients and a historical control group, Kovács et al. reported that whilst pSS patients generally have a normal HR and BP, the majority of patients had a restricted HRV and BPV, as demonstrated by significantly lower median values for HR and diastolic BP in response to multiple cardiovascular reflex tests (25).

Brunetta et al. investigated the cardiovascular autonomic function of 19 patients with pSS by studying elements of the electrocardiogram (ECG), specifically using RR variability alongside systolic pressure variability to create a low-frequency (LF)/high-frequency (HF) ratio (LF/HF) (30). Individually, the LF component is believed to reflect the sympathetic modulation of the sinoatrial node whereas the HF component reflects vagal efferent modulation (6). Thus, the LF/HR ratio represents the relative sympathetic-vagal balance in regulation of the sinoatrial node (31). They found that pSS patients (n=19) had a significantly lower LF and higher HF compared to the control group. The LF/HF ratio was significantly lower in pSS patients compared to controls. Additionally, in response to a head up tilt test, an orthostatic challenge which should increase cardiac sympathetic modulation (31), the increase in the LF/HF ratio was smaller in patients with pSS compared to controls, suggesting a relative impairment of sympathetic function or excessive cardiac vagal modulation (30).

Similarly, Tumiati et al. observed that pSS patients (n=16) had a lower LF/HF ratio in HRV compared to age-matched controls (20). pSS patients also had slower HR and greater R-R variability compared to controls, but these parameters did not reach statistical significance.

Ng et al. investigated autonomic dysfunction by comparing patients with pSS, primary biliary cirrhosis (PBC) and age-matched healthy controls (n=21 for each group) (28). pSS patients were found to have a significantly lower BP compared to controls and had a significant drop in their blood pressure on standing compared to PBC patients. Following a Valsalva manoeuvre, pSS patients reached a significantly lower peak systolic BP compared to controls and PBC patients, where one would expect an overshoot of BP as a normal physiological response (28).

In a study of 27 pSS patients compared to age-and-sex matched controls (27), Cai et al. demonstrated that pSS patients had significantly larger increases in brachial systolic BP and attenuation in the RR ratio in response to standing. Patients with pSS were found to have a relative tachycardia whilst sitting and most pronounced when standing. The authors concluded that pSS patients had reduced HRV and BPV in addition to an increased HR which were more evident in response to a postural change (27).

Koh et al. reported on autonomic dysfunction on 154 pSS patients and age-matched controls (6). They performed a HRV test and found that patients with pSS had a significantly lower HF component compared to controls, but no significant differences in the LF component. Thus, the LF/HF ratio was significantly higher in patients with pSS compared to controls, contrary to the findings from Brunetta (30) and Tumiati (20). A higher LF/HF ratio indicates relatively dominant sympathetic activity

Niemela and colleagues, on the other hand, did not find evidence of cardiovascular autonomic dysfunction studies using 24-hour ECG monitoring and cardiovascular reflex tests (Valsalva manoeuvre, deep breathing test, active orthostatic test, BRS test with phenylephrine) in a group of 30 pSS patients compared to age and gender-matched controls (19, 24).

Thus, conflicting data on objectively measured cardiovascular autonomic function have been reported. The reason for the discrepant data is uncertain, but may include differing methodologies used to measure cardiovascular autonomic function, the inclusion criteria for Sjögren’s syndrome, exclusion criteria for concomitant medical conditions or medication use, the sample size and controls used in these studies. Of note, reduced HRV is a strong and independent predictor of a cardiac event in the general population (32), the HRV test reports better sensitivity and reproducibility compared to reflex tests (33) whilst also correlating well with autonomic dysfunction (34). With this in mind, a long-term follow-up study measuring HRV would be beneficial in exploring the relationship in pSS further (6). Finally, it is possible that autonomic dysfunction affects only subsets of pSS patients.



Autonomic Dysfunction in Other Organ Systems

Autonomic dysfunction of other organ systems has been reported in pSS. For instance, several studies have demonstrated impaired gastric emptying in patients with pSS (35–37). Gastrointestinal symptoms have been reported more commonly among pSS patients than the general population (37, 38) and it has been suggested that gastroparesis may be underdiagnosed in pSS (37). Since muscarinic receptors are expressed within the gastrointestinal system and autoantibodies directed against these receptors have been detected in pSS patients (35), it is tempting to speculate autonomic dysfunction may contribute to the gastrointestinal symptoms among pSS patients.

Imrich et al. conducted a study of 21 pSS patients (and 13 healthy controls) using edrophonium to systematically assess the parasympathetic cholinergic system (29). Following the administration of edrophonium (an acetylcholinesterase inhibitor which increases the availability of acetylcholine temporarily in the study subjects), a comprehensive battery of assessments of sympathoneural, adrenomedullary, parasympathetic and sympathetic cholinergic function was carried out. They found subtle differences in in several ANS domains but the largest impact was on exocrine function. Four out of 21 pSS patients but none of the controls showed abnormally reduced sweat response, and >50% of pSS patients showed delayed gastric emptying. Interestingly, the impairment of edrophonium-stimulated salivary flows in pSS did not correlate with focus scores or atrophy suggesting that alternative pathogenic mechanisms other than glandular inflammation/destruction may be responsible.



Autonomic Dysfunction, Disease Activity and Symptomatology in pSS

In addition to studies of objective measurements of autonomic function, several studies have investigated the prevalence of symptoms of autonomic dysfunction in pSS and their relationship with other aspects of the disease. In a large study utilising a subset of 317 patients of the UK Primary Sjögren’s Syndrome Registry (UKPSSR, www.sjogrensregistry.org) (5, 39), autonomic dysfunction was measured using a validated tool, the Composite Autonomic Symptom Scale (COMPASS). COMPASS consists of 6 domains (orthostatic intolerance, vasomotor, secretomotor, gastrointestinal, bladder and pupillomotor), providing an autonomic symptom score ranging from 0 to 100 (40). The study showed that COMPASS scores were significantly higher in pSS patients compared to age-matched controls and that almost 55% of pSS patients scored high enough to suggest autonomic dysfunction. Furthermore, the total COMPASS score correlated independently with ESSPRI (EULAR Sjögren’s Syndrome Patient Reported Index) – a measure of overall symptom burden, and ESSDAI (EULAR Sjögren’s Syndrome Disease Activity Index) – a measure of systemic disease activity. Further univariate analysis was performed but did not show a significant relationship between COMPASS scores and age, disease duration, blood pressure, autoantibody status, sex, erythrocyte sedimentation rate or C-reactive protein. Multivariate analysis demonstrated ESSPRI, ESSDAI and anxiety scores were key independently predictors of COMPASS scores.

Similar findings have been reported elsewhere between COMPASS and ESSPRI (30), ESSDAI (41) and anxiety (42). ESSPRI is made up of three components: fatigue, pain and dryness. Considering the contribution of the secretomotor domain of COMPASS to the COMPASS total score, the correlation between ESSPRI may be expected driven by the dryness domain. Interestingly, pain and fatigue individually were better predictors than dryness for COMPASS total score (5, 41). Tarn et al. recently described the presence of four pSS subtypes with distinct symptomatic and pathobiological profiles, namely ‘Dryness dominant with fatigue’ (DDF), ‘pain dominant with fatigue’ (PDF), ‘low symptom burden’ (LSB), and ‘high symptom burden’ (HSB) (43). It would be of interest to explore whether autonomic dysfunction is more common among the PDF and HSB subgroups.

Although symptoms of autonomic dysfunction correlate with ESSDAI, no such correlation has been reported between ESSDAI and objective measurements of autonomic dysfunction in pSS, which included beat-to-beat haemodynamics and blood pressure measurement in response to orthostasis or Valsalva manoeuvre (28).

Similarly, Mandl et al. reported that whilst symptoms autonomic dysfunction were common in pSS, there were limited association between objective measures of autonomic dysfunction and other clinical features of the disease. Objective measures included in their studies included HRV in response to deep-breathing, blood pressure measurement in response to orthostasis, and finger skin blood flow testing during heating then cooling (26, 38).

Koh et al. studied 154 pSS patients and divided the cohort into those exhibited autonomic dysfunction as measured by HRV (n=55) and those did not (n=99). They found higher prevalence of Raynaud’s phenomenon (p=0.048) and higher ESSPRI fatigue scores (p=0.024) in the autonomic dysfunction group (6). The association of Raynaud’s and autonomic dysfunction is consistent with another study (41).

Taken together, the body of evidence supports the hypothesis that autonomic dysfunction occurs in pSS, but the nature and severity of autonomic dysfunction among individual pSS patients vary. The relationship between autonomic dysfunction, and the pathogenesis and clinical manifestations of pSS remains to be further elucidated.



ANS as a Potential Therapeutic Target

Several approaches to modulate the ANS have been suggested, which include targeting the baroreceptors, thoracic ganglions, spinal cord and the vagus nerve (12, 44). In rheumatic disease, the target of interest to date has been vagus nerve stimulation (VNS) (45).

Utilising implanted electrodes, VNS has been shown to modulate immune processes via the cholinergic anti-inflammatory reflex in both humans and mice (12, 46) and unilateral vagotomy in mice with a knockout of the nicotinic acetylcholine receptor lead to a flare of arthritis (47).

In rheumatoid arthritis (RA), three small studies have shown clinical and biochemical benefit when using VNS (46, 48, 49). The first of these studies was an open-label trial of 18 RA patients unresponsive or intolerant to conventional and biological therapies. VNS lead to improvement in patient-reported measures and in the DAS28‐CRP (28‐joint C‐reactive protein‐based disease activity score) (46). The second was a two-stage pilot study utilising VNS in 14 RA patients which demonstrated significant improvements in clinical and biochemical domains whereas those using a sham device did not (48). The most recent single-arm proof-of-concept study demonstrated a significant reduction in DAS28-CRP in 30 patients with RA refractory to biological therapies over 12 weeks (49). Several small studies which have used VNS have suggested an improvement in symptoms in a wide range of conditions including migraine, anxiety, depression, and fibromyalgia (50–53).

In pSS, the vagus nerve is of particular interest as a potential therapeutic target for several reasons. Firstly, the vagus nerve plays a key role in the communications between the ANS and immune system as mentioned (54, 55). Secondly, observational studies have demonstrated parasympathetic dysfunction in at least in some patients. Thirdly, the vagus nerve is the primary parasympathetic nerve of the ANS controlling essential visceral functions including exocrine glands such as the salivary glands (56). Finally, VNS has been used as a treatment for different conditions with a good safety profile (57).

Indeed, in a study of 15 pSS patients without significant symptoms of anxiety and depression used a non-invasive VNS (nVNS) device twice daily for 28 days, 80% of patients reported improvement in Profile of physical fatigue scores, a validated fatigue assessment tool for pSS (58). Seven participants demonstrated a ≥30% reduction in fatigue within 28 days. A trend of improvement in ESSPRI-fatigue and ESSPR-dryness scores were also observed. Pro-inflammatory cytokine production following ex vivo lipopolysaccharide stimulation of whole blood samples were measured during the study, with IL‐6, IL‐1β, IP‐10, MIP‐1α, and TNFα production significantly reduced over the study period following nVNS (59).



Discussion

The studies of objectively measured cardiovascular autonomic function yielded inconsistent data, with some showing relative parasympathetic or sympathetic abnormalities while some did not find evidence of autonomic dysfunction. Symptoms of autonomic dysfunction, on the other hand, were more consistently reported in pSS cohorts. The reasons for the discrepant observation may be due to sample size (studies of objective measurement usually have small sample sizes), assessment tools used in the studies, and heterogeneity of the nature of autonomic dysfunction among pSS patients.

The association between fatigue and autonomic dysfunction also deserve more investigations. Fatigue is often described as the most disabling symptom of pSS (3, 60) and has been shown elsewhere to be associated with autonomic dysfunction using multiple measuring tools in pSS (27, 28, 30, 41, 42) and other conditions such as chronic fatigue syndrome and PBC (61). The biological basis for fatigue is still unclear in pSS but immune dysregulation have been suggested (62, 63). In this regard, the existence of cross-talk between the ANS and the immune system raises the possibility that autonomic dysfunction may contribute to fatigue (60).

Considering the lack of approved therapies for pSS (64), VNS represents an attractive potential therapeutic option due to its safety record and much lower costs compared to disease-modifying biologic agents (45). Until recently, VNS require the insertion of an implantable device which may not be acceptable to many patients. The recent development of multiple non-invasive VNS devices provides a safer and more user-friendly option. Early data of using these nVNS devices in RA and pSS showed promise, but the data need to be validated with a larger trial and the inclusion of sham devices to minimise placebo effect. Furthermore, investigation into the optimal strength, frequency, and duration of VNS treatment alongside long-term effects would also need to be determined.



Conclusion

In summary, symptoms of autonomic dysfunction are common among patients with pSS but with considerable heterogeneity. There is emerging evidence suggesting cross-talk between the ANS and the immune system which may play a role in the pathogenesis of pSS or indeed in the symptoms experienced by patients. New therapies targeting the ANS in rheumatic diseases are promising but remain in early stages. Stratified approach to define the nature of autonomic dysfunction and predictors of therapeutic responses are important.
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Primary Sjögren’s syndrome is an autoimmune disease that is predominantly seen in women. The disease is characterized by exocrine gland dysfunction in combination with serious systemic manifestations. At present, the causes of pSS are poorly understood. Pulmonary and renal inflammation are observed in pSS mice, reminiscent of a subset of pSS patients. A growing body of evidence indicates that inflammation mediated by Damage-Associated Molecular Patterns (DAMPs) contributes to autoimmunity, although this is not well-studied in pSS. Degraded extracellular matrix (ECM) constituents can serve as DAMPs by binding pattern-recognition receptors and activating Myd88-dependent signaling cascades, thereby exacerbating and perpetuating inflammatory cascades. The ECM components biglycan (Bgn) and decorin (Dcn) mediate sterile inflammation and both are implicated in autoimmunity. The objective of this study was to determine whether these ECM components and anti-ECM antibodies are altered in a pSS mouse model, and whether this is dependent on Myd88 activation in immune cells. Circulating levels of Bgn and Dcn were similar among pSS mice and controls and tissue expression studies revealed pSS mice had robust expression of both Bgn and Dcn in the salivary tissue, saliva, lung and kidney. Sera from pSS mice displayed increased levels of autoantibodies directed against ECM components when compared to healthy controls. Further studies using sera derived from conditional knockout pSS mice demonstrated that generation of these autoantibodies relies, at least in part, on Myd88 expression in the hematopoietic compartment. Thus, this study demonstrates that ECM degradation may represent a novel source of chronic B cell activation in the context of pSS.
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Introduction

Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease characterized by loss of exocrine gland function, B cell hyperactivity and kidney and lung pathoses (1, 2). The drivers of chronic inflammation in pSS are not well understood, and consequently targeted therapies that block specific signaling cascades are not available. Damage-Associated Molecular Patterns (DAMPs) represent a potent endogenous source of inflammation that drive autoimmunity via activation of pattern recognition receptors. DAMPs are comprised of diverse groups of molecules, including heat shock proteins and extracellular matrix (ECM) components (3, 4). DAMP-induced inflammation is considered “sterile,” as it is caused by host-derived molecules that are normally sequestered from the immune system. When tissue becomes damaged, however, soluble DAMPs are released, thereby activating cognate receptors that mediate inflammation (4, 5). Several classes of receptors, including Myd88-dependent TLRs, are activated by DAMPs that are derived from the ECM, including biglycan (Bgn) and decorin (Dcn) (6–10).

Evidence in both SS mouse models and patients shows DAMPs may be released through pathologic degradation of exocrine tissue (11, 12). Indeed, extracts from SS salivary biopsy tissue showed elevated proteolysis of ECM proteins (11) and fibronectin is dysregulated in salivary tissue from SS mice and is elevated in saliva from SS patients (13, 14). Additionally, the ECM proteins Dcn and Bgn are degraded by saliva from pSS mice (15). While these studies provide compelling evidence that aberrant degradation of inflamed tissue facilitates release of soluble DAMPs in SS, further work is needed to understand the significance of DAMP-mediated inflammation in disease.

Mechanistic studies reveal that soluble ECM molecules can activate pathways that rely on the ubiquitously expressed cytosolic adapter, Myd88 by binding to pattern recognition receptors (8, 16, 17). Activation of Myd88 is central to many autoimmune diseases, as mice lacking Myd88 have attenuated pathology (18–23). In particular, B-cell intrinsic Myd88 plays a crucial role in autoimmunity, as lupus mice lacking Myd88 in B cells do not develop anti-nuclear antibodies (ANA) or rheumatoid factor (RF) formation (19). Additionally, our group has demonstrated that total and ANA-specific antibodies are diminished in pSS mice that lack Myd88 (24, 25). Thus, dysregulated Myd88 signaling in B cells plays an essential role in autoantibody production in autoimmunity, including pSS.

Given the importance of DAMPs in the activation of Myd88-dependent pathways in other autoimmune diseases, we performed studies to evaluate ECM expression and anti-ECM antibodies in the context of pSS using the well-established pSS mouse model, NOD.B10-H2b (NOD.B10). These animals display many disease characteristics that are reminiscent of the human disease, including female disease predilection, autoantibody production, exocrine dysfunction, and pulmonary and renal inflammation (26, 27). Additionally, conditional knockout mice derived from the NOD.B10 strain that lacked expression of Myd88 in the hematopoietic compartment (termed NOD.B10Myd88Δ) were employed (25).

Our results revealed levels of Bgn and Dcn were similar in the sera and saliva and submandibular gland (SMG) salivary tissue among the pSS strains examined. Since these ECM components mediate renal and pulmonary pathoses and both tissues show significant inflammation in pSS (1, 26, 28), Bgn and Dcn expression were evaluated in these tissues in our pSS models. Robust expression of both ECM components was detected in the lung and kidneys of all strains examined. Serum studies revealed that autoantibodies directed against ECM components were elevated in NOD.B10 female mice at the clinical disease stage when compared to healthy C57BL/10 (BL/10) animals. Moreover, numerous anti-ECM antibodies were decreased in NOD.B10Myd88Δ mice when compared to NOD.B10Myd88fl/fl controls including those directed again Bgn, Dcn, and Elastin (Eln). Thus, ECM constituents mediate autoantibody production in the context of pSS and immune-intrinsic Myd88-dependent pathways are crucial in establishing this repertoire specificity.



Materials and Methods


Mice

BL/10 (stock# 000666) and NOD.B10 (stock# 002591) mice are available from Jackson Laboratories. Generation and validation of pSS conditional knockout mice that lack Myd88 in the hematopoietic compartment, referred to as NOD.B10Myd88Δ, were described previously (25). Briefly, we first generated NOD.B10 mice that expressed Cre recombinase under the control of the Vav promoter (B6-Tg(vav1-icre)A2Kio/J) (Jackson Labs stock #008610) (29, 30). We then bred Myd88 floxed animals (B6.129P2(SJL)-Myd88tm1Defr/J) (Jackson Labs stock # 008888) to the NOD.B10 strain (Jackson Labs stock #002591) (31) to generate NOD.B10Myd88fl/fl mice. Animals were backcrossed to the NOD.B10 strain for at least 6 generations and were verified to be fully congenic using a speed congenics approach (Jackson Laboratories). We then bred NOD.B10Cre-Vav animals to the NOD.B10Myd88fl/fl strain and the resultant progeny that expressed the Cre transgene under the control of the Vav promoter were designated as NOD.B10Myd88Δ. Littermates that did not express the Cre transgene (NOD.B10Myd88fl/fl) were employed as controls (25).

All animals used were females that were at least 26 weeks of age, the time at which the animals develop clinical disease (26, 27). All animal experiments were carried out in accordance with IACUC and NIH guidelines.



Sera and Saliva Collection

Blood was collected by cardiac puncture immediately following euthanasia and incubated at room temperature for two hours and centrifuged at 1,300 g for 20 minutes. Sera were harvested and stored at -20°C until use. Saliva was collected following pilocarpine administration as previously described (25). Saliva was placed on ice immediately and total protein levels quantified. Saliva was solubilized using Laemmli buffer prior to storage at -20°C.



Autoantigen Arrays

Sera were collected from NOD.B10Myd88Δ (n = 5) and NOD.B10Myd88fl/fl females (n = 5) for autoantigen arrays. Autoantibody reactivities against a panel of autoantigens were measured using an autoantigen microarray platform developed by University of Texas Southwestern Medical Center. Genepix Pro 7.0 software was used to analyze the images and generate the genepix report (GPR) files (Molecular Devices). Data were acquired and normalized as previously described (25).



ELISAs

ELISAs were developed to detect ECM autoantibodies as follows: Absorbent plates were coated with either murine Bgn (2.5 μg/mL), murine Dcn (2.5 μg/mL) (R&D Systems) or murine Eln (2.5 μg/mL) (Millipore Sigma) and incubated overnight at 4°C. Plates were then washed with TBS containing 0.05% Tween and incubated with a blocking solution consisting of TBS with 1.5% FBS for 1 hour. Sera were serially diluted and incubated for 2 hours. Plates were washed and incubated with IgG or IgM HRP at a concentration of 1:100,000 and 1:75,000, respectively (Bethyl Laboratories). Plates were washed and autoantibodies were visualized using TMB substrate following addition of stop solution (1 N H2SO4). O.D. values were acquired at 450 nm. Serial dilutions of rabbit anti-Bgn antibody (Lifespan Biosciences, polyclonal), rat anti-Dcn antibody (R&D Systems, clone #161026) or mouse anti-Eln IgG antibody (Lifespan Biosciences, clone 10B8) with reactivity for mouse Bgn, Dcn and Eln, respectively, were used to generate standard curves to allow for normalization of values across plates.

To detect levels of Bgn and Dcn in sera, commercially available ELISAs from Lifespan Biosciences and R&D Systems, respectively, were used. Sera were diluted 1:10 (Bgn) or 1:50 (Dcn) and ELISAs were carried out in accordance with manufacturer instructions.



RNA Isolation

RNA isolation was performed as previously described (25). Briefly, tissue was snap frozen and RNA isolated using a Qiagen RNeasy kit. cDNA synthesis was performed using an iScript kit (BioRad) and quantitative PCR (qPCR) was done with SYBR green (32). Primers used were as follows: Bgn: Forward: 5’-CCATCCAGGCATGTGTTCCT-3”, Reverse: 5’- GCCAGGTTGTAGCTGGGATT-3’, Dcn: Forward: 5’-TCGAGTGGTGCAGTGTTCT-3, Reverse: 5’-TAGCAAGGTTGTGTCGGGTG-3’, and β-Actin: Forward: 5’-TGTTACCAACTGGGACGACA-3’, Reverse: 5’-GGGGTGTTGAAGGTCTCAAA -3’.



Immunoblots

Saliva, lung, and kidney were harvested from NOD.B10, BL/10, NOD.B10Myd88Δ, and NOD.B10Myd88fl/fl females. Western blotting was performed as previously described (25). Membranes were blotted overnight at 4°C with antibodies directed against Bgn (Lifespan Biosciences, polyclonal), Dcn (R&D Systems, clone #161026) and Vinculin (Cell Signaling Technology, clone #E1E9V). Membranes were incubated with HRP-conjugated secondary antibodies at RT for 1 hour and developed using ECL reagents (BioRad Laboratories). Tissue expression of Bgn and Dcn in lung and kidney was normalized to the housekeeping protein Vinculin using Image Lab software (BioRad Laboratories). For the saliva samples, total protein concentration in the samples was quantified by BioRad Protein Assay (BioRad Laboratories) and 10 μg of total protein was loaded for each sample.



Statistical Analyses

Autoantigen array data were analyzed using previously described methods (26). Briefly, the two-sample t-test for all autoantigens was performed, and then the p.adjust R function in the stats R package was used to adjust the p-values for multiple comparisons. The method proposed by Benjamini and Yekutieli was used in the adjustments (33). An autoantigen was deemed significant if the corresponding adjusted p-value was less than 0.05. The autoantigen array data is deposited in the Gene Expression Omnibus (GEO) database under the accession number GSE163395. All analyses were performed using the R software. All other data were analyzed using the Mann-Whitney test with Prism software (GraphPad).




Results


Circulating Dcn Is Decreased in the Sera of pSS Mice

Since soluble Bgn and Dcn are potent inflammatory modulators that activate Myd88-dependent TLRs in the context of autoimmunity (17), we sought to determine whether circulating Bgn and Dcn were altered in pSS. We assessed sera from Myd88-sufficient pSS mice and also from those that lacked Myd88 in the hematopoietic compartment. ELISA results revealed that Bgn levels were similar in the sera of NOD.B10 females when compared to age and sex-matched controls (p = 0.5). Moreover, circulating Bgn levels remained unchanged in the NOD.B10Myd88Δ strain when compared to the NOD.B10Myd88fl/fl strain (p = 0.2) (Figures 1A, C). Further experiments were carried out to quantify Dcn levels in the sera of these strains. Dcn was decreased in sera derived from NOD.B10 mice (p = 0.01), although NOD.B10Myd88Δ mice had similar Dcn levels when compared to floxed controls (p = 0.2) (Figures 1B, D).




Figure 1 | Bgn and Dcn are detected in the sera of pSS mice and controls. Sera were harvested from NOD.B10 and BL/10 mice. ELISAs were performed for (A) Bgn and (B) Dcn. Sera were also collected from NOD.B10Myd88fl/fl and NOD.B10Myd88Δ mice and ELISAs were performed for (C) Bgn and (D) Dcn. Sera from 9 or 10 mice from each strain were used for Bgn and Dcn ELISAs, respectively. Horizontal lines represent the mean and SEM, (NS, non-significant; *p < 0.05).





Dcn and Bgn Are Detected in Salivary Tissue and Saliva From pSS Mice

Since salivary inflammation is a hallmark of SS and autoantibody generation is known to occur within salivary tissue in disease (34), we assessed Bgn and Dcn expression in SMG tissue derived from BL/10 and NOD.B10 females by qPCR (Figures 2A, B). Analagous experiments were performed in SMG tissue derived from the NOD.B10Myd88fl/fl and NOD.B10Myd88Δ strains (Figures 2C, D). We found Dcn and Bgn were expressed in SMG tissue, although no differences were noted among the BL/10 and NOD. B10 mice (p > 0.99 and p = 0.2, respectively) or the NOD.B10Myd88fl/fl and NOD.B10Myd88Δ strains (p = 0.06 and p = 0.1, respectively). We then sought to examine expression of Dcn and Bgn in saliva. While Dcn and Bgn were detected in the saliva of all strains, levels were similar across each of the strains (Figures 2E, F).




Figure 2 | Dcn and Bgn are detected in SMG tissue and saliva. Expression of Bgn and Dcn was determined by qPCR in SMG tissue from (A, B) BL/10 and NOD.B10 mice (n = 5 each) and from (C, D) NOD.B10Myd88fl/fl and NOD.B10Myd88Δ mice (n = 4 and 5, respectively) by qPCR. Expression was normalized to β-Actin. Horizontal lines represent the mean and SEM, (NS, non-significant). Expression of Dcn and Bgn in saliva was quantified in (E) BL/10 and NOD.B10 mice (n = 8 and 7, respectively) and (F) NOD.B10Myd88fl/fl and NOD.B10Myd88Δ females (n = 4 and 5, respectively) by western blotting. Two representative animals from each strain are shown. Full-length Bgn and Dcn are indicated by asterisks. fl/fl = NOD.B10Myd88fl/fl and Δ = NOD.B10Myd88Δ.





Bgn and Dcn Are Expressed in Lung and Kidney

Experiments were then carried out to identify potential tissue sources of soluble Bgn and Dcn in disease. Both ECM constituents are well-established modulators of inflammation in the lung and kidney (17, 28). While a subset of pSS patients display pulmonary and renal disease manifestations (1), the contribution of these tissues to disease pathogenesis remains poorly understood. Since NOD.B10 and NOD.B10Myd88fl/fl mice display robust kidney and renal inflammation and this is altered in NOD.B10Myd88Δ mice (25), studies were undertaken to evaluate Bgn and Dcn expression in these organs in the context of pSS (Figure 3). In lung tissue, levels of Bgn and Dcn were similar between NOD.B10 mice and healthy controls, and no differences were observed in Bgn and Dcn expression in lung tissue derived from the NOD.B10Myd88Δ and NOD.B10Myd88fl/fl strains (Figures 3A, B, E, F). Gene expression results also showed similar levels of Bgn and Dcn in kidney tissue among the strains, with the exception of elevated Dcn levels in the kidney of NOD.B10 mice when compared to BL/10 controls (p = 0.008) (Figure 3D).




Figure 3 | Dcn is elevated in the kidneys of pSS mice. Expression of Bgn and Dcn was determined in lung and kidney tissue from (A–D) BL/10 and NOD.B10 mice (n = 5 each) and from (E–H) NOD.B10Myd88fl/fl and NOD.B10Myd88Δ mice (n = 5 each) by qPCR. Expression was normalized to β-Actin. Horizontal lines represent the mean and SEM, (NS, non-significant; **p < 0.01).



Finally, western blots were performed to evaluate expression of Bgn and Dcn (Figure 4). We detected Bgn in kidney and lung derived from NOD.B10 mice and BL/10 controls, as well as in the NOD.B10Myd88Δ and NOD.B10Myd88fl/fl strains, although there were no differences detected between the strains (Figure 4, left panels). Similarly, robust expression of Dcn was observed in lung and kidney and levels were similar across all strains examined (Figure 4, right panels). Thus, Bgn and Dcn are expressed in lung and kidney, and tissue-specific expression is not altered by the absence of Myd88 in the hematopoietic compartment in the context of pSS.




Figure 4 | Bgn and Dcn are expressed in lung and kidney. Western blotting was performed on (A) lung and (B) kidney tissue derived from BL/10 (n = 9 or 10), NOD.B10 (n = 6 or 7), NOD.B10Myd88fl/fl (n = 8), and NOD.B10Myd88Δ mice (n = 7 or 8). Representative levels of Bgn and Dcn from 2 animals of each strain are shown and protein expression was normalized to vinculin. Data from one of two independent experiments are shown. Horizontal lines represent the mean and SEM, (NS, non-significant). fl/fl = NOD.B10Myd88fl/fl and Δ = NOD.B10Myd88Δ.





Serum Autoantibodies to ECM Components Are Increased in pSS

Previous autoantigen array studies by our group found that autoantibodies directed against ECM components were elevated in pSS mice as compared to healthy BL/10 controls (26). To confirm and extend this work, sera from NOD.B10 and BL/10 females were evaluated by ELISA for reactivity to Bgn, Dcn, and Eln (Figure 5). IgM autoantibodies directed against Dcn were elevated in NOD.B10 mice when compared to healthy BL/10 controls (p = 0.02) (Figure 5B), although no differences in IgM antibodies with specificity for Bgn or Eln were observed between sera from NOD.B10 and BL/10 mice (p = 0.7 and 0.08, respectively) (Figures 5A, C). Additionally, Anti-Bgn, -Dcn and Eln IgG autoantibodies were increased in the NOD.B10 females with clinical disease as compared to BL/10 controls (p = 0.008, <0.0001, and 0.0003, respectively) (Figures 5D–F).




Figure 5 | NOD.B10 females exhibit elevated autoantibodies against ECM constituents. Sera were harvested from NOD.B10 and BL/10 mice (n = at least 7 each). ELISAs were performed for IgM and IgG autoantibodies directed against (A) Bgn, (B) Dcn and (C) Eln. Horizontal lines represent the mean and SEM, (NS, non-significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).





Anti-ECM Autoantibodies Are Decreased in pSS Mice That Lack Myd88 Expression in the Hematopoietic Compartment

Prior work by our group revealed that anti-nuclear autoantibody (ANA) production in the context of pSS relies in part on immune-intrinsic Myd88 (25). To determine if Myd88 expression in immune cells was required for generation of autoantibodies directed against ECM components, autoantigen arrays were performed on sera from pSS mice lacking Myd88 in immune cells (NOD.B10Myd88Δ mice, n = 5) and Myd88-sufficient controls (NOD.B10Myd88f/fl, n = 5) (Figure 6). The arrays can detect over 90 different autoantigens and we focused our analyses on the 22 autoantigens that are ECM components. Numerous IgM autoantibodies with specificity for ECM components were decreased in NOD.B10Myd88Δ mice, such as laminin, aggrecan, proteoglycan, collagen, III, collagen IV, collagen V, heparan sulfate, and entactin EDTA (Figure 6B). Similarly, IgG autoantibodies directed against heparan sulfate, vitronectin, aggrecan, fibronectin, proteoglycan, fibrinogen S, elastin, heparan HSPG, Matrigel, fibrinogen IV, collagen III, and laminin were diminished in NOD.B10Myd88Δ mice when compared to NOD.B10Myd88fl/fl controls (Figure 6D).




Figure 6 | Anti-ECM antibodies are diminished in pSS animals that lack Myd88 in hematopoietic tissue. Sera were harvested from NOD.B10Myd88fl/fl and NOD.B10Myd88Δ mice (n = 5 each). (A, C) IgM and IgG autoantibodies were assayed by autoantigen array and heatmaps are provided to summarize the data. Analysis of autoantigen array data reveals significant differences in ECM-specific (B) IgM and (D) IgG.



To extend and validate these findings, ELISAs were performed for autoantibodies directed against Bgn, Dcn and Eln using sera from NOD.B10Myd88Δ and NOD.B10Myd88fl/fl mice (Figure 7). Anti-Bgn and anti-Dcn IgM antibody levels were diminished in NOD.B10Myd88Δ mice when compared with NOD.B10Myd88fl/fl controls (p < 0.0001 and p = 0.04, respectively) (Figures 7A, B). In agreement with autoantigen array results, anti-Eln IgM levels were similar between the NOD.B10Myd88Δ mice and the NOD.B10Myd88fl/fl controls (p = 0.9) (Figure 7C). IgG autoantibodies directed against Bgn, Dcn, and Eln were diminished in the NOD.B10Myd88Δ strain (p = 0.02, 0.03, and 0.03, respectively) (Figure 7). Taken together, these data reveal autoantibodies directed against ECM constituents are elevated in NOD.B10 mice and generation of autoantibodies with specificity for the ECM relies, at least in part, on the activation of Myd88-dependent pathways within the hematopoietic compartment.




Figure 7 | Anti-Bgn, -Dcn and -Eln autoantibodies are elevated in pSS in a Myd88-dependent manner. Sera were harvested from NOD.B10Myd88fl/fl and NOD.B10Myd88Δ mice (n = at least 7 each) and ELISAs were performed for IgM and IgG autoantibodies directed against (A) Bgn, (B) Dcn and (C) Eln. Horizontal lines represent the mean and SEM, (NS, non-significant; *p < 0.05, ****p < 0.00001).






Discussion

DAMPs are important drivers of many autoimmune diseases (17), although the role of these endogenous molecules in pSS pathogenesis remains poorly understood. The current study was carried out to assess DAMP levels and anti-DAMP autoantibodies in the context of pSS and whether these were modulated by hematopoietic-intrinsic Myd88 expression. In particular, studies focused on Bgn and Dcn, 2 ECM components that serve as ligands for Myd88-dependent TLRs. Work herein revealed that Dcn and Bgn levels are similar in the SMG, lung and kidney among the strains examined. However, autoantibodies directed against Bgn and Dcn were increased in pSS mice, and anti-ECM antibodies were diminished in pSS mice that lacked Myd88 expression in immune cells. Thus, anti-DAMPs autoantibodies are altered in pSS, and expression of antibodies directed against ECM constituents relies, at least in part, on Myd88 activation in immune cells.


Anti-ECM Antibodies May Contribute to Tissue Destruction Directly in Autoimmunity

Although there is a paucity of studies examining the role of anti-ECM antibodies in autoimmunity, the work published to date suggests these may play an important role in disease. In a study comparing sera derived from patients with rheumatoid arthritis (RA) to that from healthy donors, IgG autoantibodies directed against the ECM components thrombospondin-4, cartilage oligomeric matrix protein, and collagen type II were identified more frequently in RA patients when compared to healthy controls (35). Corroborative work examined anti-ECM antibodies in the synovial fluid of RA patients and those with osteoarthritis (OA) and found that anti-Bgn IgM and IgG antibodies were elevated in the synovium of RA patients when compared to those with OA (36).

Under physiologic conditions, Bgn interacts with many components of the ECM, including collagen type I, II, III, and elastin (37). Of direct relevance to disease pathogenesis, an ex vivo mechanistic study revealed that anti-Bgn antibodies may initiate disease by inducing collagen fiber decomposition (38). Through elegant transmission electron microscopy studies, the authors demonstrated that binding of an anti-Bgn antibody to the Bgn proteoglycan-core protein disrupted the interaction between Bgn and collagen fibrils. The Bgn core protein then dissociated from the collagen fibrils and the collagen fibril bundle decomposed into thin-fibrils. These collagen type II thin-fibrils were vulnerable to collagenase and gelatinase activity, thereby rendering the altered collagen matrix more fragile and readily digested by proteases (38). These findings have mechanistic importance for autoimmune disease, as the degraded ECM components could then become available to promote immune responses and could amplify the ongoing tissue inflammation.

Indeed, it is possible that anti-Bgn antibodies could contribute to tissue destruction and immune activation in pSS. Our data demonstrate that anti-Bgn IgG antibodies are elevated in NOD.B10 mice (Figure 5A). Moreover, both IgM and IgG antibodies directed against Bgn are decreased in NOD.B10Myd88Δ mice when compared to floxed controls (Figure 7A). Thus, these antibodies may facilitate collagen degradation in disease in a Myd88-dependent manner. This putative disease mechanism is supported by the autoantigen array data, as autoantibodies directed against several types of collagen are diminished in NOD.B10Myd88Δ mice (Figure 6).

Corroborative work demonstrates the presence of Bgn degradation products in submandibular gland lysates from NOD.B10 mice (15). Moreover, increased gelatinase activity was detected in the saliva of NOD.B10 mice with clinical disease and elevated levels of Mmp2 and Mmp9 were identified in salivary tissue (15, 39). These findings may have pathologic significance, as a Bgn neo-epitope generated by concomitant MMP9 and MMP12 digestion was elevated in a rat model of RA and levels of this neo-epitope correlated with liver fibrosis in a rat bile duct ligation model (40). Of note, several small molecular weight products were detected using a polyclonal Bgn antibody in our mouse strains in the saliva, lung and kidney in the current study (Figure 2 and Supplemental Figure 1). It is interesting to speculate that these may represent Bgn degradation products that could carry pathogenic consequence in the context of pSS (15), although further experiments are needed to establish this conclusively.



Soluble Dcn and Bgn Are Elevated in Autoimmunity and Modulate Inflammation

While the tissue source of soluble ECM constituents in pSS remains poorly understood, these components could activate many different signaling networks in pSS, as Bgn binds CD14, TLR2, TLR4, CD44 and the purinergic receptors P2X7/P2X4 (6, 7, 41–43). Additional studies have identified functional interactions between Dcn and TLR2 and TLR4 (32, 44). While Bgn and Dcn activate pro-inflammatory cascades, anti-inflammatory signaling outcomes are also documented (17). Of relevance to the current study, select pathways activated by Bgn require Myd88 (7, 42, 45, 46). Dcn likely activates Myd88-dependent pathways as well, since TLR2 requires Myd88 for signal transduction, although this has not been confirmed experimentally to date to our knowledge.

In pSS, Dcn induced both pro- and anti-inflammatory mediators in splenocytes (32). This finding, in conjunction with those of the current study, suggest that Dcn could induce both protective and destructive changes in the context of pSS depending on the tissue microenvironment. This dichotomous role for Myd88-mediated signaling is supported by our previous work in NOD.B10Myd88Δ mice. Interestingly, pulmonary inflammation was heightened in NOD.B10Myd88Δ mice but was diminished in the kidney when compared to floxed controls (25). Taken together, these findings highlight the need for further studies in specific tissues to delineate the way in which Bgn and Dcn modulate inflammation in pSS.



DAMPs Mediate B Cell Activation in Autoimmunity Through Myd88-Dependent Pathways

While the significance of B cell-intrinsic Myd88-dependent TLR signaling in pSS is poorly understood, the importance of these pathways in other autoimmune diseases is evident. In lupus, a related autoimmune disease (47), B cells express TLRs and BCRs that have shared specificity for nuclear autoantigens. These antigens are released from apoptotic or necrotic cells, thereby engaging BCR and TLR signaling concomitantly to induce B cell activation (23, 48, 49). Elegant studies in lupus models revealed that recognition of endogenous nuclear antigens by B cell TLRs is necessary for autoantibody production in lupus and this facilitates the generation of ANA-secreting cells in a Myd88-dependent manner (49).

This paradigm extends beyond nuclear autoantigens, as generation of RF also relies on TLR7 and TLR9 (50). Importantly, TLR2 and TLR4 are crucial for autoantibody generation in lupus (51, 52) and a TLR4-deficient arthritis model shows attenuated disease and lower titers of autoantibodies (53). Moreover, studies in a scleroderma model demonstrate stimulation of B cells with the ECM component hyaluronan activates TLR2 and TLR4 and results in inflammatory cytokine secretion, including IL-6, TNFα, and IFNγ (54). In agreement with these findings, results from the current study suggest that recognition of soluble ECM components by BCRs together with simultaneous activation of Myd88-dependent signaling networks may represent a previously unappreciated mechanism of B cell activation in pSS.



Bgn and Dcn Are Implicated in Diverse Pathoses Affecting the Lung and Kidney

An increasing number of studies demonstrate a role for Dcn and Bgn in autoimmunity and there is considerable evidence that DAMPs contribute to both pulmonary and renal pathology. Indeed, DAMP-mediated inflammatory networks are identified in asthma, pulmonary fibrosis, chronic obstructive pulmonary disease and in lung cancer (17, 28, 55). Similarly, DAMPs contribute to many distinct kidney pathoses, such as renal fibrosis, lupus nephritis, and diabetic nephropathy (7, 28, 56). Of relevance to the work herein, when soluble biglycan was overexpressed in healthy mice, levels of pro-inflammatory cytokines were increased in kidney lysates (7). Dcn can also stimulate production of inflammatory mediators in peritoneal macrophages, but this has not been documented in the lung or kidney to date (28, 44). Separate studies, however, reveal a protective role for Dcn in the context of disease. Indeed, in a model of streptozotocin-induced diabetes, Dcn-/- mice showed accelerated diabetic nephropathy (57, 58). Moreover, in lung tissue derived from Dcn-deficient mice with sepsis, IL-10 levels were decreased and IL-12 and TNFα levels were increased (44). Thus, further studies are warranted to understand the signaling networks activated by Bgn and Dcn in greater depth and to identify the organ-specific consequences of Myd88 activation by Dcn and Bgn in pSS.




Conclusion

Data from the current study reveal that the ECM components Bgn and Dcn are expressed in the sera, SMG, saliva, lung, and kidney of pSS mice and controls. Autoantibodies directed against both Bgn and Dcn are elevated in pSS mice, and NOD.B10Myd88Δ mice that lack Myd88 expression in the hematopoietic compartment show diminished expression of many autoantibodies that bind ECM components, including Dcn and Bgn. Thus, these data reveal that ECM degradation products may represent a novel source of B cell activation in pSS and therapeutics that target Myd88-dependent signaling cascades may have therapeutic efficacy in the context of this disease.
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Supplemental Figure 1 | Bgn is expressed in lung and kidney. Western blotting was performed on (A) lung and (B) kidney tissue derived from BL/10 (n = 9 or 10), NOD.B10 (n = 6 or 7), NOD.B10Myd88fl/fl (n = 8), and NOD.B10Myd88δ mice (n = 7 or 8). Representative levels of Bgn from 2 animals of each strain are shown and protein expression was normalized to vinculin as shown in figure 4. Data from one of two independent experiments are shown. The red line indicates full-length Bgn and the black lines indicate possible Bgn degradation products. fl/fl = NOD.B10Myd88fl/fl and Myd88δ = NOD.B10Myd88δ).
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Introduction

CCR9+ Tfh-like pathogenic T helper (Th) cells are elevated in patients with primary Sjögren’s syndrome (pSS) and indicated to play a role in pSS immunopathology. Here we delineate the CCR9+ Th cell-specific transcriptome to study the molecular dysregulation of these cells in pSS patients.



Methods

CCR9+, CXCR5+ and CCR9-CXCR5- Th cells from blood of 7 healthy controls (HC) and 7 pSS patients were FACS sorted and RNA sequencing was performed. Computational analysis was used to identify differentially expressed genes (DEGs), coherent gene expression networks and differentially regulated pathways. Target genes were replicated in additional cohorts.



Results

5131 genes were differentially expressed between CCR9+ and CXCR5+ Th cells; 6493 and 4783 between CCR9+ and CCR9-CXCR5- and between CXCR5+ and CCR9-CXCR5-, respectively. In the CCR9+ Th cell subset 2777 DEGs were identified between HC and pSS patients, 1416 and 1077 in the CXCR5+ and CCR9-CXCR5- subsets, respectively. One gene network was selected based on eigengene expression differences between the Th cell subsets and pathways enriched for genes involved in migration and adhesion, cytokine and chemokine production. Selected DEGs of interest (HOPX, SOX4, ITGAE, ITGA1, NCR3, ABCB1, C3AR1, NT5E, CCR5 and CCL5) from this module were validated and found upregulated in blood CCR9+ Th cells, but were similarly expressed in HC and pSS patients. Increased frequencies of CCR9+ Th cells were shown to express higher levels of CCL5 than CXCR5+ and CCR9-CXCR5- Th cells, with the highest expression confined to effector CCR9+ Th cells. Antigenic triggering and stimulation with IL-7 of the Th cell subsets co-cultured with monocytes strongly induced CCL5 secretion in CCR9+ Th cell cocultures. Additionally, effector CCR9+ Th cells rapidly released CCL5 and secreted the highest CCL5 levels upon stimulation.



Conclusion

Transcriptomic analysis of circulating CCR9+ Th cells reveals CCR9-specific pathways involved in effector T cell function equally expressed in pSS patients and HC. Given the increased numbers of CCR9+ Th cells in the blood and inflamed glands of pSS patients and presence of inflammatory stimuli to activate these cells this suggests that CCR9-specific functions, such as cell recruitment upon CCL5 secretion, could significantly contribute to immunopathology in pSS.
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Introduction

Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disorder characterized by lymphocytic infiltration of exocrine glands in association with dryness of eyes and mouth. The lymphocytic infiltrates mainly consist of CD4 T cells, CD8 T cells and B cells and activation of these cells has been linked to immunopathology in pSS (1–4). A hallmark feature of pSS is B cell hyperactivity, reflected by autoantibody production, elevated serum IgG levels and increased risk of lymphoma development (in 5-10% of patients) (1–3). Both the presence of germinal center-like structures (GCs) and a high number of lymphocytic infiltrates in the salivary glands are associated with lymphoma development (5).

T follicular helper (Tfh) cells are characterized by the expression of C-X-C Motif chemokine receptor 5 (CXCR5) and are potent B cell stimulating cells that can reside in GCs in lymph nodes (6). Tfh cells are elevated in salivary glands and peripheral blood of pSS patients correlating with autoantibody levels, disease severity and aberrant memory B cell and plasma cell subsets (7–9). Recently, a novel “Tfh-like” cell subset expressing C-C chemokine receptor 9 (CCR9) instead of CXCR5 was described with similar characteristics as Tfh cells including interleukin (IL)-21 production and ICOS and Bcl-6 expression (10). CCR9+ Th cells are present in secondary lymphoid organs of both mice and humans (11, 12). In humans, these CCR9+ Th cells produce high levels of IFN-γ, IL-17, IL-10 and IL-4 and strongly induce B-cell responses (11, 13, 14). CCR9+Th cells specifically migrate to mucosal sites in response to their ligand, the C-C Motif Chemokine Ligand 25 (CCL25) and are important for mucosal immune homeostasis (15, 16). However, these cells are also indicated to have a function in mucosal inflammation, contributing to inflammatory bowel disease (IBD) (17, 18). Increased numbers of CCR9-expressing cells have been found in the peripheral blood and inflamed intestinal tissue of Crohn’s disease patients as well as elevated CCL25 production at the inflammatory site (19, 20). Inhibition of CCR9+ Th cells decreases intestinal inflammation in an ileitis mouse model. In Crohn’s disease patients, inconsistent results were demonstrated, possibly due to poor pharmacokinetic properties of the small molecule inhibitors used for therapy (21–23).

CCR9+ T cells were also shown to mediate immunopathology in mucosal tissues in accessory organs of the digestive tract in non-obese diabetic (NOD) mice, including the pancreas and salivary glands. The NOD mice spontaneously developed sialadenitis and had infiltration of IL-21-expressing CCR9+ Th cells in the salivary glands (10). In mice, CCL25 gene expression is upregulated in the oral mucosa upon antigenic triggering and during wound healing (24, 25). In addition to this pivotal role for CCR9+ Th cells in experimental Sjögren-like disease, CCR9+ Th cells are enriched in the circulation of pSS patients and both CCR9+ cells and their ligand CCL25 are elevated in their salivary glands (10, 26, 27). CCL25 mRNA is not detectable in healthy human salivary gland tissue, but is upregulated during oral inflammation (28). Interestingly, the CCR9+ Th cell subset shares functional characteristics with the newly described pathogenic T ‘peripheral helper’ (Tph) cells (ICOS+PD-1hiCXCR5-) which drive B cell activation in rheumatoid arthritis patients (29). In pSS patients these ICOS+PD-1hiCXCR5- Tph cells were identified in elevated numbers both in salivary glands with germinal centers and in peripheral blood, frequently co-expressing IL-21 and IFN-γ (30). CXCR5- Tph cells were found to have low CCR9 RNA expression (29). Hence, circulating CCR9+ Th cells from pSS patients that express ICOS and PD-1, as was recently described (26), seem to represent a separate population. In addition, CCR9+ Th cells are IL-7Rhi and robustly respond to IL-7 in vitro (26). Since the IL-7/IL-7R axis plays an important role in pSS immunopathology and in GC formation this supports a role for CCR9+ Th cells in pSS (31–38).

To investigate which processes may drive CCR9+ Th cell pathogenicity, transcriptomic profiling of circulating CCR9+ Th cells was performed in healthy controls as compared to pSS patients. Here we demonstrate the transcriptome of CCR9-expressing pathogenic T helper cells from primary Sjögren’s syndrome patients and healthy controls and identify CCL5 as a novel effector molecule of CCR9+ Th cells.



Methods


Patients and Healthy Controls

For cell sorting and subsequent RNA sequencing, 7 healthy controls (HC) and 7 pSS patients were included. For replication experiments separate cohorts were used. qPCR validation was performed in n=18 HC and n=9 pSS patients and for flow cytometry n=23 HC and n=22 pSS patients were included, respectively. For validation of CCL5 n=24 HC and n=16 pSS patients were included. All pSS patients were diagnosed by a rheumatologist and met the 2002 American-European Consensus Group (AECG) criteria and the ACR-EULAR criteria (39, 40). All healthy volunteers and pSS patients were included in the University Medical Center (UMC) Utrecht. The UMC Utrecht Medical Research Ethics Committee (METC) approved the study (reference 13/697) and all participants gave written informed consent. Demographic and clinical data are shown in Table 1.


Table 1 | Patients’ characteristics.





Fluorescence-Activated Cell Sorting (FACS)

Fresh peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient centrifugation from Li-heparin blood. PBMCs were stained with fluorochrome-conjugated antibodies against CD3, CD4, CXCR5 and CCR9 (Supplementary Table 1). CCR9+CXCR5- (CCR9+), CXCR5+CCR9- (CXCR5+) and CCR9-CXCR5- (double negative, DN) Th cells were sorted with Fluorescence-activated cell sorting (FACS) using BD FACSARIAIII and harvested into tubes with RPMI 1640 containing 10% FCS and 1% penicillin/streptomycin (gating strategy, Figure 1A). Cells were lysed in RLTplus buffer (Qiagen) with 1% beta-mercaptoethanol.




Figure 1 | Transcriptomic profiling robustly separates CCR9+, CXCR5+ and CCR9-CXCR5- Th cell subsets and identifies differentially expressed genes in pSS patients. RNA sequencing was performed on FACS sorted CCR9+, CXCR5+ and CCR9-CXCR5- (double negative, DN) T helper cells from PBMCs from healthy donors (HC, n=7, CCR9+ subset n=5) and primary Sjögren’s syndrome patients (pSS, n=7). Representative flow cytometry plot of CCR9 and CXCR5 expression on CD4+ Th cells used for FACS sorting (A). Confirmation of elevated mRNA expression of CCR9 and CXCR5 in the sorted CCR9+ and CXCR5+ Th cells, respectively (B). NRC: normalized read counts, log2 normalized. Multidimensional scaling plot (MDS) shows all the differentially expressed genes (DEGs) between the Th cell subsets (C). Venn diagrams show number and percentages of DEGs between the CCR9+ vs CXCR5+ vs DN Th cell subsets (D) and between HC and pSS patients within the CCR9+, CXCR5+ and DN Th cell subsets (E). Heatmap representation of hierarchical clustering analysis using the top 100 DEGs of all comparisons, shows distinct gene expression profiles between the subsets and between HC and pSS patients (F).





RNA Sequencing and Computational Analyses

RNA was extracted from the sorted Th cell subsets from HC and pSS patients using the AllPrep Universal Kit in QIACube (both Qiagen). Two CCR9+ Th cell samples from healthy controls had to be excluded from analyses since they failed the quality control.

RNA sequencing libraries were generated with the TruSeq RNA Library Prep Kit (Illumina) and sequenced on an Illumina HiSeq4000 generating approximately 20 million 150bp paired-ended reads. The sample qualities were assessed by FastQC. The sequencing reads were aligned to human genome (GRCh38 build 79) using STAR aligner (41). For all the samples >90% of the reads were uniquely mapped to the human genome.

HTSeq-count was used to generate read counts. To obtain normalized read counts (NRC), which are log2 normalized, we performed the variance-stabilizing transformation (VST) on the raw read counts using R/Bioconductor package DESeq2 (42). To identify differentially expressed genes between Th subsets, paired analyses were performed using likelihood ratio test (LRT). Differential expression between HC and pSS was based on Wald test. Venny (http://bioinfogp.cnb.csic.es/tools/venny/) was used to generate Venn diagrams. Genes were considered differentially expressed with a nominal p-value <0.05. Differentially expressed genes (DEGs) from all comparisons were selected for further analyses. No filtering of genes was performed based on read counts, as all samples had similar gene count distributions. Multidimensional scaling (MDS) plot was generated using R function ‘cmdscale’. Hierarchical clustering based on Euclidean distances was performed in R using the top 100 DEGs from all comparisons. Using weighted gene co-expression network analysis (WGCNA) we constructed fifteen gene co-expression networks (modules). WGCNA parameters: soft threshold power = 7, network type = unsigned, correlation method = Spearman, minimum module size = 30, cutHeight or maximum dissimilarity = 0.25. For each module pathway enrichment analysis was performed using ToppFun (https://toppgene.cchmc.org/enrichment.jsp), with FDR corrected p<0.05. The categories GO: molecular function, GO: biological process and pathway were considered.

Target genes for validation were selected from the modules of interest using criteria including expression level (normalized read counts >8), module membership >0.7, size of differential expression between Th subsets (FC >1.5) and between HC and pSS (FC >1.5 or <0.7).



Gene Expression Replication by qPCR

To validate RNA sequencing results, TaqMan assays were performed for selected target genes (ITGA1 Hs00235006_m1, C3AR1 Hs00269693_s1, ABCB1 Hs00184500_m1, CCL5 Hs00982282_m1, SOX4 Hs04987498_s1 and HOPX Hs04188695_m1, and B2M Hs00187842_m1, all from ThermoFisher, LifeTechnologies) using RNA extracted from FACS sorted CCR9+, CXCR5+ and CCR9-CXCR5- Th cell subsets from HC and pSS patients as described above. RNA was extracted using the AllPrep Universal Kit (Qiagen), according to manufacturer’s instructions. RNA was quantified using NanoDrop and cDNA was constructed using Superscript (Invitrogen). cDNA was measured with the specific TaqMan assay on the Quantstudio 12k flex System using the TaqMan Fast Advanced master mix (LifeTechnologies). Relative mRNA expression was calculated according to the comparative threshold cycle, using B2M as endogenous control. The fold change (FC) was calculated using the mean of the CCR9-CXCR5- Th cell subset from the HC as a reference.



Gene Expression Replication by Flow Cytometry

For phenotypic validation of RNA sequencing results fresh PBMCs were stained with fixable viability dye (eBioscience) and fluorochrome-conjugated antibodies against CD3, CD4, CXCR5, CCR9, NCR3 (NKp30), CD8, CD56, CD73 (NT5E), CD45RO, CD27, CD103 (integrin αE), CD49a (integrin α1), ABCB1 (MDR-1, P-glycoprotein, CD243) and CCR5 (Supplementary Table 1). ABCB1 and CCL5 were stained intracellularly using the Fixation-Permeabilization protocol from the manufacturer (eBioscience). CCL5 expression was quantified intracellularly upon culture for 4 hours with or without stimulation with PMA and ionomycin in the presence of Brefeldin A. This protein secretion inhibitor was added as in part of the analyses IFN-γ and TNF-α expression was assessed to identify CCL5 expression by IFN-γ/TNF-α -producing effector Th cells. Importantly, in contrast to IFN-γ and TNF-α, CCL5 is hardly affected by inhibitors of cytokine secretion such as Brefeldin A (43). Thus T cell stimulation results in CCL5 release reflected by reduced intracellular expression and subsequently release was expressed as the difference (delta) of mean fluorescence intensity (MFI) from Th cells with and without T cell stimulation (PMA/ionomycin).



Culture

For analysis of CCL5 secretion, 2.104 CCR9+, CXCR5+ or CCR9-CXCR5- FACS sorted Th cells were cultured with 5.103 monocytes (MACS sorted with CD14 beads) for 3 days with 10 ng/mL IL-7 or 0.1 ng/mL superantigen (Staphylococcal enterotoxin B, SEB) and restimulated with PMA and ionomycin for 24h. CCL5 release in the supernatants was measured by Luminex technology as previously described (44).



Statistical Analysis

RNA sequencing data were analyzed as described above. For the validation experiments (flow cytometry, qPCR and CCL5 production) Student’s t-test, paired parametric t-test, Mann-Whitney U test and Wilcoxon non-parametrical paired test were used where appropriate. Data were analyzed using FlowJo™ Software, Graphpad Prism 6 and IBM SPSS Statistics 26. Differences were considered statistically significant at p ≤ 0.05.




Results


Transcriptome Analysis Identifies Differentially Expressed Genes Between Th Cell Subsets and Between Healthy Controls and pSS Patients

To validate our technical procedure of sorting CCR9+, CXCR5+ and CCR9-CXCR5- (double negative, DN) Th cells and RNA isolation procedure, we confirmed elevated CCR9 mRNA expression in the CCR9+ Th subset and elevated CXCR5 mRNA expression in the CXCR5+ subset (Figures 1A, B). The isolated Th subsets were robustly distinguished based on their transcriptomic profile as shown in the multidimensional scaling (MDS) plot in Figure 1C. 5131 genes were differentially expressed between CCR9+ and CXCR5+ Th cells; 6493 genes were differentially expressed between CCR9+ and DN and 4783 genes were differentially expressed between CXCR5+ and DN (Figure 1D). Transcriptomic profiles differed between HC and pSS, with the largest number of DEGs in the CCR9+ subset, followed by the CXCR5+ subset and the DN subset (2777, 1416 and 1077, respectively Figure 1E). Based on the top 100 of DEGs from all comparisons, the Th cell subsets clearly cluster together per subset using hierarchical clustering analysis and most of the samples from patients and controls also cluster separately (Figure 1F). These results indicated that gene expression of circulating CCR9+, CXCR5+ and DN Th cell subsets differ in their transcriptomes and that the transcriptomes of HC and pSS patients differ.



Network Analysis Reveals Th Subset- and Disease-Associated Modules Enriched for Differentially Expressed Pathways

Next we used weighted gene co-expression network analysis (WGCNA) to cluster DEGs into 15 different gene correlation modules each containing a set of genes exhibiting coherent expression patterns. Each module was color named. We further selected modules with the consensus expression pattern (eigengene expression) of interest, for example, modules that revealed gene expression which was strikingly different between the Th subsets or between pSS and HC. As a result, 9 modules were selected: 3 modules with elevated eigengene expression in CCR9+ Th cells (black, blue and yellow, Figure 2A) or in CXCR5+ Th cells (brown, lightcyan and midnightblue, Figure 2B), and modules with the most differential eigengene expression between HC and pSS (cyan, darkgreen and purple, Figure 2C). 6 modules were excluded based on lack of clearly distinct patterns between subsets or between HC and pSS (Supplementary Figure 1).




Figure 2 | Weighted gene co-expression network analysis (WGCNA) reveals networks of genes with coherent expression patterns involved in distinct Th cell functions. Modules with elevated eigengene expression in CCR9+ Th cells (A) or CXCR5+ Th cells (B), and modules with differential eigengene expression between HC and pSS patients (C) are shown. Each bar represents the eigengene expression of one sample in the indicated Th cell subset of a donor. Pathway enrichment analysis reveals different pathways within the modules. Pathways are categorized, and categories are indicated by the colors in the legend. The number of pathways per category is shown. The total number of pathways per module is indicated behind the module name on the X-axis (D).



To functionally annotate each module, we performed pathway enrichment analysis. The modules distinguishing between CCR9+ and CXCR5+ Th cells mainly contained pathways involved in cell cycle (black and yellow), but also in effector T cell functions including migration and adhesion, proliferation, T cell activation and TCR signaling and cytokine and chemokine signaling (blue and brown). The modules showing the most distinct patterns between HC and pSS patients, mainly comprised of genes involved in transcription and translation, interferon signaling and metabolism (cyan, darkgreen and purple, respectively) (Figure 2D). In the midnightblue module no enrichment for pathways was found, therefore it is excluded from the graph.



Differentially Expressed Genes Between CCR9+ Versus CXCR5+ and CCR9-CXCR5- Th Cells Reveal Genes Involved in Effector T Cell Function and Transcription Factors Associated With Th1 Differentiation

To narrow down to potential key genes from the RNA sequencing analysis as candidates for validation, a set of genes from the 9 modules was selected. The selection was focused on both the most robust differences between the Th subsets and between HC and pSS. Genes were selected based on several data-driven criteria including expression level (normalized read counts >8), module membership >0.7: indicating a strong correlation of the gene expression profile with the eigengene expression of the module (45), differential expression between the Th cell subsets with a fold change of >1.5 or <0.7, or between HC and pSS of >1.5 or <0.7, finally transcription (co) factors were selected (Figure 3A). Representative genes selected from the separate modules following this procedure are shown in Figure 3B.




Figure 3 | Workflow for selection of target genes for validation per module. Genes from the modules are selected based on the criteria shown, including expression level (normalized read counts >8), module membership >0.7, differential expression between the Th cell subsets with a fold change of >1.5, or between HC and pSS of >1.5 or <0.7, and finally transcription (co) factors are selected. From the lower 4 rows, target genes that are also supported by literature evidence are selected for further analysis (A). Representative examples of genes selected based on the criteria and per module are shown (B).



Following these selection criteria we subsequently focused on genes from the blue module as this is the module that has the highest number of upregulated genes in CCR9+ Th cells and shows enrichment for the largest number of pathways crucial for effector Th cell function. 8 target genes out of 12 (Figure 3A) that were differentially expressed in HC vs pSS and have a known function based on literature evidence, were subsequently selected for validation. These included two transcription (co) factors HOPX and SOX4, and in addition ITGAE, NT5E, C3AR1, CCL5, ITGA1 and ABCB1. Additionally from the 20 genes identified in the blue module that were not differentially expressed between HC vs pSS, CCR5 and NCR3 were selected given their effector function and potential role in pSS (46–48). Next, we tested whether these selected genes could be replicated in an additional validation cohort using qPCR or flow cytometry. All of the selected DEGs upregulated in the CCR9+ Th subset as compared to the other subsets were validated by qPCR: ITGA1, C3AR1, SOX4, HOPX and ABCB1, (CCR9+ vs CXCR5+ and CCR9-CXCR5- all p<0.001, Figures 4A, B) or by flow cytometry: ITGAE (CD103), NT5E (CD73), NCR3 (NKp30), CCR5 and, ABCB1 (CCR9+ vs CXCR5+ and CCR9-CXCR5- all p<0.05, Figures 4C, D). However, the differential expression of these genes between CCR9+ Th cells from HC versus pSS patients was not confirmed in the additional cohort, neither on mRNA nor protein level (Figure 4).




Figure 4 | Validation of selected target genes from the blue module in replication cohorts confirms differences between Th subsets, but not between HC and pSS patients. According to the criteria shown in Figure 3 and based on pathway enrichment analysis (Figure 2) and literature, genes were selected from the blue module and were replicated by qPCR and flow cytometry. RNA sequencing data is shown in (A, C), qPCR and flow cytometry data are shown in (B, D), respectively. HOPX, SOX4, ITGA1, C3AR1 and ABCB1 were evaluated by qPCR in an additional replication cohort (B). Genes encoding for surface proteins for which antibodies were available were replicated by flow cytometry: ITGAE (CD103), CD73 (NT5E), NCR3 (NKp30), CCR5 and ABCB1 (D). NRC, normalized read counts; FC, fold change, DN HC mean is set at 1. *, **, *** indicates statistical significance of p < 0.05, 0.01, 0.001, respectively.



As for association with clinical parameters we only found a significant correlation of NT5E with the ESSDAI score (r=0.9274, p=0.0079, based on 7 pSS CCR9+ cell subsets). However, this was not validated in the flow cytometry cohort. Other selected target genes did not have significant correlations with ESSDAI score, LFS or serum IgG nor in RNA sequencing, nor in validation cohorts (data not shown). Also when subdividing in low vs moderate-high ESSDAI scores (ESSDAI<5 and ESSDAI≥5) no significant differences were found in any of the cohorts.



CCR9+ Th Cells, and Mostly Effector CCR9+ Th Cells, From Healthy Controls and pSS Patients Produce High Levels of CCL5 and CCR9+ Th Cells Respond More Potently to IL-7 in the Context of Monocytes

CCL5 (RANTES) is elevated in CCR9+ Th cells at the transcriptomic level compared to the other subsets and met the selection criteria described above (Figure 5A). Because of its increased expression in pSS patients and potential key role in regulation of glandular inflammation in Sjogren-like disease in mice (49), CCL5 was studied in more detail using multiple technological platforms. The differential CCL5 mRNA expression between HC and pSS patients could not be confirmed by qPCR (Figure 5B). Nonetheless, differential CCL5 expression between CCR9+ Th cells and the other subsets was replicated (p ≤ 0.01).




Figure 5 | Increased production and release of CCL5 by CCR9+ Th cells in pSS patients and controls is higher in effector cells and is enhanced by IL-7 and antigenic triggering. mRNA expression as assessed by RNA sequencing (A). In a replication cohort qPCR shows validation of significantly increased CCL5 mRNA in the CCR9+ Th cell subset as compared to CXCR5+ and CCR9-CXCR5- Th cell subsets (B). CCR9+, CXCR5+ and CCR9-CXCR5- Th cells from HC (n=4) and pSS patients (n=3) were cultured with monocytes for 72 hours followed by PMA/ionomycin restimulation (C). To determine the effect of antigen triggering (SEB=Staphylococcal Enterotoxin B) and IL-7 stimulation on CCL5 production by the Th cell subsets we pooled HC and pSS (D). CCL5 protein expression in Th cells from peripheral blood from healthy controls (n=13) and pSS patients (n=13) was analyzed ex vivo by flow cytometry in a 2nd replication cohort (E). CCR9 expression on Th cells was also assessed in this replication cohort by flow cytometry (F). In HC CCL5 expression by effector memory and effector Th cells is compared to naive Th cells, both for CCR9- and CCR9+ Th cells (G); and in all CD45RO/CD27 compartments CCL5 expression is compared between CCR9- and CCR9+ Th cells (H). Histograms from a representative donor show CCL5 expression upon 4h of stimulation with PMA/ionomycin in the different Th cell compartments. Blue and red shows CCL5 expression in unstimulated and PMA/Ionomycin stimulated cells, respectively (I). CCL5 release expressed as the difference between unstimulated – the stimulated cultures (delta) between all four CD45RO/CD27 compartments for both CCR9- and CCR9+ Th cells (J) and within each compartment comparing CCR9- and CCR9+ Th cells (K). FC: fold change. Th cell phenotypic validation: naive (CD27+CD45RO-), central memory (CD27+CD45RO+), effector memory (CD27-CD45RO+), effector (CD27-CD45RO-) cells. MFI: mean fluorescence intensity. ΔMFI: deltaMFI (unstimulated minus PMA/ionomycin stimulated). *, **, *** indicates statistical significance of p<0.05, 0.01, 0.001, respectively.



Since the number of CCR9+ Th cells and its ligand CCL25 are increased in the blood and salivary glands of pSS patients (10, 26), we analyzed whether CCR9+ Th cells in the context of antigen presenting cells produce CCL5. To test this, FACS sorted CCR9+, CXCR5+ and CCR9-CXCR5- Th subsets were co-cultured with monocytes and CCL5 was measured in supernatants upon PMA/ionomycin restimulation. Significantly elevated levels of CCL5 were measured in the CCR9+ Th cell cultures as compared to CXCR5+ and CCR9-CXCR5- Th cells (p ≤ 0.05, Figure 5C). Since antigen triggering and IL-7 stimulation, as previously demonstrated (31, 50) may be key drivers of CCR9+ Th activation and thereby CCL5 secretion, cells were cultured with superantigen Staphylococcal Enterotoxin B (SEB) or IL-7. Interestingly, IL-7 strongly upregulated CCL5 production by co-cultured CCR9+ Th cells. Their CCL5 production is significantly higher than that of co-cultured CXCR5+ or CCR9-CXCR5- Th cells (both p<0.05). SEB even more strongly stimulated CCL5 production by CCR9+ Th cells, significantly higher than CXCR5+ Th cells but not significantly higher than CCR9-CXCR5- Th cells (p=0.18) (Figure 5D).

To ensure that CCL5 production is not merely monocyte dependent, using flow cytometry we evaluated CCL5 expression levels directly in CCR9+ Th cells vs CCR9- Th cells in blood from HC and pSS patients (gating strategy, Supplementary Figure 3). In support of the RNA sequencing data CCR9+ Th cells expressed higher CCL5 levels than CCR9- Th cells, both in HC and pSS patients (p=0.006 and p=0.003, respectively) (Figure 5E). In line with the RNA expression data CCL5 protein expression in CCR9+ Th cells in pSS patients was not significantly different from HC. However, we confirmed our earlier findings (26), showing that the frequency of CCR9+ cells in the Th cell subset is significantly higher in pSS patients compared to HC (1.92% ± 0.97 in HC vs 3.81% ± 1.25 in pSS patients, Figure 5F).

Since CCR9+ Th cells are enriched for effector memory and effector Th cells (26) we tested whether higher CCL5 expression was related to differentiation of Th cells. For this purpose CD45RO/CD27-defined naive, central memory, effector memory and effector Th cell subsets were analyzed.

We here show that CCL5 expression is significantly higher in more differentiated cells (compared to naive Th cells, Figure 5G). Also in these separate subsets the difference between CCR9+ and CCR9- Th cells is statistically significantly different (all p<0.05, Figure 5H). To determine if more differentiated Th cells release CCL5 more robustly upon stimulation, we compared CCL5 expression in the Th cell subsets after 4 hours PMA/ionomycin stimulation as compared to unstimulated Th cells. Histograms of a representative donor are shown in Figure 5I. Release of CCL5 is measured as reduced intracellular CCL5 expression as previously shown (43). Effector Th cells release more CCL5 after stimulation compared to naive, central memory and effector memory cells (all p<0.05, Figure 5J). All CCR9+ subsets secrete more CCL5 after stimulation compared to CCR9- cells (p<0.05, except for effector memory cells p=0.063, Figure 5K).

Since it has been demonstrated that CCL5 secretion by CD8 T cells is rapidly induced (43) we also assessed whether this holds true for CCR9+ Th cells. For this purpose we performed a separate experiment testing the kinetics of CCL5 release measuring CCL5 at t=0, t=10 minutes and t=4 hours. Interestingly, we found that reduction of CCL5 expression after 10 minutes of stimulation was similar as compared to 4 hour stimulation (reduction at 10 minutes to 61% ± 20 versus 60% ± 24 reduction at 4 hours, p=0.583, n=12 HC). Hence this indicated a rapid release of CCL5 also by CCR9+ Th cells.

Finally, we also assessed whether increased CCL5 expression was a specific feature of IFN-γ/TNF-α -secreting effector Th cells and found that CCR9+ IFN-γ+/TNF-α+ Th cells express higher CCL5 levels (MFI 589 ± 231 vs 425 ± 190 compared to CCR9+ IFN-γ-/TNF-α- cells, p=0.018).




Discussion

In this study, for the first time transcriptomic analysis of CCR9+ Th cells was performed in both healthy controls and pSS patients, and compared to CXCR5+ Th cells. RNA sequencing analysis revealed multiple networks of differentially expressed genes between the Th subsets that were shared between healthy controls and pSS patients. Identified pathways involved in effector T cell function were upregulated in CCR9+ Th cells including genes associated with adhesion, chemotaxis, proliferation, TCR activation, drug response and complement activation. This was exemplified by high production of CCL5 by CCR9+ Th cells as compared to CCR9- Th cells, which was identified in all Th subsets but in particular in effector cells and induced upon antigen challenge and IL-7 stimulation.

Our strategy for selection of target genes to validate, used strict and robust criteria and was focused on upregulated genes in the CCR9+ Th cell subset in one of the CCR9-specific (blue) modules showing significant differences between the Th subsets. Using this strategy we identified a number of differentially expressed genes that were validated in additional cohorts on RNA and/or protein level. These include transcription (co)factors HOPX and SOX4, chemokine receptor CCR5, chemokine CCL5, adhesion molecules ITGAE (CD103, integrin αE) and ITGA1 (CD49a, integrin α1), cytotoxicity receptor NCR3 (NKp30), multidrug resistance gene ABCB1 (MDR-1, P-glycoprotein), complement receptor C3AR1 and inhibitory molecule NT5E (CD73). Nonetheless, we realize that genes from the other modules potentially also could play key roles in the function of CCR9+ Th cells. For example, LZTFL1 that has coherence within the black module encodes for a protein that is upregulated by all-trans retinoic acid and upon TCR signaling. Its overexpression has been shown to enhance NFAT mediated signaling, potentially contributing to the production of cytokines by Th cells (51). Similarly, genes from the yellow module include the genes encoding for CCR9 and integrin α4, which have been indicated to represent key molecules for CCR9+ Th cells. Hence, future studies should replicate these genes and reveal their roles. The same holds true for genes that are unique to CXCR5+ Th cells, in particular those that are significantly different between HC and pSS patients. In addition, the interaction between genes in identified networks should be studied. Here we focused on the highly connected and robustly expressed genes in the blue module and their potential role in the pathogenicity of CCR9+ Th cells and their potential relevance to pSS immunopathology is discussed.

Interestingly, we identified transcription cofactor HOPX (homeobox only protein) to be strongly expressed by CCR9+ Th cells. HOPX previously was shown to be associated with Th1 activity. In humans, HOPX is highly upregulated in effector/memory Th1 cells and in mice HOPX is crucial for survival of Th1 cells. HOPX-deficient mice do not develop colitis or arthritis in models inducing these inflammatory conditions (52). In addition, we demonstrated increased levels of SOX4 in CCR9+ Th cells as compared to the other Th cells. SOX4 inhibits Th2 responses and overexpression of SOX4 during Th1 differentiation induces more IFN-γ-producing cells (53). Together, this suggests that HOPX and SOX4 may drive the high IFN-γ production by CCR9+ Th cells, which we and others have previously shown (13, 26). However, future research is needed to confirm the role of HOPX and SOX4 in regulating Th1-associated activity in CCR9+ Th cells.

In addition to HOPX and SOX4, CCL5 and its receptor CCR5 are upregulated in CCR9+ Th cells and have been associated with a Th1 phenotype (54, 55). Also, CCR5 has been implicated in dry eye disease. In a mouse model of experimental dry eye disease, desiccating stress potently stimulated the expression of Th1-attracting chemokines and their receptors on the ocular surface of C57BL/6 mice (56). In human studies, CCR5 expression has been shown to increase in the conjunctival epithelium of patients with dry eye syndrome (47, 57). Interestingly, CCL5 and its receptor CCR5 were increased in inflamed glands in Sjögren-like disease and blockade of CCL5 can significantly reduce disease (49). The ligands for CCR5, CCL3 and CCL5 are elevated in pSS salivary glands, potentially facilitating recruitment of CCR5-expressing cells including CCR9+ Th cells (48). In this paper we demonstrate higher expression and secretion of CCL5 in CCR9+ effector cells. Also when looking at IFN-γ/TNF-α –secreting cells we find CCR9+ Th cells express highest CCL5. Besides this we have demonstrated rapid release of CCL5 by CCR9+ Th cells and a strongly increased secretion of CCL5 by co-cultured CCR9+ Th cells as compared to CXCR5+ and DN Th cells. Interestingly, IL-7 which is a key early mediator of salivary gland inflammation (31–34) and is a crucial factor in lymphoid structure organization (38, 58), significantly increased CCL5 production by CCR9+ Th cells to a higher level than CXCR5+ and CCR9-CXCR5- Th cells. As IL-7 has previously been shown to increase responsiveness of auto-reactive T cells (59, 60) this could implicate that IL-7-driven self-reactive T cell responses associated with CCL5 production plays a significant role in early inflammatory responses in pSS, attracting multiple leukocyte subsets to affected sites. Similarly, T cell receptor crosslinking by exogenous antigen as we demonstrate in this paper can strongly boost CCL5 production by CCR9+ Th cells.

Genes encoding for adhesion molecules ITGAE (CD103) and ITGA1 (CD49a) were elevated on RNA level in CCR9+ Th cells as compared to the other Th cells. On protein level this corresponded with around 10% of CCR9+ Th cells expressing CD103 which is elevated as compared to the other subsets. CD103 is known as a marker for intraepithelial lymphocytes dimerizing with β7 to form αEβ7, and its ligand is E-cadherin, both of these molecules have been found to be elevated in pSS salivary glands (61). Also, laminin, a ligand for CD49a, has been found to be upregulated in pSS salivary glands (62). However, whereas we did find a subset of CCR9+ Th cells with increased expression of CD103, we could not find any evidence for increased surface expression of CD49a on the CCR9+ Th cells (data not shown). These data indicate that part of the CCR9+ Th cells are prone to adhere in the salivary gland of pSS patients, potentially mediated via ITGAE.

In the present study we demonstrate that NCR3 gene expression is elevated in CCR9+ Th cells. The ligand for NCR3, B7H6, is present in pSS salivary glands potentially triggering CCR9+ Th cells present in the glands, and in addition a SNP in this gene was associated with pSS potentially contributing to the pathogenesis (46). Identification of natural cytotoxicity receptor NCR3 on Th cells is unexpected, and indeed only a small percentage of CCR9+ Th cells expresses this molecule and levels are much higher on CD56+ NK cells (data not shown). Further investigation is needed to study whether this represents a functionally relevant expression by CCR9+ Th cells, potentially inducing IFN-γ production like in NK cells.

Elevated NT5E (CD73) gene expression was found in CCR9+ Th cells and on protein level CD73 (ecto-5’-nucleotidase) was expressed on 10-40% of CCR9+ Th cells. CD73 is an enzyme that dephosphorylates AMP into anti-inflammatory adenosine contributing to an anti-inflammatory milieu (63). CD73 is expressed by regulatory T cells but can be upregulated on all Th cells upon activation (64). As a homeostatic process, regulatory molecules are upregulated upon activation of T cells, and this may be the case for CD73 on the pro-inflammatory CCR9+ Th cells.

Another interesting molecule upregulated in a small subset of CCR9+ Th cells, is ABCB1, a multidrug resistance gene. It encodes for P-glycoprotein or MDR-1 (multidrug resistance 1) which causes efflux of intracellular drugs and is associated with unresponsiveness to treatment in various diseases including systemic lupus erythematosus (65). Some agents can induce expression of P-glycoprotein and some can inhibit its function, including cyclosporin-A. This suggests that increased expression of ABCB1 on CCR9+ Th cells might contribute to resistance to inhibition by some drugs and might benefit from simultaneous inhibition of ABCB1 function (e.g. by cyclosporine-A) (66). Further research is needed to study the relevance of expression of ABCB1 on CCR9+ Th cells and in pSS.

In some pSS patients, hypocomplementemia of in particular C3 and C4 is found, which is associated with lymphoma development (67). It is generally hypothesized that low C3 and C4 levels are a result of consumption mediated by immune complexes. This complement activation/consumption is likely associated with formation of complement fragments such as C3a and C4a, the latter being elevated in pSS salivary glands (68). Although not demonstrated on protein level or by functional experiments, C3AR1 was found to be elevated in CCR9+ Th cells. Upregulated C3aR may contribute to CCR9+ Th cell activation since C3aR signaling has been shown to contribute to maintenance of effector functions via mTOR (69).

Although robust differences between Th subsets were detected and replicated, a drawback of our study is that the cohort in which RNA sequencing was performed was rather small. Especially since differences in mRNA expression between HC and pSS patients were small, the number of donors may not have been sufficient to detect true differences. The most robust differences between HC and pSS were present in all Th subsets; gene expression differences between HC and pSS that were specific for the CCR9+ Th cell subset were smaller. Indeed, the small CCR9+ Th cell subset-specific differences between HC and pSS patients were unfortunately not validated. False discovery rate correction may have partly increased the chance of replicating positive results from RNA sequencing. In this respect, DEGs from the modules showing the largest differences between HC and pSS patients i.e. cyan, darkgreen including IFN induced genes, which indeed have been shown to be upregulated in part of pSS patients (70), and purple, in which the differences between HC and pSS were present in all Th subsets, may have given a higher chance of being replicated in additional cohorts.

In addition, in this study circulating CCR9+ Th cells were studied, but whether these are recirculating from the gut or the salivary glands and to what extent these reflect tissue CCR9+ Th cells is unclear. As a future perspective, bulk or single cell sorting of CCR9+ Th cells from salivary glands of pSS patients to perform RNA sequencing and TCR sequencing may reveal the local activation profile and possible autoreactivity of this pro-inflammatory Th subset. Also, further analyses may elucidate the specific and shared molecular features as compared to ICOS+PD-1hiCXCR5- Tph cells (29, 30).

Also, variation in gene expression data may partly be due to patient heterogeneity. Indeed differences were observed between patients used for discovery (RNA sequencing) and replication (qPCR, flow cytometry and in vitro). A larger proportion of patients of the RNA sequencing cohort was treated with immunosuppressants and there were differences in clinical parameters (LFS, presence of auto-antibodies, ESSDAI scores, serum IgG levels). However, none of these clinical parameters showed statistically significant correlations with the expression of the target genes.

Finally, the already strongly differentiated nature of (re)circulating CCR9+ effector Th cells in any individual may also have hampered the detection of a difference between HC and pSS patients. Previously we have documented strongly increased percentages of IFN-γ, IL-17, IL-21 and IL-10-producing cells in circulating CCR9+ vs CXCR5+ Th cells (26), which was similar in HC and pSS patients. The increased numbers of CCR9+ Th cells in the circulation and the salivary glands suggest that given the effector functions of CCR9+ Th cells these may significantly contribute to immunopathology. In the same line, our in vitro data suggest that activation of CCR9+ Th cells upon antigen challenge and increased IL-7 significantly could drive local inflammation. Future research should elucidate the generalized differentiated nature of circulating CCR9+ effector Th cells in additional inflammatory diseases.

Altogether the present study reveals that CCR9+ Th cells show many differentially expressed genes as compared to CXCR5+ Th cells and CCR9-CXCR5- Th cells, identifying novel effector molecules that reveal additional properties of these pathogenic cells. This is exemplified by CCL5, which may be a key mediator in early migration of inflammatory cells. Targeting predicted key molecules based on the results from this study might reveal novel therapeutic approaches to halt the pathogenic processes induced by CCR9+ Th cells.
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Purpose

To develop a novel method to quantify the amount of fibrosis in the salivary gland and to investigate the relationship between fibrosis and specific symptoms associated with Sjögren’s syndrome (SS) using this method.



Materials and Methods

Paraffin-embedded labial salivary gland (LSG) slides from 20 female SS patients and their clinical and LSG pathology data were obtained from the Sjögren’s International Collaborative Clinical Alliance. Relative interstitial fibrosis area (RIFA) in Masson’s trichrome-stained LSG sections was quantified from digitally scanned slides and used for correlation analysis. Gene expression levels were assessed by microarray analysis. Core promoter accessibility for RIFA-correlated genes was determined using DNase I hypersensitive sites sequencing analysis.



Results

RIFA was significantly correlated with unstimulated whole saliva flow rate in SS patients. Sixteen genes were significantly and positively correlated with RIFA. In a separate analysis, a group of differentially expressed genes was identified by comparing severe and moderate fibrosis groups. This combined set of genes was distinct from differentially expressed genes identified in lung epithelium from idiopathic pulmonary fibrosis patients compared with controls. Single-cell RNA sequencing analysis of salivary glands suggested most of the RIFA-correlated genes are expressed by fibroblasts in the gland and are in a permissive chromatin state.



Conclusion

RIFA quantification is a novel method for assessing interstitial fibrosis and the impact of fibrosis on SS symptoms. Loss of gland function may be associated with salivary gland fibrosis, which is likely to be driven by a unique set of genes that are mainly expressed by fibroblasts.
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Introduction

Salivary and lacrimal gland hypofunction are hallmarks of Sjögren’s syndrome (SS) and are associated with a decreased quality of life (1). Although recovery of salivation is an essential target in therapeutic interventions for SS, the clinical pathological mechanism that causes this gland hypofunction remains unclear. Therefore, it is important to determine the underlying pathogenesis of gland hypofunction in SS.

Pathological changes in the labial salivary gland (LSG) are representative of the pathological changes in major salivary glands, such as the parotid gland (2). Therefore, LSG biopsy is a standard diagnostic method for SS, with high sensitivity and specificity, especially in patients with glandular hypofunction and negative antibodies (3). Daniels et al. identified lymphocytic infiltration and interstitial fibrosis as two characteristic microscopic changes in LSG biopsy in SS (4). Although the salivary gland focus score (FS), which represents the amount of lymphocytic infiltration, is a vital diagnostic criterion for SS and strongly suggests the presence of autoimmunity, it shows no significant contribution to salivary gland hypofunction in a large cohort clinical study (4). Therefore, it is important to understand if other pathological changes such as interstitial fibrosis is associated with salivary gland hypofunction in SS. The Sjögren’s International Collaborative Clinical Alliance (SICCA) (https://websites.ucsf.edu/content/sjogrens-international-collaborative-clinical-alliance-sicca). has established a classification for LSG microscopic characteristics. Four LSG microscopic groups were proposed specifically to assess the degree of interstitial fibrosis and lymphocytic infiltration in SS in our study. These include the following: non-specific chronic sialadenitis (NSCS; presence of scattered or focal infiltrates of lymphocytes with moderate interstitial fibrosis and gland atrophy), FLS (presence of one or more focal lymphocytic foci as the most prominent feature), sclerosing chronic sialadenitis (SCS; predominant changes are interstitial fibrosis and acinar atrophy), and FLS/SCS (combination of FLS and SCS features).

Interstitial fibrosis in epithelial organs such as the lung, liver, and kidney is commonly seen in systemic rheumatic diseases for example rheumatoid arthritis, systemic lupus erythematosus, systemic sclerosis, IgG4 disease, SS, and primary biliary cirrhosis (5) [for review, see (6–8)]. Epithelial interstitial fibrosis leads to organ failure and is frequently associated with a poor prognosis and increased mortality (9). Previously, the assessment of salivary gland fibrosis was based on either semi-quantification (10) or the microscopic classification characterized by SICCA (4). Recently, Leehan et al. reported on an objective measurement to quantify the degree of LSG fibrosis by reconstructing each hematoxylin and eosin-stained LSG section into small grids digitally (“positive” means containing ≥ 50% fibrotic tissue) and assessing the relative size of areas with fibrosis. Their result was comparable to pathologist-determined scoring (11). An additional study reported an association between the degree of salivary gland fibrosis and decreased stimulated saliva flow rate (10), suggesting that interstitial fibrosis area plays an important role in the salivary gland hypofunction in SS.

The development of sclerosing sialadenitis, in which interstitial fibrosis and subsequent gland atrophy are major histological changes, can be triggered by salivary gland epithelial cell-centered autoimmune epithelitis (1, 12). Previous studies have suggested that chronic inflammation initiates type II epithelial-mesenchymal transition (EMT) in different epithelia, such as in the kidney, liver, lung, and intestine (13, 14) [for review, see (15, 16)]. A variety of signals from immune cells and fibroblasts leads to an overproduction of collagens, laminins, elastin, and tenacins in the extracellular matrix, resulting in the formation of interstitial fibrosis. This results in replacement of epithelial cells and loss of organ function (13). In SS, a correlation between the presence of fibrosis and lymphocytic infiltration was found in several clinical studies (10, 11). It is possible that autoimmune epithelitis and other environmental changes induce EMT, promoting interstitial fibrosis.

EMT is characterized by the presence of epithelial cells that continue to exhibit epithelial-specific markers, such as epithelial cadherin (cadherin-1), and show concomitant expression of mesenchymal markers, such as fibroblast-specific protein 1, α-smooth muscle actin and cadherin-11 (17) [for review, see (16)]. Triggered by epithelial environmental changes, EMT-associated genes, such as TGFB1 and BMP7, as well as the WNT gene family, initiate the cellular signaling circuitry that regulates EMT (13, 14) [for a review, see (15, 16)]. Expression of these genes is thought to decrease the expression of markers associated with the epithelial state and to increase the expression of markers associated with the fibroblastic state. This transition is likely to be related to epigenetic regulation, such as open chromatin accessibility [for review, see (18)].

In this study, we established a novel quantification measurement, termed relative interstitial fibrosis area (RIFA), to quantify the degree of interstitial fibrosis in LSGs and used this method to investigate the relationship of local fibrosis with gland function, as well as with transcriptomic changes in the salivary gland. Our findings suggest that salivary gland fibrosis is associated with the loss of gland function and that the increase in this type of fibrosis may be driven by a unique set of environmental factors compared with those associated with lung fibrosis.



Materials & Methods


Study Design

The study design is illustrated in Figure 1.




Figure 1 | Flow chart of study design. The purpose of this study was to investigate the application of quantification of digitally scanned slides of salivary gland interstitial fibrosis and its correlation with patients’ clinical data and transcriptome changes. We developed a novel quantification method based on measuring RIFA and compared this with the conventional interstitial fibrosis evaluation methodology by microscopic classification (4). Following validation, this method was applied to study the correlation of RIFA with Sjögren’s syndrome (SS) clinical features, such as unstimulated whole saliva flow rate. Genes associated with interstitial fibrosis development could be identified by correlating RIFA with gene expression data. These genes were then compared with the list of differentially expressed genes associated with severe fibrosis using microarray data from the SCS group (severe fibrosis) versus the NSCS group or FLS/SCS group (moderate fibrosis). This transcriptome profile that was associated with sclerosing sialadenitis in SS (RIFA-correlated genes and differentially expressed genes from SCS vs. NSCS or FLS/SCS groups) was compared with differentially expressed genes in IPF. Change in expression in this group of genes was further analyzed for common transcriptional factors binding motifs, cellular source of expression, and core promoter openness.





Patient Selection

The LSG samples of 20 female SS patients were selected from SICCA specimen repository (4, 19). All patients fulfilled the 2016 American College of Rheumatology/European League Against Rheumatism classification criteria for SS (20) and their clinical manifestations are summarized in Supplementary Table 1. Microscopic LSG changes from the selected patients were evaluated by oral pathologists from SICCA and were categorized as FLS, NSCS, FLS/SCS or SCS (4). N=5/microscopic group (N=20 total) patients were randomly selected in this study. All other clinical data, including unstimulated whole saliva (UWS) flow rate, focus score (FS), and presence of autoantibodies, such as antinuclear antibody (ANA), anti-Ro antibody (SSA) and anti-La antibody (SSB), were reported by SICCA.



Masson’s Trichrome Staining and Interstitial Fibrosis Quantification

Formalin-fixed, paraffin-embedded LSG slides from SS patients were obtained from the SICCA International Sjögren’s Syndrome Biorepository and Data Registry (4). Masson’s trichrome staining was performed by Histoserv (Frederick, MD, USA), according to a previously published protocol (www.ihcworld.com/_protocols/special_stains/masson_trichrome.htm). Areas of interstitial fibrosis in the Masson’s trichrome–stained slides were imaged and assessed using the Aperio Scan Scope imaging technology (Leica Biosystems, Buffalo Grove, IL, USA) (21).

To quantify the degree of interstitial fibrosis, we calculated the relative interstitial fibrosis area (RIFA) defined by interstitial fibrosis area (mm2) per mm2 total glandular size on the section using the equation shown below. The total interstitial fibrosis area was calculated by subtracting the size of any non-fibrosis area, if it was included in the fibrosis area, excluding non-fibrotic objects less than 50µm2 (for representative figure, see Figure 2):

	




Figure 2 | RIFA can be used to numerically quantify interstitial fibrosis in LSG from Sjögren’s syndrome patients. Masson’s trichrome staining was used to detect interstitial fibrosis in LSGs from Sjögren’s syndrome patients. Interstitial fibrosis areas and whole gland areas were measured using Aperio Scan Scope software. Non-fibrosis areas (outlined in yellow) that were included in the interstitial fibrosis areas (outlined in green) were subtracted to obtain accurate measurement. Area less than 50µm2 (orange arrows as example areas) were not excluded. RIFA was quantified as total interstitial fibrosis area (in mm2) per mm2 total glandular size on the section [(green circled areas – yellow circled areas)/total area].



In addition, sample size calculations with a Student’s t test for unequal variances based on preliminary differences for RIFA in different microscopic groups showed that four samples would be sufficient to have at least 80% power to find differences with a 5% level of significance (https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html). Therefore, a group size of five samples was considered a valid sample size to compare RIFA in different groups.



Microarray Analysis to Identify Epithelial-Mesenchymal Transition–Associated Gene Expressions in Labial Salivary Glands of Sjögren’s Syndrome Patients

Epithelial-mesenchymal transition (EMT) long non-coding RNA/mRNA pathway microarray analysis was performed by Arraystar Inc. (Rockville, MD, USA) using LncPath™ Human EMT Pathway Microarray (Cat# AS-LP-004H). EMT coding genes were grouped and are listed in Supplementary Table 2. All genes that had already been proven to be associated with the EMT pathway were manually curated from the literature (22), and 219 potential coding targets related to the EMT signaling pathway were tested.

Total RNA was extracted from formalin-fixed, paraffin-embedded LSG biopsy samples from the 20 SS patients using an RNeasy Mini Kit according to the instructions of the manufacturer (Qiagen, Germantown, MD, USA). The RNA quality was measured using a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). Only RNA samples with a 28S/18S ribosomal RNA ratio of 1.7 and an RNA integrity number of 6.5 were used for the arrays. Sample labeling and array hybridization were performed according to the manufacturer’s protocol (Arraystar Inc., Rockville, MD, USA).

Briefly, each RNA sample was amplified and transcribed into fluorescent cRNA along the entire length of the transcripts without 3’ bias utilizing a random priming method. The labeled cRNAs were purified using the same RNeasy Mini Kit (Qiagen). The concentration and specific activity of the labeled cRNAs (pmol Cy3/μg cRNA) were measured using NanoDrop ND-1000 (Waltham, MA, USA). One μg of each labeled cRNA was fragmented by adding 5 μl 10 × Blocking Agent and 1 μl of 25 × Fragmentation Buffer and kept at 60°C for 30 minutes, followed by the addition of 25 μl 2 × GE Hybridization Buffer to dilute the labeled cRNA. Fifty μl of hybridization solution was dispensed into the gasket slide and assembled to the microarray slide. Slides were incubated at 65°C in an Agilent Hybridization Oven for 17 hours, after which the hybridized arrays were washed, fixed, and scanned using the Agilent Scanner G2505C (Agilent, Santa Clara, CA, USA).

For statistical analysis of microarray data, quantile normalization of raw data and subsequent data processing were performed using the Limma package (R software, Bioconductor - limma). After normalization, low-intensity filtering was performed, and the coding genes with at least 4 out of 20 samples with a Present (P) or Marginal (M) signal flag were retained for further analysis. When comparing two groups, the “fold change” (i.e., the ratio of the group averages) between the groups for each coding gene was computed. The statistical significance of the difference was estimated using a Student’s t test. Genes with a fold change > 1.5 and a P-value < 0.05 were identified as significantly differentially expressed (DE)genes.

An online Venn diagram tool was used to identify common DE genes in group-group comparisons (SCS vs. NSCS or FLS/SCS) (http://bioinformatics.psb.ugent.be/webtools/Venn/).



Protein-Binding Motif Matches in RIFA-Correlated Genes

Protein-binding motifs of transcription factors in the form of position frequency matrices were downloaded from the database CIS-BP (http://cisbp.ccbr.utoronto.ca). The program FIMO (Find Individual Motif Occurrences) from the Multiple Em for Motif Elicitation software suite [http://www.FIMO - MEME Suite (meme-suite.org)] was used to scan the human hg19 genome assembly for matches to these protein-binding sites. A “promoter” was defined as the 1000-bp upstream region of a canonical transcription start site. Matches to protein-binding motifs that overlapped with the promoter of a gene correlated with RIFA were collected. All transcription factors with a binding-site match were ranked by the number of RIFA-correlated gene promoters they overlapped with.



Single-Cell RNA Sequencing Analysis of RIFA-Correlated Gene Expression in Salivary Gland Fibroblast Cells

Single-cell RNA sequencing (scRNA-seq) analysis was performed on fresh LSG cells from seven SS patients and five patients who did not meet the SS criteria (non-Sjögren’s subjects) (23). Data from these samples were analyzed in R (v3.5.0) using Seurat (v3.1.2). Filtering was performed using the standard quality control steps provided on the Satija Lab website (satijalab.org). Cells containing more than 200 and fewer than 2500 unique features were retained. From this set, cells with greater than 15% of their counts attributed to mitochondrial DNA were filtered out. We adjusted this value from 5% to 15% to increase the yield from each sample and did not observe substantial changes in our results upon making this adjustment. Data were normalized using the “NormalizeData” command (scale factor: 10,000).

LSG cells from all SS and non-Sjögren’s patients were integrated into a single Seurat object. When splitting this object into clusters based on cell RNA expression profiles, the resolution was set at 0.1 to identity nine unique clusters. The cell types corresponding to each cluster were identified with marker genes identified by Seurat’s “FindAllMarkers” function, using the receiver-operating-characteristic (ROC) analysis test. For clusters with an unclear identity based on the top 5 marker genes, the expression of genes known to be markers of specific cell types were visualized with Seurat’s “FeaturePlot” function. The localization of these transcripts was used to confirm the identity of any clusters in question.

Seurat’s “AverageExpression” function was used to determine the average expression of each gene of which the expression was significantly correlated with RIFA. To quantify each gene’s relative expression in fibroblasts and give each gene’s expression equal weight when averaging the expression of the list, gene expression values were converted to “percent of total expression” for each gene by dividing a gene’s expression in each cell type by the sum of its expression in all cell types. These results were visualized with Excel (v16.34; Microsoft, Redmond, Washington, USA).



Promoter Accessibility in RIFA-Correlated Genes

Lung tissue was used as a surrogate tissue for assessing chromatin openness in place of salivary gland tissue due to the lack of data on salivary glands in public databases and because of its relatedness as a secretory tissue that undergoes branching morphogenesis. DNase I hypersensitive sites sequencing analysis (DNase-seq) reads collected from an upper lobe of a left lung sample from a 37-year-old male (ENCSR164WOF) were downloaded from the Encyclopedia of DNA Elements (www.encodeproject.org), as well as DNase-seq reads from a lung fibroblast sample from a 45-year-old male (ENCSR000EPR). The reads were aligned to the human reference genome hg19 using Bowtie 2 (http://www.Bowtie 2: fast and sensitive read alignment (sourceforge.net), and optical read duplicates were removed using Picard (http://www.Picard Tools - By Broad Institute).

A promoter was defined as a 1000-bp upstream region of a transcription start site, and overlapping promoters were merged into a single-promoter region. Per-base read coverage across the genome, as well as within genomic promoter regions, was estimated using bedtools genomecov and bedtools intersect (http://www.genomecov — bedtools 2.30.0 documentation) and averaged for each region. Coverage of promoters was compared between samples and gene sets using a two-tailed Student’s t test with Bonferroni correction.



Statistical Analysis

Unpaired Student’s t test was used to compare the difference in RIFA or UWS flow rate between each two groups. Data are shown as mean ± standard error of the mean (SEM). Linear regression was used to analyze the correlation between RIFA and UWS flow rate or other clinical data. Pearson’s multiple variables correlation analysis was performed to identify the normalized gene expressions that significantly correlated with RIFA (P < 0.05) by using Excel (MS Office 365, Microsoft). All other analyses were performed with GraphPad Prism statistical software version 4.02 (GraphPad Software Inc., La Jolla, CA, USA). P <0.05 was considered to be statistically significant.




Results


Numerical Measurement of RIFA Is Comparable to Categorical Classification of Fibrosis in Labial Salivary Glands From Sjögren’s Syndrome Patients

To establish a numerical quantification of interstitial fibrosis, the RIFA was measured by assessing the interstitial fibrosis area (mm2) per mm2 of total glandular area on images from Masson’s trichrome–stained LSG sections (Figure 2). Five patients from each of the FLS, NSCS, FLS/SCS and SCS groups (20 in total) (Supplementary Table 1) were assessed.

In the categorical classification defined by SICCA, patients with FLS have minimal or no fibrosis formation, whereas FLS/SCS and NSCS are characterized by intermediate fibrosis, and the most severe form of fibrosis is seen in SCS (4). RIFA measurements reflected this distinction in the classifications, as our SS patients with FLS, whose major microscopic change is lymphocytic infiltration, had the lowest RIFA score (0.06 ± 0.02; Figure 3). NSCS and FLS/SCS groups showed an intermediate level of interstitial fibrosis (0.27 ± 0.12 and 0.32 ± 0.10, respectively). Although there was no significant difference between these two groups, both had a significantly higher RIFA score than the FLS group (P < 0.01). The SCS group showed the highest RIFA score (0.60 ± 0.08), which was significantly increased compared with the NSCS, FLS/SCS and FLS groups (P < 0.01; Figure 3). These results suggest that as a numerical measurement, RIFA measurement is comparable to the microscopic classification methodology (4).




Figure 3 | RIFA assessment corresponds with categorical classification of salivary gland interstitial fibrosis. Left: Representative images to detect interstitial fibrosis in the LSG from four different microscopic groups comprising FLS, NSCS, FLS/SCS and SCS. Right: Comparison of mean (±SEM) RIFA in four different microscopic groups: FLS, NSCS, FLS/SCS and SCS (n = 5/group). Statistical significance was determined with unpaired Student’s t test.





RIFA Is Significantly Correlated With Salivary Gland Hypofunction in Sjögren’s Syndrome Patients

Linear regression analysis showed a significant negative correlation between RIFA and SS patients’ UWS flow rate (r2 = 0.33, slope = -0.67, P < 0.01; Figure 4A). However, no correlation could be found between UWS flow rate and the four categorical microscopic groups (FLS, NSCS, FLS/SCS, and SCS) (Figure 4B). In addition, no significant correlations between RIFA and other clinical data such as FS and autoantibody titer were identified (Pearson’s correlation analysis, P > 0.05, data not shown). This result indicates that the severity of salivary gland interstitial fibrosis is correlated with salivary gland hypofunction but not with other SS features.




Figure 4 | RIFA correlates with unstimulated whole saliva flow rate in Sjögren’s syndrome patients. (A) Correlation of RIFA and USW flow rate in Sjögren’s syndrome (SS) patients was analyzed using linear regression analysis. A significant negative correlation was found between RIFA and UWS flow rate (n = 20). (B) Comparison of mean (± SEM) UWS flow rate in different microscopic groups based on mean (± SEM) of RIFA measurement (FLS, NSCS, FLS/SCS, and SCS).





Transcriptome Analysis Using Microarray Data Identifies Gene Expression Profile That Is Associated With Interstitial Fibrosis in Sjögren’s Syndrome Patients

The above results support a link between fibrosis and the loss of gland function in SS. To identify the changes in gene expression associated with this link, microarray analysis was performed using RNA extracted from paraffin-embedded LSG biopsy samples from 20 SS patients (Supplemental Tables 1, 2). Correlation of RIFA with gene expression was determined by Pearson’s correlation analysis, and a list of 16 genes was found to be significantly and positively correlated with RIFA (P < 0.05). The correlation of RIFA with each of these 16 genes was further verified by linear regression analysis (Table 1, Supplementary Figure 1).


Table 1 | Gene expressions significantly correlate with RIFA.



Gene expression changes associated with severe fibrosis in SS were also investigated by comparing differentially expressed genes based on segregating samples into their SICCA defined microscopic groups. Upregulated differentially expressed genes in the SCS group (severe fibrosis) were compared with those in the NSCS group or FLS/SCS group (moderate fibrosis) (for heatmap, see Supplementary Figure 2). The common differentially expressed genes obtained by these two comparisons were likely associated with severe fibrosis formation (Figure 5). This list of differentially expressed genes included CDK4, BMP3, NUMB, GSC, FGF1, SETD8 (KMT5A), MT1F, and WNT4 (highlighted in yellow in Figure 5), which were also identified in the RIFA correlation analysis described above. The 50% conservation between these two lists suggests some consistency between RIFA measurement and SICCA’S microscopic classification for salivary gland fibrosis.




Figure 5 | Differentially expressed genes associated with severe interstitial fibrosis are conserved among RIFA-correlated genes. Venn diagram to identify common differentially expressed genes in SCS group (severe fibrosis) compared with NSCS or FLS/SCS group (moderate fibrosis). Fifteen common upregulated differentially expressed genes from SCS group compared with moderate interstitial fibrosis NSCS group or FLS/SCS group were identified. Of these 15 genes, 8 genes were also significantly correlated with RIFA (highlighted in yellow, refer to Table 1).





Gene Expression Profile in Sclerosing Sialadenitis of Sjögren’s Syndrome Is Different From That in Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is a well-studied disease with lung interstitial fibrosis as the hallmark clinical and pathological change (24). Comparison of the sclerosing sialadenitis–associated fibrosis gene expression pattern identified in our study with published differentially expressed genes from the lungs of IPF patients (24) showed little overlap between salivary gland–associated fibrosis and IPF. Of all the transcriptome profile genes we identified as RIFA-correlated genes or as genes associated with severe fibrosis in SS, only the expression of SETD8 and CXCL12 was significantly upregulated in IPF patients compared with controls (Table 2). Therefore, while the pathological changes in the two diseases are similar, we found the transcriptome profiles for these two conditions to be distinct.


Table 2 | Transcriptome profiling genes in current study compared with those in IPF study (24).





RIFA-Correlated Genes Are Regulated by Multiple Transcriptional Factors

Transcription factors act as master regulators in many cell state changes, such as EMT [for review, see (15, 16)]. To determine whether the RIFA-correlated genes are driven by a single “master regulator”, transcription factor motif analysis was used to identify transcription factors regulating the RIFA-correlated genes. Motifs for the transcription factor Kruppel-like factor 6 (KLF6) were found proximal to the start site of six RIFA-associated genes, namely ESR1, FZD7, MST1R, CDK4, CDH1, and MT1F. Other transcription factor binding sites were identified in fewer than five RIFA-correlated genes (Supplementary Table 3). This finding indicates that the RIFA-correlated genes are likely regulated by multiple transcriptional factors in SS.



RIFA-Correlated Genes Expression Is Associated With Salivary Gland Fibroblasts

The above data suggest that multiple transcription factors are likely responsible for the expression of the 16 RIFA-correlated genes. Single-cell RNA sequencing analysis (scRNA-seq) was used to determine gene expression within specific cell types in LSG (Supplementary Figures 3A, B). The expression of RIFA-correlated genes was quantified in different cell types within LSGs from seven SS patients and five non-Sjögren’s patients to identify if a single cell type or multiple cell types contribute to the transcriptome profile. Averaging the “percent of total expression” of each gene within each cell type revealed that the average expression levels of RIFA-correlated genes were significantly higher in fibroblasts than those in other cell types (Bonferroni corrected P = 0.0179 and P = 0.0244 for SS and non-SS patients, respectively; Figure 6A). This effect appeared to be caused by a subset of RIFA-correlated genes, for which 23% to 84% of their total transcripts come from fibroblasts: BMP3, PRKD1, TGFB2, GSC, FZD7, CXCL12, ESR1, CDK4, and CDH11 (Figure 6B). Many of the RIFA-correlated genes were more highly expressed per cell in the fibroblasts from Sjögren’s patients than in those from non-Sjögren’s subjects (e.g., CXCL12) (Figures 6A, B).




Figure 6 | RIFA-correlated gene expression is primarily localized to fibroblasts in LSG from Sjögren’s syndrome and non-Sjögren’s patients. (A) Single-cell RNA sequencing analysis was used to quantify expression of RIFA-correlated genes in different cell types within LSGs from Sjögren’s syndrome patients and non-Sjögren’s subjects. Data shown are mean(± SEM) of “percent of total expression” of each gene within each cell type. Data revealed that RIFA-correlated genes were, on average, more highly expressed in fibroblasts than in any other cell type. (B) Assessment of “percent of total expression” of individual genes within each cell type revealed that eight genes were preferentially expressed by fibroblasts, which is reflected in increased average expression of list of genes in fibroblasts. Gene expression levels are represented on a color scale from high (red) to low (blue). The sum of values in a row equals 100% of the expression.





Promoters of RIFA-Correlated Genes Are More Open in Lung Fibroblasts Than in Whole Lung Tissue

The above results suggest that RIFA-correlated gene expression is mostly associated with the fibroblast population of cells in the LSGs. These data also indicate that the promoters are more likely “open” and accessible in these cells to allow gene expression. To determine the state of the promoters associated with these genes in interstitial fibrosis formation, accessibility of core promoter regions in fibroblasts derived from a lung sample was compared with those in whole lung tissue. In whole lung tissue, the openness of promoters of RIFA-correlated genes (promoter coverage: 4.71 ± 0.70) was not significantly different from that of all promoter regions across the genome (4.15 ± 0.02; P = 0.496). By contrast, in lung fibroblasts, promoters of RIFA-correlated genes were three times more accessible than the same promoters in whole lung tissue (12.94 ± 2.81 vs. 4.71 ± 0.70, respectively; Bonferroni-corrected P < 0.05), and they were significantly more open than the average for all promoter regions in fibroblasts (promoter coverage: 7.39 ± 0.06; P < 0.05; Figure 7). These data indicate that the RIFA-correlated genes are in a permissive chromatin state in fibroblast cells within epithelial tissues, which further supports the notion that these genes are involved in the fibroblast-driven sclerosing sialadenitis formation in SS.




Figure 7 | Core promoter openness is significantly higher for RIFA-correlated genes in lung fibroblasts than in whole lung tissue. DNase-seq reads were used to estimate chromatin accessibility of promoters of genes associated with fibrosis, all promoters, and the whole genome (as background) in both lung tissue and lung fibroblasts. Data shown are promoter coverage (mean ± SEM). Student’s t test was used to compare promoter coverage between pairs of groups.






Discussion

Advances in personalized molecular pathology aim to build a multidimensional understanding of clinical manifestations, pathological changes, and molecular genetics, and this has led to the discovery of many candidate target therapeutics for diseases, such as cancer and autoimmune and fibrotic diseases (25, 26). Given the numerical nature of some clinical and molecular data, such as the gene expression matrix, development of a numeric variable to assess a pathological change will allow a better understanding of the associations between these dimensions using linear or non-linear correlation analysis (27–29). The emerging area of digital pathology provides more efficient and accurate assessment of individual microscopic changes in different diseases and can be broadly used to study the relationship between pathological change and clinical manifestations (26, 28, 29). For instance, in fibrotic diseases, such as osteosclerosis, numerical quantification with digital imaging correlates with subjective scores and provides accurate quantification of fibrosis (28).

Recently, Leehan et al. developed a digital measurement of salivary gland fibrosis, which has advanced the differential diagnosis of SS from non-Sjögren’s (11). In our study, we used Masson’s trichrome staining, a specific staining to identify fibrosis (collagen) in LSG biopsies. Using an image analysis program (Aperio Scan Scope) for digitally scanned slides, we directly quantified the interstitial fibrosis area without reconstruction of small grids. This limited the number of measurements of non-fibrosis area and improved precision. The assessment was approved by a board-certified oral pathologist.

Our results are in line with the previously published observations (11). Specifically, numerical quantification of fibrosis by RIFA allowed statistical analyses, such as linear regression and Pearson’s correlation analyses, to study the correlations of clinical data or gene expression changes with salivary gland interstitial fibrosis. Remarkably, we found that fibrosis assessment by RIFA measurement was significantly correlated with UWS flow rate in SS patients, suggesting a critical clinical pathological contribution of interstitial fibrosis in the development of salivary gland hypofunction. Furthermore, we identified genes that significantly correlated with RIFA, leading to a better understanding of the molecular changes involved in severe fibrosis formation in SS. Although our SS patient cohort was small, our findings may be important for the overall understanding of the pathogenesis and mechanism of xerostomia (subjective oral dryness) in SS.

Transcriptomic profiling of gene expression employing microarray analysis has been previously used to study the molecular changes in gene expression associated with fibrotic diseases such as IPF (24, 30, 31). Instead of reporting the differentially expressed genes in patients compared with healthy controls, we combined two approaches to assemble the transcriptome profile associated with salivary gland interstitial fibrosis in SS. For the first, we used Pearson’s correlation and linear regression analyses to identify RIFA-correlated genes. In the second approach, we compared gene expression patterns in a severe fibrosis group (SCS) with two intermediate fibrosis groups (NSCS and FLS/SCS).

EMT-associated gene expressions collaborate as a network and play a dominant role in the different stages of EMT progression and fibrosis formation [for review, see (16, 32)]. Of the 16 RIFA-correlated genes, SETD8/KMT5A can be regulated by NUMB via methylation. In addition, both SETD8 and NUMB are involved in EMT-regulated diseases such as cancer (33, 34). However, neither of these genes has been broadly studied in the context of fibrotic diseases. We found both SETD8 and NUMB were significantly correlated with RIFA (r is top ranked for Pearson’s correlation analysis, Table 1) and were also differentially expressed in the severe versus moderate fibrosis comparison analysis, suggesting that SETD8 and NUMB are critical genes in salivary gland fibrosis development and severity in SS.

TGF-β and BMP signaling are two important inducers of EMT, which can be initiated by tissue inflammation [for review, see (16, 32, 35)]. TGF-β and BMP are known to be involved in fibrotic diseases in the lung, liver, and kidney and in systemic autoimmune diseases such as systemic sclerosis (36, 37). In SS patients, TGF-β is correlated with the inflammatory cytokine TNF-α (38). Koski et al. reported increased expression of TGF-β family member proteins, including TGF-β2, in the fibrous area of LSGs from SS patients, which were produced mainly by fibroblasts (39). The authors argued that TGF-β expression is initially increased as an immunoregulatory response to protect the focal epithelitis, which is followed by EMT induction to initiate a tissue healing. Conditional overexpression of TGF-β1 induces an SS-like phenotype with severe salivary gland fibrosis and xerostomia (40).

BMP6 is also associated with salivary gland hypofunction (19). In other fibrotic diseases, TGF-β family members are the major pro-fibrinous cytokines to initiate the EMT process and in turn promote fibrosis development, whereas BMP proteins often serve as antagonists of TGF-β. Interestingly, in our study, both BMP3 and TGFB2 expressions were increased in the severe fibrosis group and correlated positively with the degree of fibrosis in LSGs from SS patients. This difference in the TGF-β/BMP balance further suggests that sclerosing sialadenitis in SS patients has a molecular profile that is different from that of other fibrotic diseases.

PRKD1 encodes protein kinase D1, a serine/threonine kinase that maintains the epithelial phenotype by preventing epithelial-to-mesenchymal transition (41). PRKD1 is associated with fibrogenesis in mouse models and human kidney diseases, such as autosomal dominant polycystic kidney disease. Interestingly, PRKD1 overexpression or mutation likely enhances TGF-β/SMAD signaling (42). PRKD1 variants were reported in three families with mixed autoimmune disease including SS (43).

Although a direct relationship between SS or salivary gland fibrosis and FGF and the WNT families has not been reported, in our study, WNT4, fibroblast growth factor receptor 2 (FGFR2), and FGF1 were significantly correlated with RIFA. WNT3A has also been identified as a differentially expressed gene in the severe fibrosis (SCS) versus moderate fibrosis (NSCS) comparison (Figure 5). Both these genes play a critical role during salivary gland morphogenesis and regeneration (44). TGF‐β1 can induce increased expression of FGF and FGFR2 in IPF, and ablation or inhibition of FGFR2 ameliorates lung and kidney fibrosis (45–47). Inhibition of FGFR disrupted the TGF‐β1-induced fibrosis process in a lung fibrosis model (45). The WNT family is able to regulate interstitial fibrosis formation by promoting β-catenin and driving the cells to produce collagen and α-smooth muscle actin to facilitate the EMT process (48, 49).

CDH1 and CDH11 expressions were significantly correlated with RIFA. CDH-11 is a main regulator and marker for mesenchymal cells that positively regulate EMT (50). The increased CDH11 expression in our study suggests that activated mesenchymal cells play a critical role in salivary gland fibrosis formation in SS. Decreased expression of CDH1, which encodes cadherin-1, a critical marker for epithelial cells, is a hallmark change for EMT [for review, see (51)]. However, in our study, CDH1 expression was significantly and positively correlated with RIFA, and it will require further study to understand its association with fibrosis in SS.

At the cellular level, EMT-related genes are reported to be overexpressed in many different types of cells, such as fibroblasts, epithelial, endothelial, and immune cells [for review, see (35, 51)]. Our scRNA-seq data showed that fibroblast cells are the primary source of RIFA-correlated gene expression in the salivary gland. Ductal, acinar epithelial, endothelial and myoepithelial cells also contributed to the RIFA-correlated gene overexpression, whereas immune cells, such as T, B and plasma cells, played a minor role in expression of RIFA-correlated genes. This suggests that although immune cells are the center of the autoimmune response, most EMT-related genes associated with salivary gland fibrosis formation and severity are mainly produced by cell types other than immune cells. It is likely that during the initiation of fibrosis, the interplay of fibroblast, myoepithelial, endothelial, ductal and acinar epithelial cells results in increased expression of specific genes, which leads to interstitial fibrosis formation.

Based on the identified transcriptome changes associated with the scRNA-seq findings and the gene function reported in fibrotic diseases, we hypothesized that, following environmentally triggered inflammation, salivary gland immune cells produce pro-inflammatory cytokines associated with SS (e.g., TNF-α and interferon) that activate salivary gland epithelial, endothelial and myoepithelial cells and overexpress genes such as TGFB2, WNT4, and BMP3, which are key inducers of EMT. The salivary gland epithelial cells then transition to become mesenchymal cells, with markers such as CDH11, and ultimately transform to fibroblasts and produce collagen to form fibrosis during EMT. Increased MT1F expression can activate the proliferation of circulating fibrocytes [for review, see (16, 52)]. In response to CXCL12 overexpression, activated fibroblast cells migrate to the inflammation-profibrotic area in the salivary gland (53). Meanwhile, through EMT initiation signals, such as TGF-β2, epithelial, endothelial and myoepithelial cells continuously overexpress EMT-promoting genes, such as GSC (54), MST1R (55), SETD8 (KMT5A), NUMB (33, 34), FGF1, and FGFR2 (45, 47), which in turn promotes fibroblast cell proliferation, migration, and transformation. As a positive feedback, the activated fibroblast cells overexpress FZD7, PRKD1, and CDK4, further activating WNT4 and TGFB2 expression (36, 56, 57). Collectively, the activated fibroblast cells overproduce collagens and extracellular matrix, resulting in interstitial fibrosis formation. Severe fibrosis and atrophy in the gland ultimately lead to salivary hypofunction in SS (for illustration, see Figure 8).




Figure 8 | Interconnection of RIFA-correlated genes with epithelial-mesenchymal transition and salivary gland interstitial fibrosis formation in Sjögren’s syndrome. Illustration of the hypothesis of the EMT and interstitial fibrosis formation in Sjögren’s syndrome regulated by the16 RIFA-correlated genes. RIFA-correlated genes are identified in red. Figure is created with BioRender.com.



It is well known that epigenetic regulation through, for example, chromatin openness, contributes to the regulation of genes and is subsequently involved in various physiological and pathological changes (58, 59). Chromatin openness allows the interplay between chromatin-binding factors on promoters and reflects the readiness of associated genes for transcription. While global changes in chromatin accessibility have been reported in many other diseases, such as cancer and neurodegenerative diseases (18, 60), we found no significant difference in the chromatin accessibility at the whole-genome level between lung fibroblasts and normal human lung tissue (Figure 8). However, the chromatin openness of RIFA-correlated genes was remarkably higher in primary fibroblasts compared with normal lung tissue from an age- and sex-matched subject. This enhanced chromatin accessibility demonstrates the readiness of the RIFA-correlated genes to regulate salivary gland epithelial fibrosis formation. Through this analysis, we could detect epigenetic activation in the RIFA-correlated genes and concluded that these genes are highly important to fibroblast cells activation. Further epigenetic research on salivary gland interstitial fibrosis–associated genes will help us better understand the molecular mechanism associated with this clinical finding.

In conclusion, RIFA measurement is a promising method for assessing salivary gland interstitial fibrosis, and the quantification of the interstitial fibrosis should be evaluated as part of the pathological diagnosis of SS. The investigation of the molecular pathological analysis of salivary gland hypofunction will contribute to our understanding of the pathogenesis of sclerosing sialadenitis, and open a new avenue in personalized therapeutics for SS patients.
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Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease characterized by infiltration of the exocrine glands and prominent B cell hyperactivity. Considering the key role of monocytes in promoting B cell hyperactivity, we performed RNA-sequencing analysis of CD14+ monocytes from patients with pSS, non-Sjögren’s sicca (nSS), and healthy controls (HC). We demonstrated that the transcriptomic profile of pSS patients is enriched in intermediate and non-classical monocyte profiles, and confirmed the increased frequency of non-classical monocytes in pSS patients by flow-cytometry analysis. Weighted gene co-expression network analysis identified four molecular signatures in monocytes from pSS patients, functionally annotated for processes related with translation, IFN-signaling, and toll-like receptor signaling. Systemic and local inflammatory features significantly correlated with the expression of these signatures. Furthermore, genes highly associated with clinical features in pSS were identified as hub-genes for each signature. Unsupervised hierarchical cluster analysis of the hub-genes identified four clusters of nSS and pSS patients, each with distinct inflammatory and transcriptomic profiles. One cluster showed a significantly higher percentage of pSS patients with higher prevalence of anti-SSA autoantibodies, interferon-score, and erythrocyte sedimentation rate compared to the other clusters. Finally, we showed that the identified transcriptomic differences in pSS monocytes were induced in monocytes of healthy controls by exposure to serum of pSS patients. Representative hub-genes of all four signatures were partially inhibited by interferon-α/β receptor blockade, indicating that the circulating inflammatory mediators, including type I interferons have a significant contribution to the altered transcriptional profile of pSS-monocytes. Our study suggests that targeting key circulating inflammatory mediators, such as type I interferons, could offer new insights into the important pathways and mechanisms driving pSS, and holds promise for halting immunopathology in Sjögren’s Syndrome.
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Introduction

Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease characterized by lymphocytic infiltration of the salivary and lachrymal glands leading to glandular destruction and dysfunction and B cell hyperactivity (1). Although pSS pathogenesis remains to be fully uncovered, the important contribution of monocytes is evident, not only in the initial immune response but also in the maintenance of chronic inflammation (2–4). Monocytes are highly specialized in phagocytosis and antigen presentation, secrete a large range of different cytokines and chemokines, and migrate to the tissues in response to infection and injury. Once recruited to tissues, monocytes are capable of differentiating into macrophages and dendritic cells and thus contribute to local inflammation (5, 6).

Circulating blood monocytes are a heterogeneous population with a key role in regulation of inflammation (7), which can be subdivided into three major subsets: the classical monocytes (CD14+CD16-), the intermediate monocytes (CD14+CD16+), and the non-classical monocytes (CD14-CD16+), with the majority of the intermediate and non-classical monocytes emerging sequentially from the pool of classical monocytes (8, 9). Classical monocytes are primed for phagocytosis, innate sensing/immune responses, and migration, and are known to be important scavenger cells (10, 11). Intermediate monocytes represent a transitional population between the classical and non-classical monocyte subsets, with the highest capacity to present antigen (10), and induce CD4+ T cell proliferation (12). Non-classical monocytes have a pro-inflammatory behavior, secrete inflammatory cytokines in response to infection, and are involved in antigen presentation and T cell stimulation (10, 13). Recent studies have shown that this subset also contributes to the pathogenesis of several diseases, including autoimmune diseases like systemic lupus erythematosus (SLE) (14, 15). This contribution seems to be related with their patrolling behavior, Fc receptor-mediated phagocytosis, and higher secretion of pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α) and interleukin (IL)-1β (10, 16).

Several pieces of evidence point towards the contribution of monocytes to the immunopathology of Sjögren’s syndrome. The frequency of intermediate and non-classical monocytes (3, 17) is increased in the circulation of pSS patients, pointing to their activation and differentiation. In-line with this, the intermediate monocyte subset is increased in pSS salivary glands and their numbers directly correlated with the expression of IL-34 (17), a cytokine that acts as regulator of monocyte differentiation, proliferation, and survival (18). Further corroborating this, macrophages also accumulate in the salivary glands of pSS patients, and their presence was associated with lymphocytic infiltration and lymphoma (19). Furthermore, an abnormal activation of the NF-kB signaling pathway was observed in pSS monocytes (20), and the levels of pro-inflammatory mediators that are produced by monocytes and drive B cell activation, such as IL-6, type I interferon (IFN), B cell activating factor (BAFF), and chemokine C-X-C motif ligand 13 (CXCL13), are significantly increased in the inflamed tissues and circulation of pSS patients (21–24). Moreover, there is a marked upregulation of type I IFN-inducible genes (25) in pSS monocytes, reflecting the presence of a type I IFN signature in the salivary glands and circulation of pSS patients (26, 27). Type-I IFNs stimulate monocytes to produce inflammatory mediators (28) that drive B cell survival and maturation and ultimately sustains auto-antibody production (29). Thus, pSS monocytes seem to be activated, driving B cell hyperactivity, local inflammation, and ultimately immunopathology of pSS. Yet, the molecular mechanisms underlying the contribution of monocytes to pSS immunopathology have been poorly studied.

In-depth characterization of the dysregulated transcriptional profile of monocytes from pSS patients could offer new insights into the important pathways and mechanisms driving pSS, and ultimately might lead to the development of new therapeutic opportunities. We here exploited RNA-sequencing to investigate the transcriptional profile of circulating monocytes of pSS patients to unravel their role in the pathogenesis of pSS, and compared them to profiles of patients with non-Sjögren’s sicca (nSS) and healthy controls (HC).



Materials and Methods


Patients and Controls

Patients and controls were age and gender-matched and randomly allocated across the different experiments. All pSS patients fulfilled the AECG classification-criteria for pSS (30). Patients that did not fulfill the pSS classification-criteria, but presented with dryness-complaints without a known cause, in the absence of any generalized autoimmune disease were classified as non-Sjögren’s sicca (nSS) patients (Table 1). The study was approved by the medical ethics committee of the University Medical Center Utrecht (METC no. 13-697). All patients gave their written informed consent in accordance with the declaration of Helsinki.


Table 1 | Characteristics of the patients and controls enrolled in the study.





Monocyte Isolation and RNA Isolation

Monocytes were isolated from peripheral blood mononuclear cells by magnetic-activated cell sorting using the CD14+ isolation kit (Miltenyi Biotec) according to the manufacturer’s instructions. The frequency of monocytes subsets and the purity of the isolated monocytes was measured by flow-cytometry to insure consistent results (Supplementary Table 1). Monocytes subsets were defined as the following: classical monocytes (CD14+CD16-), intermediate monocytes (CD14+CD16+), and non-classical monocytes (CD14-CD16+) (Supplementary Figure 1). The purity of the isolated samples was (median [range]) 96% [89–99%], and there were no significant differences in cell purity between any of the groups. Cells were lysed in RLTplus buffer (Qiagen) supplemented with 1% beta-mercaptoethanol and total RNA was purified using AllPrep Universal Kit (Qiagen), according to the manufacturer’s instructions. RNA concentration was assessed with Qubit RNA Kit (Thermo Fisher Scientific) and RNA integrity was measured by capillary electrophoresis using the RNA 6000 Nano Kit (Agint Technologies); all samples had RIN-score >7.0.



RNA Sequencing and Data Analysis

RNA sequencing was performed at the Beijing genomics institute, using an Illumina HiSeq 4000 sequencer (Illumina) following the standard manufacturer’s protocols. About 20 million 100bp paired-end reads were generated for each sample. RNA‐sequencing data analysis was performed as previously described (31).

Briefly, quality control of the reads was assessed with FastQC tool (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and all samples passed the quality check. Next, reads were aligned to the human genome using STAR aligner (32). The Python package HTSeq (33) was used to calculate the read counts for each annotated gene. Differentially expressed genes (DEGs) were identified using Bioconductor/R package DESeq2 (34); Wald’s test was used to identify DEGs in each pair-wise comparison performed between the three groups (HC, nSS, and pSS) and likelihood ratio test to identify DEGs considering multiple groups. P-values were corrected using a false discovery rate (FDR) of 5% according to the Benjamini and Hochberg method. Differences in gene expression with a corrected p-value<0.05 were considered differentially expressed. Variance stabilizing transformation was applied to obtain normalized gene counts (variance stabilized data), which were used for subsequent analyses.



Gene Set Enrichment Analysis

Gene set enrichment analysis was conducted with Broad Institute software (35), to explore the contribution of each monocyte subset to the transcriptomic profile identified in monocytes from pSS patients. Thousand random permutations were performed to calculate the normalized enrichment score and FDR-corrected p-value. Gene sets were considered significantly enriched with a corrected p-value<0.05. Gene sets were obtained from a publicly available microarray dataset which identified the representative gene signature of each monocyte subsets (classical, intermediate, and non-classical monocytes) (10).



Weighted Gene Co-Expression Network Analysis

To study the inter-dependence between genes and their interactions, a gene co-expression network was performed using weighted gene co-expression network analysis (WGCNA) Bioconductor/R package (36). Gene co-expression networks were constructed using all differentially expressed genes (corrected p<0.05) in both comparisons, nSS or pSS vs. HC (Supplementary Figure 2). Networks were defined by first performing an unsigned pairwise spearman’s correlation between genes and subsequently transforming the co-expression similarities into an adjacency matrix and scaling the adjacency matrix to achieve a scale-free topology (scaling power = 9, selected to have a network that fits the scale-free topology criterion). The identified networks were labelled using a conventional color scheme (blue, brown, turquoise and yellow) and further designated as gene signatures.



Pathway Enrichment Analysis

To understand the biological meaning of the identified signatures, pathway enrichment analysis was performed in the different sets of genes using the compareCluster function in the ReactomePA package (37) to compare and plot the pathways enriched in the different signatures.



Identification of Key Signatures and Hub-Genes Associated With Clinical Traits

For each signature, the expression profile was summarized by the first principal component of the signature expression level to calculate the module eigengene expression, which represents the average expression level of the genes within the signature. Next, to identify signatures that were correlated with relevant clinical features of pSS patients, a module-trait association was calculated using the pearson’s correlation coefficient between the module eigengene and the clinical traits.

To gain further insight into the signatures and the genes that have the closest relationship with the clinical features, an intramodular analysis was performed. Module membership defined as the degree of correlation between the gene and the signature, and gene significance calculated as the absolute value of the association between the gene expression profile and each clinical trait were used. Correlation with a r value higher than 0.3 and a p-value<0.05 were plotted and selected for hub-gene identification. Hub-genes were identified in the brown, yellow and turquoise signature and defined by a module membership higher than 0.8 and a gene significance higher than 0.4. Next, hierarchical cluster analysis of the hub-gene expression based on Ward’s method with Euclidian distance was performed using the MetaboAnalyst5.0 online software (http://www.metaboanalyst.ca/) to identify patients with a similar inflammatory profile.

The IFN-score was calculated using the gene expression of five IFN-induced genes (IFI44L, IFI44, IFIT3, LY6E, and MX1), after z-score normalization, as previously described (22).



TNF-α Production Upon Toll Like Receptor Activation

As functional annotation of the turquoise signature revealed enrichment in genes involved in TLR-signaling we set out to confirm these alterations on a functional level. For this purpose, whole blood was diluted 1:1 in RPMI-1640 medium with 1% L-glutamine (both from Thermo Fisher Scientific) and stimulated with different TLR ligands (Supplementary Table 2). 1h after stimulation, 10μg/mL of Brefeldin A (Sigma) was added. After a total of 6h of stimulation cells were stained with the extracellular antibodies and after washing, fixation and permeabilization with FIX&PERM (Thermo Fisher Scientific), cells were stained with anti-TNF-α (Supplementary Table 1). Data acquisition was performed using a BD LSRFortessa (BD Biosciences) and data were analyzed using FlowJo software (Tree Star).



In Vitro Monocyte Stimulation and IFNα/β Receptor Blockade

Monocytes from HC were isolated as previously described, and treated with serum of HC or pSS patients (20% v/v) for 20h, either alone or in the presence of TLR4 ligand (0.1μg/mL of LPS; Invivogen) for the last 17h of culture. Simultaneously, monocytes were pre-incubated for 1h at 37°C with 5μg/ml of either anti-IFNα/βR2 (clone MMHAR-2; PBL Assay Science) or its respective isotype control (IgG2a, Thermo Fisher Scientific), and then treated with serum of pSS patients (20% v/v) for 24h. Supernatants were harvested and cells lysed in RLTplus buffer (Qiagen). RNA isolation was performed as previously described. Quantitative-PCR reactions were performed using SYBR Select Master Mix (Applied Biosystems) on the Quantstudio 12k system (Thermo Fisher Scientific). Relative gene expression levels were normalized to the geometric mean expression of two housekeeping genes: B2M and ACTB (Supplementary Table 3). The relative fold change (FC) of each sample was calculated in relation to the average ΔCt of the HC group or to the ΔCt of the respective isotype condition (reference), according to the formula FC = 2−ΔΔCt, where ΔΔCt = ΔCt sample —ΔCt reference. TNF-α levels were measured in the supernatants by ELISA (Diaclone), following the manufacturer’s instructions.



Statistics

Differences in gene expression with a corrected p-value<0.05 were considered statistically significant. Kruskal-Wallis H test was used to analyze the differences between the nSS, pSS, and HC groups and between patient clusters. Fisher’s exact test was used to compare categorical variables. Differences between pSS patients and HC were assessed using Mann-Whitney U-test. Changes observed after IFNα/βR2 blocking were analyzed using Wilcoxon matched-pairs signed rank test. Statistical analyses and data visualization were performed using Python and R, Graphpad Prism (GraphPad Software), and MetaboAnalyst 5.0 (38). Differences were considered to be statistically significant at p<0.05.




Results


Transcriptome of pSS Monocytes Is Enriched for Gene Expression Profiles Associated With Intermediate and Non-Classical Monocytes

To better understand the contribution of monocytes to the development of pSS and to identify monocyte-specific processes dysregulated in pSS, we performed RNA-sequencing profile of circulating monocytes of pSS and nSS patients compared to HC (Table 1). Differential expression analysis revealed that among the studied groups, 6.036 genes were differentially expressed with a nominal p-value ≤ 0.05, of which 3.126 were upregulated and 2.910 downregulated. The majority of the differentially expressed genes (3.408 DEGs) were found in the pSS vs. HC comparison, representing 56% of all the DEGs, and out of these 1.731 were uniquely differentially between pSS and HC. In addition, 29% off all DEGs (1.757 genes) were differentially expressed in nSS patients vs. HC, and only 465 (26%) were exclusively found differentially expressed between nSS and HC. Furthermore, in the comparison between pSS and nSS, out of the 871 DEGs only a small number of genes (280/32%) was uniquely differential between pSS vs. nSS (Figure 1A). Overall, the transcriptomic profile of pSS monocytes revealed clearly distinct expression profiles compared to HC monocytes, but relatively similar profiles to nSS monocytes. To identify the most robust and consistently altered genes, those differentially expressed with an FDR corrected p-value ≤ 0.05 and with at least moderately high expression levels (base mean expression >100) were selected for further analysis (Supplementary Figure 2).




Figure 1 | Transcriptomic profile of monocytes from pSS patients is enriched for genes associated with intermediate and non-classical monocytes. RNA sequencing of peripheral blood isolated monocytes of nSS and pSS patients and HC was performed and differentially expressed genes (DEGs) were identified. Venn diagram shows the overlap of the DEGs between the different comparisons with a nominal p-value < 0.05, downregulated (blue) or upregulated (red) genes are indicated for each comparison (A). The relationship between the fold change (log2) and the corrected p-value (-log10) of the DEGs in pSS vs. HC is displayed. DEGs, with a corrected p-value < 0.05, downregulated (blue) or upregulated (red) in pSS-monocytes are indicated (B). Gene-set enrichment analysis was performed comparing the DEGs identified in pSS patients to the molecular signature of the different monocyte subsets. Columns and left y-axis show the normalized enrichment score, black connected dots and right y-axis displays the FDR-corrected p-value (-log10) (C). Frequency of monocyte subsets assessed by flow-cytometry in HC, nSS and pSS patients after cell isolation is shown (D). * and ** represent p < 0.05 and p < 0.01, respectively.



To gain further insights into the molecular signature of pSS monocytes, we performed gene set enrichment analysis to evaluate the contribution of each monocyte subset to the transcriptional profile found in pSS monocytes. To test this, we compared the DEGs in pSS patients that met the selection criteria (Figure 1B) with publicly available gene expression profiles of the three different monocyte subsets (10). Enrichment analysis revealed that genes highly expressed in intermediate and non-classical monocytes were significantly enriched in the transcriptional profile of pSS monocytes (Figure 1C). In line with this, flow-cytometry analysis of the monocyte subsets confirmed that the non-classical monocyte subset was increased in the circulation of pSS patients when compared with nSS patients and HC (Figure 1D). Thus, the transcriptomic alterations found in pSS monocytes are consistent with an increased frequency of non-classical monocytes.



Network Analysis Identifies Signatures of Co-Expressed Genes Associated With Systemic Inflammatory Parameters

To further analyze the functional consequences of the transcriptomic changes in pSS monocytes, we used weighted gene co-expression network analysis (WGCNA) to construct gene-correlation networks and identify signatures of co-expressed genes with pSS-associated biological functions. Network analysis using the genes that were differential between any of the three groups compared (Supplementary Figure 2) identified 4 gene signatures: blue (358 genes), brown (239 genes), turquoise (737 genes), and yellow (148 genes), each with distinct expression patterns (Figure 2A and Supplementary Table 4). 18 of the DEGs were not allocated to any of the previous signatures and therefore excluded from further analysis.




Figure 2 | Identification and functional characterization of pSS-monocytes signatures reveals associations with markers of local and systemic inflammation. Weighted gene co-expression network analysis was performed to identify signatures of co-expressed genes and their respective functional annotation. Heatmap visualization of the 1500 DEGs across the 4 identified signatures (blue, brown, turquoise and yellow; rows) and the studied groups (HC, nSS and pSS; columns) (A). Reactome pathway enrichment analysis was used for functional annotation of the signatures, there was no result for the yellow signature. Dot-size depicts the fraction of the genes within the pathway that is enriched, color indicates the statistical significance of the enrichment (B). Eigengene expression (first principal component of the module expression level) for each signature is depicted for HC, nSS and pSS patients (C). Correlation matrix of the module eigengenes and the clinical traits is depicted. Signatures are shown in rows and the clinical traits in columns. Dot-size and color indicates the Pearson correlation coefficient, p-values are shown inside the dots; (D). Intramodular analysis identifies hub-genes related with markers of systemic and local inflammation. Scatter plots of gene significance for the selected clinical trait versus the module membership per signature are depicted. Each dot represents one specific gene within a signature. Hub-genes are defined by a module membership of >0.8 and a gene significance of >0.4. Signatures can be identified by the corresponding color of the graph (E). nSS and pSS patient were clustered using hierarchical clustering of the selected hub-genes using Euclidean distance and Ward’s method. Hub-genes of each signature are shown in columns and the patient clusters are indicated in rows (F). Violin plots depicts the expression of selected clinical parameters across the established patient clusters (G). *, ** and **** represent p < 0.05, p < 0.01, and p < 0.0001, respectively.



Functional annotation indicated that the blue signature was associated with translation mechanisms, the brown signature with IFN-signaling, and the turquoise signature with TLR signaling (Figure 2B). No pathways were enriched for the yellow signature. Next, we further characterized the identified signatures, by assessing the module eigengene expression, given by the first principal component of the signature expression level, in HC, nSS, and pSS patients. Overall, the expression of genes from the blue signature was decreased in nSS and pSS patients and contains a large number of ribosomal protein genes, and a range of initiation factors and RNA polymerase subunit genes. Conversely, the expression of the brown, turquoise, and yellow signatures was largely increased in both patient groups, represented by an increased eigengene expression. The expression patterns of all four gene signatures in the nSS group were in general intermediate between the HC and pSS groups (Figure 2C).



Identified Gene Signatures Are Associated With Systemic Inflammatory Parameters

To better understand the biological relevance of the different signatures for the disease, we next assessed the correlation between clinical traits (Table 1) and the eigengene expression in each signature. Eigengene expression is an ideal parameter to correlate with the clinical traits, since it represents the first principal component of the co-expressed gene network and thus accounts for most of the variance in gene expression within the signature. Genes from the brown signature had the most correlations with the clinical traits, including the strongest positive correlation with ESR (r = 0.51, p = 0.003), and with ESSDAI (r = 0.37, p = 0.042). In addition, the lymphocytic focus score (LFS), which reflects salivary gland inflammation, moderately correlated with the turquoise and yellow signatures (r = 0.43, p = 0.015 and r = 0.40, p = 0.024, respectively), whereas only the yellow signature moderately correlated with Schirmer test, a measure for lacrimal gland function (r = 0.44, p = 0.013). Of note, moderate negative correlations were found with C4 levels for the brown and yellow signatures (r = -0.51, p = 0.003 and r = -0.43, p = 0.016, respectively) (Figure 2D).

Next, we performed an intramodular analysis to seek out the biological significance of each gene within the respective signature for the clinical features that correlated with the signature expression (Figure 2D). The genes within the brown, and turquoise signatures significantly correlated with sIgG, ESR, and complement C3 levels, parameters usually associated with systemic inflammation. Likewise, the genes within the yellow signature correlated with complement C4 levels and with Schirmer test, indicative of lacrimal gland dysfunction (Figure 2E). No correlations were observed for LFS and ESSDAI. Genes with a module membership (a higher number indicates stronger correlation of the gene with the other genes in the signature) higher than 0.8 and a gene significance (a higher number indicates stronger correlation with the selected clinical trait) higher than 0.4 were selected as hub-genes for each signature independently. Analysis of the brown signature revealed 43 hub-genes with gene significance for sIgG, and 68 hub-genes with gene significance for ESR. Out of these, 31 hub-genes were found with gene significance for both parameters (Figure 2E and Supplementary Table 5). Within the yellow signature, 16 hub-genes were identified with gene significance for Schirmer test and 13 were found with gene significance for C4 levels, of these 7 hub-genes were identified with gene significance for both the Schirmer test and C4 levels (Figure 2E and Supplementary Table 6). In the turquoise signature, analysis of gene significance for C3 complement levels yielded 107 hub-genes (Figure 2E and Supplementary Table 7). Thus, the molecular signatures of circulating monocytes from pSS patients seems to reflect the ongoing systemic inflammation as result of local damage.

Given the fact that hub-genes are highly associated with the clinical features of pSS, we next investigated whether the hub-gene expression could be used to identify patients with a similar inflammatory profile. Unsupervised hierarchical cluster of the selected hub-genes (Supplementary Tables 5–7) identified four distinct clusters of nSS and pSS patients. Cluster 1 mainly included patients diagnosed as pSS patients (5 out of 6), and all patients were characterized by an increased expression of the brown signature (Figure 2F and Supplementary Figure 3A). As a matter of fact, patients in cluster 1 showed the highest IFN-score compared to the patients included in other clusters (Figure 2G). Clustering analysis identified a group of patients included in cluster 2 with a pronounced downregulation of the yellow signature hub-genes, and a trend towards a lower LFS, ESR, sIgG and IFN score (Figure 2G and Supplementary Figure 3A). Patients in cluster 3 were characterized by an overexpression of the turquoise signature and displayed an intermediate profile for ESR, IFN-score and frequency of anti-SSA antibodies, as compared with patients in cluster 1 and 2 (Figure 2G and Supplementary Figure 3A). Patients in cluster 4 did not display a specific signature profile (Supplementary Figures 3A, B). Furthermore, comparison of systemic autoimmune and inflammatory parameters between clusters showed that patients in cluster 1 have an increased frequency of anti-SSA antibodies and presented with higher ESR. Moreover, a trend towards a higher sIgG and lower C3 and C4 levels was observed in these patients compared to the patients in the other clusters (Figure 2G and Supplementary Figure 3B). Finally, patients in cluster 1 have higher frequency of non-classical monocytes compared to the patients in cluster 3 and 4 (Supplementary Figure 3C).



pSS-Monocyte Produce More TNF-α Upon Toll-Like Receptor Stimulation

Considering that the functional annotation of the turquoise signature revealed enrichment in genes involved in TLR-signaling, we next assessed whether the altered transcriptional profile of pSS-monocytes could impact monocyte activation. To confirm this, whole-blood from pSS patients and HC was stimulated with a broad panel of toll-like receptor ligands and the intracellular expression of TNF-α was evaluated by flow cytometry (Supplementary Figure 4). Interestingly, the intracellular TNF-α expression in monocytes of pSS patients, as determined by the median fluorescence intensity (MFI), was significantly increased upon activation with TLR4, TLR5, and TLR7/8 ligands compared to HC monocytes (Figure 3A). We did not observe differences in TNF-α expression between HC and pSS monocytes upon TLR2/1, TLR2/6, and TRL3 activation (Figure 3A).




Figure 3 | Monocytes from pSS patients produce more TNF-α upon TLR stimulation, and its transcriptomic signature is mimicked in HC monocytes by pSS serum and is partially prevented by IFNα/β receptor blockade. TNF-α cytokine production (given by the median fluorescence intensity, MFI) was assessed by flow-cytometry in CD14+ monocytes, after whole blood stimulation with TLR ligands (HC n= 15, pSS n= 15) (A). The effect of serum from HC or pSS patients (20% v/v; HC n= 12, pSS n= 11) treatment on monocytes from HC was assessed after 20h by qRT-PCR. Changes in the expression of the hallmarks of each signature were assessed (B). Monocytes from HC were pre-treated with serum from HC or pSS patients (20% v/v; HC n= 11, pSS n= 10) for 3h and then left untreated or stimulated with TLR4 ligand (0.1μg/mL of LPS) for a total of 20h. TNF-α secretion was measured by ELISA (C). Monocytes from HC were pre-treated for 1h with an isotype control (IgG2a) or an anti-IFNα/βR2 blocking antibody and subsequently treated with pSS serum (20% v/v; n=7) for 20h. Changes in the expression of the hallmark genes representing the pSS-monocyte signatures were assessed by qRT-PCR (D). * and ** represent p < 0.05, and p < 0.01, respectively.





Exposure of Healthy Control Monocytes to Serum of pSS Patients Mimics the pSS-Monocyte Gene Signature

As the molecular signatures of monocytes from pSS patients and the expression of their hub-genes were mainly associated with systemic inflammatory markers, we sought to confirm whether the transcriptomic changes found in pSS-monocytes could be induced in monocytes from healthy individuals by sera of pSS patients. To this end, we selected hallmark genes to represent each signature, and ultimately the transcriptomic profile of pSS monocytes, by selecting those hub-genes with the highest degree of correlation with each signature (high module membership), the highest biological relevance (high gene significance) and highest fold-change of expression differences between pSS and HC (Supplementary Table 8). Treatment with serum from pSS patients upregulated both hallmark genes of the brown signature (MX1, IFITM1), two of the three turquoise hallmark genes (TNFSF10, IRF2), one of the two yellow signature hallmark genes (IRF9), and downregulated one of the three blue signature hallmark genes (RPL5) (Figure 3B). In addition, we tested whether the inflammatory mediators present in the serum of pSS patients could prime healthy monocytes for higher TNF-α production upon TLR activation. Due to limited amount of serum, we were only able to test this upon TLR4 activation. We observed that the changes induced by serum from pSS patients led to a significantly higher TNF-α production upon TLR4 stimulation (Figure 3C).



Type-I IFNs Importantly Mediate Effects of pSS Serum on Signature Hallmark Gene Expression

As type-I IFNs are considered to be crucial mediators of pSS pathogenesis (39), we tested whether the transcriptomic alterations were mediated by type I IFNs. Interferon-α/β receptor (IFNAR) blockade completely abrogated the pSS-serum effect on the brown gene signature, and also reverted the pSS-serum effects on TNFSF10 and IRF9 expression, hallmark genes of the turquoise and yellow signature, respectively. In addition, RPL5 expression, hallmark of the blue signature, was upregulated upon IFNAR blockade, although not statistically significant. Even though the expression of RPL15 and EEF1B2, hallmarks of the blue signature, were not significantly downregulated upon treatment with serum from pSS patients, IFNAR blockade significantly increased the expression of both genes. (Figure 3D). Thus, type-I IFNs importantly drive the observed effects of pSS serum on the identified signature hallmark genes in monocytes.




Discussion

We here identified a large number of transcriptomic differences in circulating monocytes between patients with pSS and nSS and HCs. In addition, we observed an enrichment in the non-classical monocyte subset in pSS patients, and identified gene signatures in pSS monocytes which indicated dysregulation in translation processes, IFN-signaling, and TLR signaling. Furthermore, we show that the hub-genes of the identified gene signatures correlate with systemic and local inflammatory markers, indicating that the transcriptional dysregulation of pSS monocytes reflects ongoing inflammation. Interestingly, we demonstrated that unsupervised hierarchical cluster of the hub-gene expression identified four distinct clusters of nSS and pSS patients with different inflammatory profiles. Finally, we confirmed that the transcriptomic aberrations of pSS monocytes can be induced, at least in part, by mediators present in the circulation of pSS patients, including type-I IFNs. Thus, the systemic inflammatory profile of pSS patients play an important role in shaping the monocyte transcriptomic profile and ultimately their function.

The current study shows that pSS monocytes are skewed to a pro-inflammatory profile, with elevated frequency of non-classical monocytes, consistent with previous reports (3, 17). This increased frequency might be related with the differentiation of classical monocytes into intermediate/non-classical monocytes sustained by the inflammatory environment, as previously described in patients with SLE and rheumatoid arthritis (40, 41). In addition, CD16+ monocytes more efficiently produce pro-inflammatory cytokines, including C-C Motif Chemokine Ligand 3 (CCL3), TNF-α and IL-6 (42, 43), known to be increased in pSS (44–46), thus contributing to the maintenance of the inflammatory environment. As such, these data suggest that the increased numbers of non-classical monocytes enhance the inflammatory environment sustaining the differentiation of non-classical monocytes and therefore pSS immunopathology.

Using a gene co-expression network analysis, we have identified three new molecular gene signatures (blue, turquoise, yellow), which were not identified previously using differential expression analysis (25). In addition, we also identify differentially expressed genes directly related to the IFN-signature, as part of the brown signature, in line with previously reports (22, 25). Association of the brown signature with ESSDAI, complement consumption and with sIgG, a marker of B cell hyperactivity in pSS, indicates that the transcriptomic alterations induced by type I IFN contributes to enhance B cell activation and disease activity. In fact, IFN stimulation was shown to increase BAFF production by monocytes (22, 28), a key cytokine for B cell survival and activation (47), and CXCL13 production, crucial for ectopic lymphoid structures organization (48, 49), which can be found in pSS patients (50, 51). Moreover, non-classical monocytes from SLE patients, a type-I IFN disease, more efficiently promote B cell differentiation towards memory and plasma cells and IgG production (15). As such, the modulation of monocytes signature by type I IFN, is an important mechanism to promote B cell hyperactivity and local inflammation.

Functional annotation of the newly identified signatures revealed that the blue gene signature is primarily related with the cellular processes of translation, yet other relevant functions in innate immunity, including regulation of cytokine signaling, have been reported (52). Downregulation of ribosomal protein genes has been described in LPS-activated monocyte-derived dendritic cells and in peripheral blood mononuclear cells stimulated with type-I IFN (53) to act as a regulatory mechanism of cell activation. The turquoise gene signature importantly shows enrichment for TLR activation and signaling and is associated with the lymphocytic infiltration of the salivary glands (LFS). Thus, indicating that monocytes from pSS patients display an activated profile, in line with previous reports (20, 28), reinforcing the relevance of the altered monocyte function to the salivary glands’ inflammation. Consistent with this, it was shown that CD16+ monocytes can differentiate into dendritic cells with a phenotype similar to those observed in salivary gland infiltrates in pSS patients (3). Functional annotation of the genes within the yellow signature, did not indicate any specific function, possibly due to the size of this signature, as it includes in total 128 protein coding genes, limiting the identification of share processed by these genes. Nonetheless, this signature was associated with LFS and Schirmer test, suggesting a potential link of these set of genes with immune cell infiltration, and damage of the exocrine glands. As such, further research is needed to shed more light on the function of the yellow signature and confirm the role of the monocyte transcriptome in the regulation of local inflammation.

To the best of our knowledge, this is the first WGCNA analysis of RNA-sequencing data from monocytes of nSS and pSS patients which identifies hub-genes associated with systemic and local inflammatory markers. Although nSS patients may share severe objective dryness, and occasionally present with single systemic features similar to pSS patients, yet not compatible with generalized autoimmune disease, this group of patients is often poorly studied and difficult to characterize. Given the high-level of gene significance of the identified hub-genes with the clinical features of pSS we propose that their gene expression would allow the identification of patients, both nSS and pSS, with similar systemic or local inflammatory profile. Our in-depth characterization of the monocyte transcriptome demonstrates that the dysregulated mechanisms found in pSS monocytes are present in some nSS patients. As such, patient clustering based on different molecular signatures holds promise for a better characterization of sicca patients and implementation of novel therapeutic targets. We here provide proof of concept for further exploration of the transcriptome of nSS patients, as some patients share a molecular signature with pSS patients whereas the signs of local and peripheric autoimmunity are not yet present. Nevertheless, follow up studies of both nSS and pSS patients and longitudinal analysis in larger cohorts are needed to shed light on the role of the transcriptional signatures of circulating cells, and on its value for the implementation of new therapeutic options.

Transcriptomic analysis of pSS patients’ monocytes suggests that these cells have an altered activation status, which was confirmed by the increased production of TNF-α by pSS monocytes. Moreover, increased NF-kB activation was previously observed in pSS-monocytes (20), which is in line with our findings, since NF-kB has a central role in the production of pro-inflammatory cytokines, including TNF-α (54). TNF-α is a potent pro-inflammatory cytokine known to be increased in tear fluid and saliva of pSS patients (55, 56), and has been strongly implicated in the apoptosis of salivary gland cells (57), causing secretory dysfunction (58, 59), contributing to the salivary gland destruction. This enhanced TNF-α production by monocytes of pSS patients could be related with the increased frequency of non-classical monocytes which we observed, as they are known to produce high amounts of TNF-α (16, 60). Although the results of anti-TNF-α treatment in pSS patients were discouraging, this cytokine does seem to play an important role in pSS immunopathology.

Furthermore, the tight association of the transcriptomic signatures from monocytes of pSS patients with the systemic inflammatory markers suggests a contribution of these mediators to reshape the monocyte transcriptome towards an inflammatory phenotype. Our results support this concept, demonstrating that serum from pSS patients modulates the transcriptome of healthy controls monocytes resembling the profile found in pSS patients. Moreover, the alterations induced by pSS-serum primed the monocytes to an increase production of TNF-α upon TLR stimulation, similar to what was observed in pSS patients after ex-vivo whole blood stimulation. Given the cross-regulation of TNF-α and type I IFN (61), and the fact that type-I IFN priming enhances TNF-α production upon stimulation (62) we hypothesize that the increased TNF-α production observed in pSS patients upon stimulation could be in part, a consequence of an altered transcriptomic profile induced by type I IFNs. In fact, IFNAR blockade partially abrogated the effect of pSS-serum in HC-monocytes, suggesting that the transcriptomic reshape of pSS monocytes consists of IFN-dependent and independent mechanisms. The IFN-dependent mechanisms was observed not only in the brown signature, which mainly reflects the IFN-signaling genes, but also in the hallmarks of the blue signature. The genes contained in this signature are involved in the regulation of gene and protein expression (63, 64) and are known to be downregulated upon stimulation as a regulatory mechanism of cell activation. As monocytes from pSS patients show a reduced expression of this signature, and IFNAR blockade restores it, our results suggest that the translation processes dysregulated in pSS are a consequence of monocyte activation by type-I IFNs. This may induce a loop of inflammation, which can activate other immune cells and favors pSS immunopathology.

A possible limitation of our study is represented by the sample size of the cohort used for RNA-sequencing and WGCNA analyses. Nevertheless, we were able to successfully replicate published findings (3, 20, 22, 25), and we used two independent cohorts of pSS patients and HC to experimentally validate our results. Future studies with integrated analysis of different multi-omics data could shed light on how the identified hub-genes and associated hub-signatures can affect pSS immunopathology.

Taken together, we show that monocytes from pSS patients have a transcriptome enriched in gene expression profiles associated with intermediate and non-classical monocytes subsets. As well, pSS monocytes show dysregulation in gene signatures involved in processes related with translation, IFN-signaling and TLR-signaling. In addition, the correlation of hub-genes with the peripheral and local inflammatory mediators indicates that the transcriptional dysregulation of pSS monocytes results from their inflammatory environment. Finally, we confirm that the pSS monocyte transcriptome is partially induced by circulating mediators present in serum of pSS patients, and that IFNAR blockade in part prevents these alterations. In view of the important role of monocytes in the activation of innate and adaptive immunity, our data supports the concept that targeting the molecular mechanism underlying monocyte activation, including type-I IFNs holds promise for halting the immunopathology of Sjögren’s Syndrome.
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Recent studies suggest that elevated CXCL13 serum levels in patients with primary Sjögren’s syndrome (pSS) associate with minor salivary gland (MSG) histologic features, disease severity, as well as high-risk status for non-Hodgkin lymphoma (NHL) development and NHL itself. In contrast, limited discriminative value of CXCL13 saliva levels has been reported. Prompt by these reports, we sought to validate the clinical utility of CXCL13 by investigating potential correlations of serum and saliva levels with MSG histopathologic [including CXCL13+-cell number, severity of infiltrates and germinal center (GC) formation], serologic and clinical parameters, as well as NHL. CXCL13 levels were evaluated in paired serum and saliva specimens of 45 pSS patients (15 with NHL; pSS-associated NHL: SSL), 11 sicca-controls (sicca-complaining individuals with negative MSG biopsy and negative autoantibody profile), 10 healthy individuals (healthy-controls) and 6 non-SS-NHLs. CXCL13+-cells were measured in paired MSG-tissues of 22 of pSS patients studied (including 7 SSLs) and all sicca-controls. CXCL13 serum levels were significantly increased in pSS and SSL patients compared to sicca- and healthy-controls and were positively correlated with the CXCL13+-cell number and biopsy focus-score. Serum CXCL13 was significantly higher in pSS patients with GCs, rheumatoid factor, hypocomplementemia, high disease activity, NHL and in high-risk patients for NHL development. CXCL13 saliva levels were significantly increased in SSL patients (compared to non-SS-NHLs), patients with GCs and in high-risk for NHL patients. Univariate analysis revealed that CXCL13 serum, but not saliva, levels were associated with lymphoma, an association that did not survive multivariate analysis. Conclusively, our findings confirm that serum, but not saliva, levels of CXCL13 are associated with histologic, serologic and clinical features indicative of more severe pSS.
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Introduction

Non-Hodgkin’s lymphomas (NHL) of B cell origin are often developed in the setting of autoimmune diseases (1). Primary Sjögren’s syndrome (pSS) is the disorder with the highest prevalence of NHL (5-10%) among autoimmune diseases (2). In fact, NHL represents the major adverse outcome of the disease, affecting both morbidity and mortality (3–5). Although the underlying pathogenetic mechanisms of SS-related lymphomagenesis are not defined, it is considered a multistep, antigen-driven process arising from incessant chronic B cell activation in the inflammatory lesions (6, 7). Indeed, the vast majority of SS- related NHLs are mucosa-associated lymphoid tissue (MALT) lymphomas, located in the salivary glands and their presence is heralded by intense inflammatory responses, as attested by the degree of infiltration, certain inflammatory cells, such as macrophages, and organization of the lymphocytic infiltrates to ectopic germinal centers (eGC) within the affected minor salivary glands (MSG) (8).

CXCL13 (C-X-C motif chemokine ligand 13) is a chemokine expressed by follicular dendritic cells (FDC), stromal cells, monocytes and macrophages, primarily in secondary lymphoid organs, such as the liver, spleen and lymph nodes (9, 10). Through interaction with the G protein-coupled chemokine receptor CXCR5, which is expressed on B and T follicular helper cells, CXCL13 holds a vital role for the development and organization of lymphoid tissues (9–13). CXCL13 has been mechanistically linked to several disorders, including autoimmune diseases and hematologic malignancies (14–23). In pSS, CXCL13 expression has been implicated in SS pathogenesis, including the formation of eGCs in the MSG lesions and the related process leading to lymphomagenesis (7, 24, 25). Increased CXCL13 serum levels have been associated with NHL, pSS disease activity and MSG histologic features, whilst in a recent study they were linked to increased lymphoma risk (26–30). Interestingly, serum, but not saliva, levels of CXCL13 were found elevated in Asian-Indian pSS patients (31), questioning whether elevated CXCL13 serum levels in patients with extended and/or organized to eGCs inflammatory MSG lesions originate from the affected glands.

Prompted by these findings, we sought to validate the clinical utility of CXCL13 in pSS by examining its expression in paired samples of serum, saliva and MSG biopsies from patients with pSS (with or without NHL), sicca-controls, and healthy individuals. In addition, we investigated possible associations with various histologic, serologic and clinical disease parameters, which have been previously identified as adverse prognostic factors for NHL development, including severity of MSG autoimmune infiltrates and eGC formation, high EULAR SS disease activity index (ESSDAI) score, salivary gland enlargement (SGE), purpura, vasculitis, leukopenia, cryoglobulinemia, hypocomplementemia, autoantibodies against Ro/La, and rheumatoid factor (3, 4, 8, 32–37).



Materials and Methods


Patients

Paired samples of serum and unstimulated saliva were obtained at the same time from forty-five pSS patients (38, 39), of whom fifteen had NHL (SSL subgroup), eleven sicca-complaining individuals with no infiltrates in diagnostic MSG biopsy and negative autoantibody profile (sicca-controls; SC subgroup), ten healthy controls (HC subgroup) and six patients with non-SS associated NHL [NHL subgroup; two with diffuse large B-cell lymphoma (DLCBL) and one each with primary mediastinal large B-cell lymphoma, follicular lymphoma, Hodgkin lymphoma and Richter’s transformation in chronic lymphocytic leukemia (CLL)]. The characteristics and treatment of the pSS patients and controls included in the study are summarized in Table 1.


Table 1 | Characteristics of the patients studied.



In 22 of 45 pSS patients (seven with NHL) and all sicca-controls, paired MSG biopsy specimens were available, and the expression of CXCL13 was examined immunohistochemically. The pSS patients without evidence of NHL at the time of serum, saliva and MSG sampling (SS subgroup, n=30) included twenty-three low-risk (median follow-up time 3.7 years, range: 0.0-23.3 years) and seven high-risk (median follow-up time 1.7 years, range: 0.0-3.0 years) for future lymphoma development as defined previously (40). Briefly, patients expressing two or less of the following risk factors, including salivary gland enlargement, lymphadenopathy, Raynaud phenomenon, anti-Ro/SSA or/and anti-La/SSB autoantibodies, rheumatoid factor positivity, monoclonal gammopathy, and C4 hypocomplementemia, were characterized as low-risk, whereas those with three or more as high-risk to develop lymphoma. The pSS patients without evidence of NHL at the time of serum, saliva and MSG sampling (SSwo subgroup) were further classified according to lesion severity as arbitrarily defined (33) by focus (FS) and Tarpley (TS) biopsy scores (mild: FS:1-1.79, TS:1, intermediate: FS:1.8-3.5, TS:2 and severe: FS: 3.6-10.44, TS: 3-4). This group included ten patients with mild (median FS: 1), twelve with intermediate (median FS: 2.4) and eight with severe (median FS: 4.5) lesions at MSGs. The SSL subgroup consisted of twelve MALT lymphomas (two located at parotid glands and the rest at MSGs) and one each with DLCBL, follicular lymphoma and CLL. Sampling was performed at SSL diagnosis in one patient, and on 4.5 years (median; range: 0.5-18 years) after SSL diagnosis in the rest. CXCL13 levels were also evaluated in sequential sera of six additional pSS patients obtained before NHL onset (pre-lymphoma; median time to lymphoma diagnosis 3.63 years, range 3.0-9.33 years) and on lymphoma onset (median age on pre-lymphoma serum sampling 56 years, range: 29-67) to study the CXCL13 kinetics towards lymphomagenesis.

Medical records were retrospectively evaluated for various clinical, laboratory and histological parameters of SS and lymphoma, including MSG biopsy scoring, ESSDAI, arthralgias, arthritis, Raynaud’s phenomenon, SGE, palpable purpura, vasculitis, lung involvement, as attested by pulmonary-function tests and X-ray and/or computed-tomography scans, renal involvement (persistent proteinuria/glomerular hematuria and verification by renal biopsy), liver involvement (liver-biopsy indicative of primary biliary cirrhosis), peripheral neuropathy as attested by nerve-conduction studies, anti-Ro/SSA and/or anti-La/SSB autoantibodies, rheumatoid factor, hypocomplementemia (C4<16mg/dL and C3<75mg/dL), hypergammaglobulinemia (IgG gammaglobulins>2g/L), anemia (hemoglobin < 12g/dL), leukopenia (white-blood-cell count<4000/mm3), lymphopenia (lymphocyte count<1000/mm3) and neutropenia (neutrophil count<1500/mm3).

Paired MSG, serum and saliva samples from all participants were collected and stored according to the standard operations procedures of the HARMONICSS European-funded multi-centric protocol (H2020-SC1-2016; Grant Agreement No.: 731944). All available paired specimens collected during the past four years in the Department of Pathophysiology, School of Medicine, National and Kapodistrian University of Athens (NKUA), Greece were included in the study. Samples from all participants were collected after signed informed consent and the study was performed in the context of the HARMONICSS research protocol, which was approved by the Bioethics Committee of School of Medicine, NKUA, Greece on 20/07/2017.



Evaluation of Serum and Saliva CXCL13 Levels

CXCL13 levels at serum and saliva samples were measured by a commercially available ELISA (sensitivity: 1 pg/ml; Abcam) according to manufacturer’s instructions.



CXCL13 Expression and eGC Formation at the MSG Lesions

The expression of CXCL13 and the organization of MSG lymphoid infiltrates into eGCs were evaluated by a standard immunohistochemical technique (41) using antibodies against specific markers in serial sections. The presence of ectopic lymphoid structures in MSG lesions was evaluated by both hematoxylin and eosin staining and immunostaining in serial sections with antibodies recognizing specific markers of T, B and follicular dendritic cells, including CD3 (rabbit mAb, Cell-Marque, Rocklin, California, USA), CD20 [mouse monoclonal antibody (mAb) L26, Dako, Denmark)] and CD21 (rabbit mAb, EP3093, Abcam, Cambridge, UK), respectively, as well as other molecules that characterize eGCs, such as Bcl6 (mouse mAb PG-B6p, Dako) and AICDA (rabbit mAb ERP23436-45, Abcam). In pSS patients without available MSG biopsy specimen at the time of serum and saliva sampling, eGCs were recorded according to their presence in the diagnostic MSG biopsy. A monoclonal CXCL13 expression was detected by immunostaining with a rabbit monoclonal antibody (mAb) antibody (ERP23400-92, Abcam). Briefly, the immunohistochemical procedure was as follows: after deparaffinization, MSG sections (4μm) were blocked for endogenous peroxidase activity by a 20-min incubation in 0.5% H2O2 and antigens were retrieved by microwaving in Tris/EDTA solution, pH:9.0, for 15-min. To block non-specific antibody binding, slides were incubated in TBS buffer supplemented with 10% normal non-immune fetal bovine serum for 15-min, followed by overnight incubation at 4°C with primary antibodies and the application of the EnVision system (Dako) recognizing mouse and rabbit antibodies as second antibody and development system. Negative-controls used in each MSG tissue sample was staining with irrelevant isotype-matched antibodies and no addition of primary antibody, whereas staining of tonsil with all primary antibodies was routinely used as positive control in each experiment. CXCL13+ cells in MSG tissues were blindly counted field-by-field in each section (consisted of at least four MSG-lobules) by two independent observers (EKK, LC) and expressed as number of cells per mm2 of tissue.



Statistical Analyses

Differences in CXCL13 serum or saliva levels among the various subgroups of pSS patients or pSS patients, sicca-controls, healthy individuals and non-SS NHL controls were analyzed by the non-parametric Kruskal-Wallis test and subsequent post-hoc Dunn’s multiple comparisons test to identify differences between specific pairs of groups. Significant differences in the CXCL13 serum or saliva levels between patients expressing or not various clinical, histological and serological markers were analyzed by the non-parametric Mann-Whitney test, and potential associations with continuous variables by Spearman’s rank correlation test. The over-time change of CXCL13 serum levels in sequential pre-lymphoma and lymphoma (on diagnosis) sera samples was analyzed by Wilcoxon’s matched pairs test. To evaluate disease features, including serum or saliva CXCL13 levels, associated with NHL development or high risk to develop NHL univariate analysis was performed. Categorical variables were compared by the Pearson chi-square or the Fisher exact test, when appropriate. To identify independent factors associated with NHL in SS, all variables associated with it with a p-value less than 0.1 in univariate analysis were further evaluated by multivariate binary logistic regression analysis with backward stepwise elimination. GraphPad Prism-5 (GraphPad Software, San Diego, CA, USA), Python 3.6 and SPSS-17 (Computing Resource Centre, Santa Monica, CA, USA) software were used. Statistical significance was defined as a p-value of less than 0.05 for all comparisons; p-values were 2-tailed. Only the statistically significant differences are reported.




Results


CXCL13 Expression in MSG Inflammatory Lesions Is Associated With Lesion Severity and CD21+-FDC Network

Except one patient with intermediate infiltrates, who was at high risk for NHL development, CXCL13-positive cells were detected in areas of CD21+-FDCs networks within MSGs (Figure 1A). CXCL13-positive cells were observed within MSG inflammatory lesions in nine of fifteen pSS patients without evidence of NHL and in two of seven SSL patients who were immunohistochemically examined. CXCL13 staining was negative in all pSS patients with mild infiltrates (n=5) and all sicca-controls. The number of infiltrating CXCL13-positive cells per tissue area (mm2) was significantly different between pSS patients and sicca-controls (median, range: 0.25, 0.00-11.14 and 0.00, 0.00-0.00, respectively; p=0.0064). Among distinct pSS subgroups, the number of CXCL13-positive cells per tissue area was significantly higher in pSS patients with severe MSG infiltrates (median, range: 5.59, 0.46-11.14) compared to those with mild lesions (0.0, 0.0-0.0, p=0.0025) or SSL (0.00, 0.00-3.63, p=0.021) (Figures 1B, C), as well as in pSS patients at high risk to develop lymphoma compared to those at low risk (4.18, 0.28-8.54 and 0.00, 0.00-11.14, respectively; p=0.016).




Figure 1 | Levels of CXCL13 expression in the MSG tissues of pSS patients and sicca-complaining controls. (A) CXCL13+-cells are detected in areas of CD21+-FDC networks in the MSG tissues of pSS patients. Representative pictures of immunohistochemical staining with isotype antibody (negative control), anti-CD21 (CD21) and anti-CXCL13 (CXCL13) antibody in MSG sections from a pSS patient with severe infiltrates and germinal center formation are shown. Original magnification: x20. (B) Dot plot displaying the number of CXCL13+-cells per tissue area (mm2) in the MSG tissues of sicca-complaining controls (SC), pSS patients without evidence of NHL (SS) and pSS patients with NHL (SSL). (C) Dot plot displaying the number of CXCL13+-cells per tissue area (mm2) in the MSG tissues of the various subgroups of pSS patients without evidence of NHL, as classified according to lesion severity to those with mild (SSmild), intermediate (SSintermediate) and severe (SSsevere) infiltrates, as well as pSS patients with NHL (SSL). Counts in MSG tissues with ectopic germinal centers (eGCs) are designated by blue color. Comparisons in (B, C) were performed by the non-parametric Kruskal-Wallis test. P-values are designated by asterisks (*p < 0.05, **p < 0.01), whereas horizontal bars represent the mean value of the group. Only statistically significant associations are indicated.





Serum, but Not Saliva, CXCL13 Levels Are Elevated in pSS Patients Compared to Controls and Associate With Histologic Features Indicative of Severe MSG Inflammatory Responses

CXCL13 serum levels were significantly increased in pSS patients with or without NHL (median: 72.02 pg/ml and 87.00 pg/ml, respectively) compared to sicca-complaining controls (30.23 pg/ml; p=0.011 and p=0.0008 for pSS patients without or with NHL, respectively) and healthy individuals (17.56 pg/ml; p=0.012 and p=0.001, respectively) (Figure 2A). Although CXCL13 serum levels in patients with non-pSS associated NHLs (39.85 pg/ml) were lower than those with pSS patients (with or without NHL), they didn’t reach statistical significance. On the other hand, CXCL13 saliva levels were increased in SSL patients (34.92 pg/ml) compared to non-SS NHLs (6.92 pg/ml, p=0.0065), but were not significantly different from those in other study groups (18.57, 18.70 and 14.19 pg/ml in pSS, sicca-complaining controls and healthy individuals, respectively) (Figure 2B).




Figure 2 | CXCL13 serum and saliva levels. (A) Dot plot displaying Kruskal-Wallis analysis of CXCL13 serum levels in healthy individuals (HC), sicca-complaining controls (SC), non-SS NHLs (NHL), pSS patients without evidence of NHL (SS) and pSS patients with NHL (SSL). (B) Dot plot representing Kruskal-Wallis analysis of CXCL13 saliva levels in healthy individuals (HC), sicca-complaining controls (SC), non-SS NHLs (NHL), pSS patients without evidence of NHL (SS) and pSS patients with NHL (SSL). P-values are designated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001), whereas horizontal bars represent the mean value of the group. Only statistically significant associations are indicated. CXCL13 serum and saliva levels from patients with ectopic germinal centers (eGCs) in the MSG infiltrates in panels (A, B) are highlighted by blue color. (C–E) Spearman’s rank correlation analysis of associations between: (C) serum and saliva CXCL13 levels (r=0.368, p=0.014), (D) serum CXCL13 levels and number of CXCL13+-cells per tissue area (mm2) in MSG tissues (r=0.534, p=0.011), (E) serum CXCL13 levels and biopsy focus score (r=0.644, p< 0.0001) in pSS patients. Red color designates samples obtained from pSS patients with NHLs. (F) Wilcoxon’s matched-pair analyses of CXCL13 levels in sequential serum samples from 6 pre-lymphoma pSS patients (SSpL) that transitioned to NHL (SSL) did not reveal any significant changes in CXCL13 expression levels before and on NHL diagnosis.



CXCL13 serum levels were positively associated with the saliva ones (r=0.368, p=0.014) (Figure 2C), and were correlated with the number of infiltrating CXCL13-positive cells per tissue area in the MSG lesions (r=0.534, p=0.011) (Figure 2D), a correlation that was further strengthened after excluding from the analysis pSS patients with NHL (r=0.797, p=0.0007). Again, CXCL13 serum, but not saliva, levels were found to correlate with MSG biopsy focus score (number of lymphocytic foci per 4 mm2 of tissue) (r=0.644, p< 0.0001) (Figure 2E). Serum CXCL13 levels were significantly higher in pSS patients with eGCs in autoimmune MSG lesions compared to those without (median 121.6 and 61.33 pg/ml, respectively, p=0.003). Among pSS patients with distinct MSG lesion severity, those with severe infiltrates were found to express significantly higher CXCL13 serum levels compared to those with mild lesions (105.7 pg/ml vs 34.63 pg/ml, respectively, p=0.012), whereas saliva levels did not differ significantly among the three pSS subgroups.



CXCL13 Levels Correlate With Clinical and Laboratory Parameters Indicative of Adverse Outcome and/or NHL

The associations between CXCL13 serum and saliva levels and various histologic, clinical and laboratory parameters (summarized in Table 2) that have been associated with severe, systemic disease and/or NHL development have been examined. CXCL13 serum levels were significantly increased in pSS patients with rheumatoid factor (83.3 pg/ml vs 36.62 pg/ml in patients with rheumatoid factor vs those without, respectively, p=0.0009), hypocomplementemia (101.0 pg/ml vs 46.18 pg/ml, respectively, p=0.002), ESSDAI score≥5 (83.29 pg/ml vs 44.57 pg/ml, respectively, p=0.024) and NHL (87.00 pg/ml vs 55.87 pg/ml respectively, p=0.036), and marginally higher in pSS patients with hypergammaglobulinemia (75.0 pg/ml vs 40.26 pg/ml, respectively, p=0.073). Both CXCL13 serum and saliva levels were significantly increased in high risk pSS patients for NHL development compared to those in low risk (median serum concentration: 95.31 pg/ml vs 44.57 pg/ml, p: 0.025; median saliva concentration 53.56 pg/ml vs 10.31 pg/ml in patients at high and low risk, respectively, p= 0.019), whereas CXCL13 saliva levels were marginally higher in patients with high disease activity (37.23 pg/ml vs 16.55 pg/ml in patients with ESSDAI score≥5 vs those with ESSDAI<5, p=0.057). Lastly, CXCL13 serum levels were inversely correlated with disease duration (r=-0.2977, p=0.05) (Figure 3).


Table 2 | Demographic, histologic, laboratory and clinical features of pSS patients that were evaluated for association with the serum, saliva or MSG levels of CXCL13 or NHL.






Figure 3 | Association of CXCL13 serum and saliva levels with histologic, laboratory and clinical features. Mann-Whitney non-parametric analysis revealed that CXCL13 serum levels were significantly increased in pSS patients with ectopic germinal centers (eGCs) in the MSG infiltrates, presence of rheumatoid factor (RF), C4-hypocomplementemia (Low C4), hypergammaglobulinemia (hyper-γ-glob), high ESSDAI score (ESSDAI≥5), high risk to develop NHL (high risk) and NHL, whereas they were inversely correlated with disease duration. CXCL13 saliva levels were significantly increased in patients at high risk to develop NHL. P-values are designated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001), whereas horizontal bars represent the median value of the group.



Since CXCL13 serum levels were found to correlate with various clinical parameters previously associated with the NHL prediction in pSS, we subsequently investigated whether CXCL13 levels in serum and/or saliva associate with NHL in pSS. Univariate analysis revealed that pSS-related NHL in our cohort significantly correlates with higher CXCL13 serum levels (p=0.036), age (p=0.007), disease duration (p=0.071), rheumatoid factor (p=0.04), hypocomplementemia (p=0.012), cryoglobulinemia (p=0.012), purpura (p=0.036), and high disease activity score (ESSDAI ≥5; p=0.052). Subsequently, the significance of these parameters (CXCL13 serum levels, age, disease duration, rheumatoid factor, hypocomplementemia, cryoglobulinemia, purpura, and high disease activity score) was further tested in multivariate analysis. Age (Beta Coefficient: 0.146, p=0.003) and hypocomplementemia (Beta Coefficient: -3.322, p=0.005) remained as independent parameters associated with NHL in multivariate analysis.

Finally, in an attempt to evaluate whether CXCL13 serum levels change upon transition to lymphoma, we estimated its levels in sequential sera of six pSS patients before and at NHL onset. Although the CXCL13 serum levels were not found to statistically change upon transition to lymphoma, we noticed a serial increase in half patients (Figure 2F).




Discussion

Our findings confirm previously published data indicating that CXCL13 serum levels in pSS patients are elevated compared to sicca-complaining controls or healthy individuals and associate with the severity of MSGs infiltrates, their organization in eGCs and increased risk for NHL development (26, 27, 29). This is in agreement with the long-time known central role of CXCL13 in the recruitment of B cells in secondary lymphoid tissues, the trafficking of B and T follicular cells in GCs and their compartmentalization, and therefore, in B cell responses, antibody production, and lymphomagenesis (7, 9–11, 42, 43). Increased number of infiltrating CXCL13-positive cells was found in severe MSG lesions of pSS patients compared to SSL patients, as well as in high risk pSS patients for lymphoma development. Furthermore, despite the fact that the number of infiltrating CXCL13-positive cells correlate with respective serum levels, this correlation was further strengthened by the exclusion of SSL samples, whereas CXCL13 serum levels did not differ between pSS patients with or without NHL. These observations implicate CXCL13 in the progress of lymphomagenesis associated with the disease and most likely with the generation, survival, activation and/or expansion of autoreactive B cells within eGCs predisposing patients in NHL development (7, 10). In support of this, serum CXCL13 has been identified as a biomarker of GC activity and production of antibodies after vaccination (44, 45) and of systemic immune activation and disease activity in both infection and autoimmune diseases (14, 15, 18, 43, 46). In this context, the association of CXCL13 serum levels in pSS patients with clinical and laboratory markers of B cell activation, including rheumatoid factor, hypergammaglobulinemia, hypocomplementemia, and high disease activity was rather anticipated. Furthermore, elevated CXCL13 levels have been linked to prediction, presence, prognosis and/or therapeutic response of NHLs (47–51). Although our findings along with previous studies (27, 29), indicate that CXCL13 serum levels in pSS patients may associate with high risk to develop NHL, all studies failed to register CXCL13 serum levels as an independent lymphoma predictor. In the current study, we also evaluated CXCL13 serum levels in six patients with NHLs. Even though, CXCL13 serum levels in NHLs were lower than in SSLs, it did not reach statistical significance, due to the small sample size. Although these findings need to be confirmed in larger cohorts, CXCL13 serum levels before lymphoma onset did not change significantly upon transition to lymphoma, suggesting that this chemokine is upregulated before the clinical onset of NHL and therefore, it is implicated in earlier stages of lymphomagenesis.

An unanswered question is the origin of the elevated CXCL13 serum levels in pSS. FDCs and macrophages in liver, spleen and lymph nodes are considered as the major source of CXCL13 (9, 10). However, the correlation of CXCL13 serum levels with the number of CXCL13-positive cells within the MSG inflammatory lesions found in this study and with various histologic parameters, including the degree of MSG inflammation and the presence of eGCs, shown in this and previous studies (24, 26, 29), suggest that at least a part of the elevated CXCL13 serum levels in pSS patients arise from the affected salivary glands. This is in agreement with previous findings linking local and systemic autoimmune responses in pSS (33, 52, 53), as well as relevant findings in other autoimmune diseases suggesting that CXCL13 serum levels reflect the local inflammation in the affected organs (18, 54). On the other hand, we have previously observed that the number of infiltrating FDCs in MSG lesions of pSS patients decreases in more severe lesions (33). Though, there is no available data, since the secondary lymphoid organs have poorly studied in pSS, a possibility of migration of FDCs in regional or even distant lymph nodes, driving eventually the production of CXCL13, seems to be a reasonable explanation.

Intriguingly, CXCL13 saliva levels were not proved to be associated with disease characteristics although they were elevated in patients with eGCs in MSG autoimmune lesions and in high risk pSS patients for NHL development. This is in agreement with a previous study reporting that CXCL13 serum, but not saliva, levels may have a diagnostic utility in an Asian-Indian patient cohort (31). Although CXCL13 saliva levels correlate with serum levels, there is no association with the number of infiltrating CXCL13-positive cells or the extend of inflammatory lesions in MSGs of pSS patients. Thus, it paradoxically seems that CXCL13 saliva levels do not reflect its local production in MSG tissues, possibly due to rapid degradation by saliva proteases.

The major advantage of this study is the parallel evaluation of CXCL13 in paired serum, saliva and MSG tissues, allowing the cross-examination of associations with disease aspects. Although the size of study cohort is rather small, not permitting elaborated analyses, we found that CXCL13 serum, but not saliva, levels are associated with disease characteristics indicative of systemic active disease and lymphoma, supporting its role in disease pathogenesis. However, as previously reported (27, 29), we were unable to identify CXCL13 as an independent parameter associated with lymphoma development, a fact that hampers its use as a single molecular biomarker. On the other hand, CCLX13 might participate in combined scores of the activity of pSS, being an important laboratory element for the creation of clinically useful endpoints for the forthcoming therapeutic trials in pSS.
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Primary Sjögren’s syndrome (pSS) is a chronic autoimmune disease resulting from the inflammatory infiltration of exocrine glands, mainly salivary and lacrimal glands, leading to secretory dysfunction and serious complications including debilitating fatigue, systemic autoimmunity, and lymphoma. Like other autoimmune disorders, a strong interferon (IFN) signature is present among subsets of pSS patients, suggesting the involvement of innate immunity in pSS pathogenesis. NCR3/NKp30 is a natural killer (NK) cell-specific activating receptor regulating the cross talk between NK and dendritic cells including type II IFN secretion upon NK-cell activation. A genetic association between single-nucleotide polymorphisms (SNPs) in the NCR3/NKp30 promoter gene and a higher susceptibility for pSS has been previously described, with pSS patients most frequently carrying the major allele variant associated with a higher NKp30 transcript and IFN-γ release as a consequence of the receptor engagement. In the present study, we combined RNA-sequencing and histology from pSS salivary gland biopsies to better characterize NKp30 (NCR3) and its ligand B7/H6 (NCR3LG1) in pSS salivary gland tissues. Levels of NCR3/NKp30 were significantly increased both in salivary glands and in circulating NK cells of pSS patients compared with sicca controls, especially in salivary glands with organized ectopic lymphoid structures. In line with this observation, a strong correlation between NCR3/NKp30 levels and salivary gland infiltrating immune cells (CD3, CD20) was found. Furthermore, NCR3/NKp30 levels also correlated with higher IFN-γ, Perforin, and Granzyme-B expression in pSS SGs with organized ectopic lymphoid structures, suggesting an activation state of NK cells infiltrating SG tissue. Of note, NKp30+ NK cells accumulated at the border of the inflammatory foci, while the NKp30 ligand, B7/H6, is shown to be expressed mainly by ductal epithelial cells in pSS salivary glands. Finally, immunomodulatory treatment, such as the B-cell depleting agent rituximab, known to reduce the infiltration of immune cells in pSS SGs, prevented the upregulation of NCR3/NKp30 within the glands.
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Introduction

Primary Sjögren’s syndrome (pSS) is a chronic autoimmune exocrinopathy characterized by an immune response within the salivary and lachrymal glands leading to the loss of secretory function of exocrine glands, or sicca syndrome (1). Sjögren’s syndrome (pSS) is commonly associated with the development of circulating autoantibodies, such as those targeting the ribonucleoproteins Ro/SSA and La/SSB (i.e., anti-Ro/SSa and anti-La/SSB autoantibodies), and rheumatoid factor (RF) (2). Besides oral and ocular manifestations, and the development of circulating autoantibodies, the main histopathologic hallmark of the disease is the development of lymphomonocytic infiltration within the glands, with inflammatory aggregates (foci) organized around central salivary and lachrymal ducts (3). Although the ductal epithelial cells (ECs) are the target of inflammation within the salivary glands (SGs), they also act as unconventional antigen-presenting cells, expressing immuno-modulatory molecules able to promote immune-cell recruitment and activation, namely, dendritic cells (DCs), natural killer (NK) cells, and T cells, which results in EC apoptosis (4).

he role of adaptive immunity in the pathogenesis of pSS has been well established; however, far less is known about the contribution of innate immunity and its interaction with adaptive immunity. Earlier gene expression profiling studies showed upregulation of a type I interferon (IFN) signature in patients with pSS (5–9), suggesting the involvement of the innate arm of the immune system in the disease pathogenesis. This occurs mainly in response to the enhanced apoptosis of SG EC, which is thought to be triggered following a viral/infectious insult (10). Animal models of pSS also indicate a crucial role for type II IFN in the disease pathogenesis (11, 12).

The role of NK cells in pSS remains unclear. Although animal models of pSS have not directly implicated NK cells in disease pathogenesis, resident NK cells as well as NK cells infiltrating from the peripheral compartment are readily activated in experimental sialoadenitis (13, 14). While most of the data published to date that investigated the number and/or the functional impairment of the NK cell compartment in patients with pSS led to contradictory results (15–17), recent publications suggest a critical role of NK cells as mediators of both type II and type I IFN functions (18, 19).

NK cell activation is regulated by a delicate balance between activating and inhibitory receptors and triggered by the engagement of their activating receptors with their cognate ligands. In the context of pSS, NK cell activation is thought to be facilitated by engagement of the natural cytotoxicity receptor (NCR) NKp30 with its ligand B7 homolog 6 (B7/H6), also known as natural killer cell cytotoxicity receptor 3 ligand 1 (NCR3LG1) (18). B7/H6 is a human-specific B7 family member that binds to and activates the NKp30 receptor. B7/H6 is typically not expressed on normal human tissues, but it has been described in primary tumors or upregulated under inflammatory conditions, mainly induced upon stimulation by ligands of toll-like receptors or pro-inflammatory cytokines (20). Several B7 superfamily costimulatory molecules, which also include CD80 (B7.1), CD86 (B7.2) or ICOSL, and PDL1 (21), are enhanced on the surface of SG EC in pSS patients, supporting their function as antigen-presenting cells, which results in priming of DC and T-cell activation (22–25).

It has been postulated that the inflammatory environment generated within the SGs following the initial insult, presumed viral or environmental, results in the upregulation of the NK cell ligand B7/H6 on SG EC (26) and DC, leading to the activation of NK cells, which in turn produce type II IFN (mainly IFN-γ). DC, in particular plasmacytoid DC, can also produce type I IFN and interleukin-12 (IL-12), a potent NK and T-cell activator and IFN-γ inducer, which perpetuates the local inflammation (that leads to EC destruction and exposure of autoantigens) (19).

More recently, B7/H3 was also found to be upregulated on SG EC in pSS patients, promoting inflammation by activating the NF-κB pathway which results in increased levels of interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNFα) enhancing the apoptosis of SG EC (27). TNFα has been shown to be the main inflammatory stimuli able to induce the B7/H6 upregulation in the SG EC cell line (18).

A case–control study found an association between pSS and two single-nucleotide polymorphisms (SNPs) (rs11575837 and rs27366191) in the promoter region of the NCR3 locus, encoding for the NKp30 activating receptor (18). An independent study in a Scandinavian cohort confirmed the association between the rs11575837 SNP and anti-Ro/SSA and anti-La/SSB positivity in patients with pSS. The rs11575837 SNP was shown to be protective for pSS development, as it was reported to be less frequent in patients with pSS compared to controls, and it was linked to a reduced transcription of NCR3. pSS patients were shown to carry most frequently the major allele for rs11575837 SNP, associated with a higher NKp30 transcript and IFN-γ release, as a consequence of the receptor engagement. In line with genetics findings, NKp30 was described to be upregulated on circulating NK cells in pSS patients (18).

Despite the association between the SNPs in the NCR3/NKp30 promoter gene and pSS susceptibility, alongside the upregulation of NKp30 on circulating NK cells, the expression of the receptor and its ligand within pSS SG is still poorly characterized.

To this aim, in the present study, we combined RNA-sequencing and SG histology as well as peripheral blood flow cytometry to characterize the expression of NKp30 and its ligand B7/H6 in pSS patients. Furthermore, we studied the effects of an immunomodulatory treatment with the B-cell depleting agent, rituximab, on their expression at tissue level.



Materials and Methods


Patient Samples

Samples were collected from healthy donors (HDs), patients with pSS, and non-specific chronic sialadenitis (sicca, NSCS). The diagnosis of pSS was made according to the 2002 revised classification criteria of the American–European Consensus Group (28). Demographic, clinical, and laboratory data of the patients enrolled in this study are provided in Supplementary Table S1.

For flow-cytometry analysis, blood was collected from patients with pSS (n = 23) and from healthy donors (HDs) (n = 20), respectively, from the Rheumatology Clinic, University of Udine (Italy) and Humanitas Clinical and Research Center, Milan (Italy). pSS patients were selected based on their salivary histopathology, recruiting 11 patients with labial salivary gland inflammatory infiltration, 7 with myoepithelial sialadenitis (MESA), and 5 non-Hodgkin’s MALT lymphoma in the parotid salivary glands. The HDs consisted of women without symptoms or signs of xerostomia or xerophthalmia, or any history of autoimmune rheumatic diseases.

For RNA sequencing analysis, labial SG biopsies from patients with pSS (n = 24) and NSCS (n = 17) were obtained from the Dental Clinic, Barts and The London School of Medicine and Dentistry at Barts Health NHS Trust.

From the TRACTISS trial (ISRCTN: 65360827/European Clinical Trials database no. 2010-021430-64) cohort (29, 30), 26 pSS patients gave consent for labial SG biopsies at baseline, weeks 16 and 48. Following randomization to Rituximab or placebo, patients received two 1,000-mg cycles of Rituximab/placebo at baseline and week 24.

All patients gave written informed consent and approval was obtained by local ethics committees.



RNA Extraction and Bulk RNA Sequencing on Labial SG Tissue

RNA was extracted using RNeasy Micro Kit (Qiagen) following the manufacturer’s instructions. The RNA samples were quantified using Qubit 2.0 Fluorometer (Invitrogen) and RNA integrity was checked with Agilent TapeStation (Agilent Technologies).

RNA sequencing libraries were prepared using the NEBNext Ultra RNA Library Prep Kit for Illumina. Briefly, mRNA was first enriched with Oligod(T) beads. Enriched mRNAs were fragmented for 15 min at 94°C. First-strand and second-strand cDNA were subsequently synthesized. cDNA fragments were end repaired and adenylated at 3’ends, and universal adapters were ligated to cDNA fragments, followed by index addition and library enrichment by PCR with limited cycles. The sequencing library was validated on the Agilent TapeStation (Agilent Technologies) and quantified by using Qubit 2.0 Fluorometer (Invitrogen) as well as by quantitative PCR (KAPA Biosystems).

Libraries were sequenced on Illumina HiSeq 4000, using 2×150 bp paired end configuration, 50 million reads/sample. One mismatch was allowed for index sequence identification (Genewiz).



Immunohistochemistry on SG Tissue

Immunohistochemistry (IHC) was performed on formalin-fixed and paraffin-embedded tissue sections of labial SG biopsies. After deparaffinization, sections were pretreated for 15 min in the pressure cooker with tris-EDTA buffer (10 mM tris, 1 mM EDTA, pH 9, Dako) for NKp30 and B7/H6, citrate buffer (pH 6.0, Dako) for CD20, CD138, and CD3, or Proteinase-K (Dako) for CD21 antigens. Endogenous peroxidase activity was inhibited with 3% hydrogen peroxide (Dako) for 10 min. Tissue sections were incubated with the primary antibodies (Supplementary Table S2) for 1 h, followed by HRP-conjugated secondary antibody and developed with 3,3′-Diaminobenzidine (DAB, Dako). The sections were counterstained with Harris’s hematoxylin and mounted. Positive controls for both NKp30 and B7/H6 are shown in Supplementary Figure S1.

The assessment of the inflammation in the labial salivary gland biopsies and the histological identification of ELS is based on the IHC staining for T cells (CD3), B cells (CD20), the presence of follicular dendritic cell (FDC) network (CD21), and plasma cells (CD138). The ELS is defined as at least one infiltrate with clear B/T cell compartmentalization in discrete areas and presence of FDC within the B-cell area, suggestive of germinal center presence (Supplementary Figure S2). Inflammation in the labial salivary gland is scored with a semi-quantitative grading system, which classifies the periductal inflammatory aggregates into four histologic groups (from 0 to 3) according to the size and the degree of lymphoid organization based on B- and T-cell segregation and presence of CD21+ FDC network (31).



Blood Sample Processing

Venous blood samples were collected in potassium-ethylenediaminetetraacetic acid (K-EDTA) anticoagulant. The samples were processed within 24 h of collection. Peripheral blood mononuclear cells (PBMCs) were isolated after Ficoll density gradient centrifugation. The PBMCs were washed twice with PBS and then stored at −80°C in freezing medium [90% fetal bovine serum (FBS), 10% dimethylsulfoxide (DMSO)] until further analysis.



Flow Cytometry

Flow-cytometry analysis was performed on 43 frozen samples of PBMCs. After thawing, cells were stained with Zombie Aqua Live/Dead kit (BioLegend) for 15 min, washed, and incubated for 10 min with human Fc TruStain FcX (BioLegend). Cells were stained for surface antigens combined in a seven-color panel (CD14, CD3, CD20, CD56, CD16, and NK-receptor). Cells were split in up to five tubes, one for each NK-receptor (NKp46, NKp44, NKp30, NKG2D, and DNAM-1) with 1 million cells per tube. Antibodies used are listed in Supplementary Table S3. Cells were acquired using a FACS Canto II (BD Biosciences) flow cytometer and analyzed with FlowJo V.2 software.



Statistical and Bioinformatics Analysis

Differences in quantitative variables between two groups were analyzed by Mann–Whitney two-tailed U test or Student’s t-test, as appropriate after assessing the distribution of the data using the Shapiro–Wilk test and QQ plots. For multiple comparison, Kruskal–Wallis test with Dunn’s post-hoc correction or one-way ANOVA was used. p-values less than 0.05 were considered significant. Statistical analyses, including the analysis of flow-cytometry data, were performed using GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA, USA).

RNA sequencing data were analyzed with R (v.4.0.4) software. The heatmap with unsupervised clustering was generated using the ComplexHeatmap (v.2.6.2) package using Euclidean distance and complete linkage method for clustering, annotating pre-selected genes of interest (Figure 1). Violin plots were generated through the ggplot2 package.




Figure 1 | NCR3 gene is upregulated in pSS salivary glands with higher inflammatory infiltration. (A) Heatmap showing Z-score of NK, B-, and T-cell related genes from RNA sequencing analysis of labial salivary gland biopsies of Sicca (n = 17) and pSS (n = 24) patients. Color sets on top of the heatmap identify the presence (pos) or absence (neg) of circulating anti-nuclear (ANA), anti-Ro (aRo), and anti-La (aLa) antibodies, ectopic lymphoid structures (ELS) in the glands, and circulating immunoglobulin (Ig) levels (IgG, IgA, and IgM). Each square is a sample/patient. (B) Expression on natural cytotoxicity receptor (NCR) genes: NCR1 (NKp46), NCR2 (NKp44), and NCR3 (NKp30) between NSCS (sicca) and pSS salivary glands. Mann–Whitney U t-test statistics. (C) NCR3 (NKp30) gene expression level in SS patients segregated by the presence (pos) or absence (neg) of circulating auto-antibodies, such as rheumatoid factor (RF), anti-SSA/Ro (aRo), and anti-SSB/La (aLa). Mann–Whitney U t-test statistics. (D) Correlation matrix between NCR1 (NKp46), NCR2 (NKp44), NCR3 (NKp30), NCR3LG1 (B7/H6) gene expression level, circulating level of immunoglobulins (IgG, IgA, IgM), complement (C3, C4), EULAR Sjögren’s syndrome (SS) disease activity index (ESSDAI), and histological semi-quantitative score for CD3, CD20, and CD138. Graph shows NSCS and pSS patients. Spearman correlation coefficient, R (color denotes the strength of the correlation) and p-value, FDR correction for multiple comparison. *p < 0.05, **p < 0.01, ***p < 0.001. (E) NCR3 (NKp30) gene expression level in NSCS (sicca) and pSS salivary glands, segregated by the presence (ELS pos) or absence (ELS neg) of ectopic lymphoid structures within SG. Statistical analysis by Kruskal–Wallis test with Dunn’s multiple comparison correction. (F) Spearman correlation analysis between NCR3 with GZMB, PRF1, and IFNG in pSS patients segregated for the presence of ELS. Spearman correlation coefficient, R and p-value, *p < 0.05, **p < 0.01, ***p < 0.001. NSCS, non-specific chronic sialadenitis; SS, Sjogren’s syndrome; ELS, ectopic lymphoid structures; ns, not significant.



The differential gene expression analysis was evaluated using the R package DESeq2 (v.1.30.1). False discovery rate (FDR) was applied using Storey’s q-value with a cutoff of q < 0.05 used to significantly define differentially expressed genes (DEGs). In this analysis, pseudogenes were removed, and the linear model was adjusted by gender used as covariate (Figures 1 and 4). The DEGs for Figure 1A analysis are listed in Supplementary Table S4.

For the TRACTISS cohort data (Figure 4), a gene level longitudinal analysis was performed fitting a mixed effects linear model through the R package glmmSeq (v.0.1.0). Gene dispersions were calculated through the following formula:

	

Size factors were estimated using the estimateSizeFactorsForMatrix function from DESeq2 (v.1.30.1).

RNA-seq data have been deposited in the ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-10517.




Results


NKp30 Is Upregulated in Sjogren’s Syndrome Salivary Glands

Bulk-RNA sequencing analysis was performed on labial salivary glands biopsies from NSCS and pSS patients. Unsupervised clustering showed a segregation of NK cell genes together with B- and T-cell gene signatures in pSS patients (Figure 1A), suggesting an enrichment of NK cells in salivary glands with a higher inflammatory infiltration. The list of DEGs is reported in Supplementary Table S4. Focusing on the expression of the natural cytotoxicity receptor (NCR) family, we looked at the expression level of NCR1 (NKp46, CD335), NCR2 (NKp44, CD336), and NCR3 (NKp30, CD337). Although these molecules have no homology, they have been grouped as NCRs based on the similarities in their expression profile, their oligomeric structures, and their function (32).

NCR3 gene showed a significantly higher expression in pSS salivary gland tissues compared to the NSCS glands, while NCR1 and NCR2 genes did not show a differential expression between the two groups (Figure 1B). NCR3 upregulation in pSS patients compared to NSCS within salivary gland tissue was confirmed using qPCR (Supplementary Figure S3B). NCR3 expression was higher in pSS patients with circulating autoantibodies, such as rheumatoid factor (RF), but not anti-SSA/Ro and anti-SSB/La (Figure 1C). No significant correlation was found between NCR3 and clinical parameters reflecting B-cell hyper-activation, such as peripheral blood immunoglobulins (IgG, IgM, and IgA) or complement (C3 and C4). Of note, however, NCR3 showed strong correlations with salivary gland inflammatory markers, such as semi-quantitative scores for B (CD20) and T (CD3) cells in pSS labial salivary glands (Figure 1D). These correlations were specific for NCR3, as they were not observed for NCR1 and NCR2 (Figure 1D).

The quantification of salivary gland infiltration of B (CD20) and T (CD3) cells also identified inflammatory infiltrate organization in ectopic lymphoid structures (ELS), (Supplementary Figure S2). Based on the salivary gland histology, pSS patients were classified as ELS positive or negative, according to the presence or absence of segregated foci in the salivary glands (33). An upregulation of NCR3 (alongside NCR1) characterized salivary glands with a higher inflammatory infiltration and ELS organization (Figure 1E), confirmed by qPCR (Supplementary Figure S3C). NCR3 showed a higher expression among the two NCR receptors (Figure 1E). Next, we analyzed gene–gene correlations and observed a strong, positive correlation between NCR3 and GZMB, PRF1, and IFNG, encoding respectively for Granzyme-B, Perforin, and IFN-γ. Importantly, the correlations were exclusively present in pSS salivary glands with ELS (Figure 1F). On the other hand, NCR2 did not correlate with these NK cell effector mediators and NCR1 showed a weak correlation with PRF1 and IFNG (Supplementary Figure S4A), suggesting that NK cell activation in pSS SGs is mainly driven by NKp30 engagement.



NKp30 and B7/H6 Localization in Salivary Glands

Having observed an upregulation of NCR3 gene expression in pSS salivary glands, we then looked at the localization of NKp30+ NK cells and its ligand B7/H6 in SG tissues, stratified according to the severity of the inflammatory infiltrates. Staining for NKp30 (Figure 2A) revealed increased numbers of tissue-NK cells in pSS salivary glands displaying a higher degree of inflammation and ELS formation (Figures 2B, C), compared to NSCS patients. In pSS patients, these NKp30+ NK cells accumulated mainly at the border of the inflammatory foci (Figure 2A).




Figure 2 | NKp30 and B7/H6 localization in salivary gland tissues. (A) Representative images of immunohistochemistry staining for NKp30 in NSCS (n = 6) and SS (n = 12) labial salivary gland biopsies. Arrowhead: NKp30+ cells. (B, C) Quantification (mean count per field) of NKp30+ cells in labial SG biopsies of NSCS and SS (B), segregated by the presence of ELS (C). Mann–Whitney U t-test statistics in (B) and Kruskal–Wallis test with Dunn’s multiple comparison correction (C). All graphs represent median with interquartile range. *p < 0.05, **p < 0.01, ***p < 0.001. (D) Correlation matrix between NCR1 (NKp46), NCR2 (NKp44), and NCR3 (NKp30) with IL12A, IL15, IL18, IL2, and IL21 gene expression levels from bulk-RNA sequencing of SG tissues. Graph shows NSCS (n = 17) and pSS (n = 24) patients. Spearman correlation coefficient, R (color denotes the strength of the correlation) and p-value, FDR correction for multiple comparison. *p < 0.05, **p < 0.01, ***p < 0.001. (E) Spearman correlation analysis between NCR3 with IL12A, IL15, IL18, IL2 and IL21 in pSS patients (n = 24) segregated by the presence of ELS. Spearman correlation coefficient, R and p-value, *p < 0.05, **p < 0.01, ***p < 0.001. (F) NCR3LG1 (B7/H6) gene expression level in NSCS (n = 17) and pSS (n = 24) salivary glands (top graph), and NSCS with pSS segregated by the presence (ELS pos) or absence (ELS neg) of ectopic lymphoid structures within SG (bottom graph). Mann–Whitney U t-test statistics and Kruskal–Wallis test with Dunn’s multiple comparison correction respectively. (G) Representative images of immunohistochemistry staining for B7/H6 in labial salivary gland biopsies of SS with different degrees of inflammation (I, II, and III) and NSCS (IV). Arrowhead: B7/H6 + cells. ns, not significant.



Cytokines including IL-12, IL-15, and IL-18 are critical regulators of NK cell activation, while others such as IL-2 and IL-21 have been described to modulate the receptor repertoire of NK cells, including NCR members such as NKp46 (34). We wondered whether similar pro-inflammatory stimuli might be responsible for NKp30 (NCR3) and to a lesser extent NKp46 (NCR1) upregulation within pSS SG. Accordingly, we observed a strong correlation of NCR1 with IL-15 and IL-21 in pSS SGs (Figure 2D), confirming previous findings on the effect of IL-21 in inducing NKp46 upregulation on PBMCs (34). Interestingly, NCR3 strongly correlates with IL12-A, IL-15, IL-18, IL-2, and IL-21 in SGs tissue (Figure 2D). Stratifying the pSS cohort based on ELS organization, these correlations were only observed in SG with ELS (Figure 1E), with IL-18 and IL-21, the latter known to be associated with ELS organization (33), showing the strongest correlations. These correlations were not observed for NCR2 (Supplementary Figure S4B).

Looking at the expression of NKp30 receptor ligand (NCR3LG1, B7/H6), RNA sequencing did not show any differential expression between NSCS or pSS salivary gland tissues regardless of inflammatory infiltration (Figure 2F), suggesting a ubiquitous expression within salivary gland tissue. Consistent with the transcriptomic data, B7/H6 appeared to be expressed primarily by ductal epithelial cells (Figure 2G) in both NSCS and pSS salivary glands with and without inflammatory foci. Of note, B7/H6 expression was also found in some mononuclear cells, some of them morphologically identified as plasma cells, previously described only in cervical cancer (35) (Supplementary Figure S1A).



NKp30 Upregulation on Circulating NK Cells Is Independent From Salivary Gland Histology

Immuno-phenotypic characterization of circulating NK cells was performed on pSS patients and gender-matched controls. The NK-cell receptor repertoire was analyzed on total circulating NK-cell and NK subsets by flow cytometry. NK cells were identified as viable lymphocytes prior to the exclusion of CD14+ (monocytes), CD20+ (B cells), and CD3+ (T and NK-T cells) and gated on CD56+ population (NK cells). Based on the CD56 and CD16 expression, the main circulating NK cell subsets were identified as CD56bright (CD56++CD16-) and CD56dim (CD56+CD16+), respectively (Figure 3A).




Figure 3 | NKp30 expression on circulating NK cells. (A) Flow-cytometry gating strategy for the identification of NK cells and NK cell subsets (CD56dim and CD56bright) in the peripheral blood for receptor repertoire expression analysis. (B–E) Comparison of NK cell receptor expression between healthy donors (HDs) (n = 20) and SS (n = 23) PBMCs, expressed as frequency (B, C) and mean fluorescence intensity (D, E), on total NK cells and NK cell subsets, respectively. (F, G) NKp30 expression on total NK cells [as frequency (F) and MFI (G)] in the pSS cohort segregated by SG histopathology: SG inflammatory infiltration with no feature of lymphomatous lesions (SS), myoepithelial sialadenitis (SS-MESA), and parotid non-Hodgkin’s MALT lymphoma (SS-NHL). The dotted line shows the average of the HD group. Each dot represents one sample/patient. Median with interquartile range in red. Mann–Whitney U t-test. **p < 0.01, ***p < 0.001.



Among all activating receptors analyzed, NKp30 was the only one upregulated on circulating NK cells in pSS patients compared with controls, whereas NKp46, NKp44, NKG2D, and DNAM-1 activating NK cell receptors were not significantly different. NKp30 upregulation was confirmed in terms of both frequency and receptor density (mean fluorescence intensity, MFI) (Figures 3B, D). NKp30 expression level was higher in the NK cell compartment overall, with an increased expression on both CD56bright and CD56dim subsets (Figures 3C, E).

Given the selective NKp30 upregulation in SG tissue of pSS and the NCR evolvement in tumor surveillance, we investigated whether the NKp30 expression on circulating NK cells (expressed both as frequency and MFI) was different according to the presence of SG inflammatory infiltration (regardless of the ELS organization), myoepithelial sialadenitis (MESA) pre-lymphomatous lesions, or non-Hodgkin’s MALT lymphoma in SS parotid SG. The NKp30 expression on peripheral NK cells was comparable between patients with salivary gland inflammatory infiltration with no feature of lymphomatous lesions, myoepithelial sialadenitis (MESA), or non-Hodgkin’s MALT lymphoma in the parotid SG (Figures 3F, G).



Rituximab Prevents NKp30 Upregulation in Sjogren’s Syndrome Salivary Glands

As we showed that the NKp30 upregulation in the SG tissue is associated with higher SG infiltration with features of ectopic germinal centers (GC), we evaluated whether treatment with rituximab, which was shown to modulate GC response in the SG (36), could also affect NKp30 receptor and/or B7/H6 ligand expression within pSS salivary glands.

Available RNA sequencing data of labial SG biopsies from the TRACTISS cohort of pSS (29) were used for a longitudinal analysis of NCR3 (NKp30) and NCR3LG1 (B7/H6) genes. When analyzing labial SG biopsies, no differences were observed in the expression of NCR3/NKp30, NCR3LG1/B7H6, GZMB, and IFNG at baseline between placebo and rituximab-treated patients (Figure 4A). Of note, in matched labial SG biopsies analysis at three different time points (baseline, week 16, and week 48), NCR3 appears as one of the DEGs between placebo and rituximab at 48 weeks (Figure 4B). When looking at changes in the expression level in the three sequential biopsies (baseline, week 16, and week 48), NCR3 expression increased over time in the placebo group, while a trend towards reduction was observed in the rituximab-treated group, with a similar pattern to GZMB and IFNG gene expression (Figure 4C). These data suggest that rituximab prevents the upregulation of NKp30 in pSS SG, while also reducing effector mediators of NK cell activation. On the contrary, NCR3LG1 (B7/H6) showed no changes over time within pSS SG tissue or as an effect of rituximab treatment. Rituximab prevents the worsening of SG inflammation. Placebo-treated labial SGs showed a worsening of inflammation highlighted by the increment of B-cell density, development of new FDC networks, and a higher ectopic GC prevalence at week 48, compared to RTX-treated patients (37).




Figure 4 | NKp30 and B7/H6 expression post-Rituximab treatment. (A) Baseline expression of NCR3 (NKp30), NCR3LG1 (B7/H6), GZMB, and IFNG between placebo and rituximab salivary glands. Mann–Whitney U t-test statistics. (B) Volcano plot of DEGs using DESeq2 comparing rituximab versus placebo patients after 48 weeks of treatment. Comparison between groups using Wald test and correcting for multiple testing Storey’s q-value (q < 0.05 = significant, shown in green). Positive values represent upregulation in rituximab and negative values denote downregulation in rituximab-treated patients compared to placebo. (C) Longitudinal analysis fitting a mixed effects linear model of NCR3, NCR3LG1, IFNG, and GZMB genes for rituximab (21 samples, 10 individuals) and placebo (29 samples, 15 individuals). The scatter plot shows the assessed normalized expression level of each sample over time overlaid by the fitted model (in blue) with 95% confidence intervals (fixed effects).






Discussion

Our findings focused on the NK cell-specific activating receptor NKp30 and its ligand B7/H6 within SGs, the target tissue of the autoimmune response in pSS. We showed a higher expression of the NCR3 gene, which encodes for NKp30, in pSS SG biopsies compared with NSCS, which strongly correlates with the degree of glandular inflammation, as higher levels were specifically observed in patients with SG ELS. Moreover, using NKp30 staining, we were able to localize NKp30+ NK cells outside the inflammatory infiltrates within the glands.

Although we did not find a correlation between NKp30 expression and specific autoantibody production (SSA/Ro and anti-SSB/La) or peripheral blood immunoglobulins, both markers of B-cell hyperactivation, NKp30 was associated with the presence of ELS within SG. In addition, we demonstrated an activation status of the NK cells within the glands as evidenced by the upregulation of the genes encoding for the effector mediators perforin, granzyme-B, and IFN-γ. The production of perforin and granzyme-B is associated with a cytotoxic function of NK cells whereas IFN-γ defines a regulatory/inflammatory function (38).

Next, detailed immuno-phenotyping of circulating NK cells showed the selective upregulation only of the NKp30 activating receptor on both CD56bright and CD56dim NK cells, confirming a previous finding reporting an upregulation of NKp30 expression on circulating NK cells in pSS (26); this was independent of the severity of the local inflammation within SG.

Altogether, our results indicate that the natural cytotoxicity receptor (NCR) NKp30 is expressed in NK cells both in the peripheral blood and infiltrating SG tissues in SS patients.

The study by Rusakiewicz et al. (26) was the first to suggest the role of the NKp30 receptor in pSS (26). In this study, genetic polymorphisms (rs11575837, rs2736191) residing within the promoter region of NKp30 were associated with reduced gene transcription and function and reduced risk of the disease. In particular, the association between rs11575837 A allele and disease protection was even stronger among patients whose disease is characterized by specific autoantibody production (anti-Ro/SSA and anti-La/SSB). Conversely, the presence of the major G allele, which was more frequent in pSS patients than in controls, could lead to increased levels of NKp30 mRNA expression favoring IFN-γ secretion upon triggering by ligands.

The inflammatory stimuli inducing NKp30 upregulation in SS remains to be unraveled. In vitro studies on human NK cells showed that the upregulation of NK cell receptor part of the NCR family, such as NKp46, and the production of effector molecules (perforin and granzyme-A and B) is IL-21 and, to a lesser extent, IL-2 dependent, (34) suggesting an interplay with adaptive immunity. IL-21 has the potential to directly activate NK cell proliferation and cytotoxic function, mediated by IL-21 receptor signaling expressed by these cells (39). In support of the possible interaction between innate and adaptive immunity mediated by NK cells, in vitro studies with human NK cells showed a selective expansion of an NK cell subset co-expressing CD86 and HLA-DR and lacking NKp44, as the result of IL-21 stimulation. In turn, co-stimulation of human naive CD4+ helper T cells by HLA-DR+ NK cells induce the differentiation of uncommitted central memory T cells (CXCR3+CCR6-CCR4-CXCR5-) (40).

Accordingly, a strong correlation of NKp30 expression with IL-21, IL2, IL-12, IL-15, and IL-18 was found selectively in the SS SG with a higher degree of inflammation and ELS organization within the glands. T follicular helper (Tfh) cells are the main source of IL-21 and are indispensable for functional GC formation, B-cell activation, and antibody production (41). Our group has shown that IL-21 is produced by Tfh cells within ELS in the inflamed SS SG and supports B-cell autoreactivity (33). Taken together, one could speculate that the production of IL-21 within ectopic GC in the ELS of pSS could further support Nkp30 upregulation at an advanced stage of the disease. In line with this hypothesis, we found that Rituximab, known to reduce ELS organization (42), was able to prevent NKp30 upregulation in the SGs of SS patients. Nonetheless, this observation comes from a relatively small number of patients and will require confirmation in larger cohorts.

pSS is the prototype of autoimmune disease associated with B-cell hyperactivity and autoantibody formation, which results from an aberrant response of adaptive immunity following tissue damage, self-antigen exposure, and recruitment of antigen-presenting cells. In the early stages of the disease, an initial insult, viral or environmental, is thought to cause EC apoptosis and mobilization of DCs, which pick up apoptotic cells, and activate T cells resulting in tissue damage (4).

The role of NK cells in this pathogenic process has not been clearly defined. Most studies focused on circulating rather than tissue-resident NK cells, mainly because of limited access to diseased tissues. Furthermore, studies on peripheral NK cells are confounded by the phenotypic and functional heterogeneity of NK cells, contributing to the contradicting results (15–17). This probably also reflects the potentially distinctive roles NK cells play at different stages of the disease as well as different patient cohorts. Moreover, the role of NKp30 cannot be explored in mouse models of pSS, as NKp30 is not conserved by murine NK cells where it exists only in the form of a pseudo gene (43).

By analyzing human salivary gland samples from patients with SS and sicca controls, we were able to localize NKp30+ cells in the SGs tissue at the periphery rather than within the inflammatory foci, where NKp46+ cell infiltration was also described (26) using NKp46 as a pan-NK marker. The comparison of the expression levels of NCR1/NKp46, NCR2/NKp44, and NCR3/NKp30 showed a higher expression of NKp30 in SS salivary glands; nevertheless, the localization of NK cells expressing different NCRs has never been compared in SS SG. Of note, the NKp30 ligand, B7/H6, was mainly expressed by SG EC, suggesting a direct interaction of NK cells with SG EC. B7/H6 has been hypothesized to be expressed by apoptotic SG EC (4), thus facilitating the direct interaction with NK cells, the activation of NK cells, and perpetuation of inflammation within the glands. However, no data have been reported on the mechanism leading to the induction of B7/H6. It showed to be induced in inflammatory conditions both in vitro and in vivo (44). In vitro studies on human SG cell line stimulated with inflammatory cytokines increased in SS SG, such as IL-17, IL-22, IL-23, or TNFα, showing that the upregulation of B7/H6 is mainly driven by TNFα (26).

Surprisingly, within SS SG, we found that B7/H6 also expressed in the cytoplasm of plasma cells. It is interesting to note that a previous study in a transgenic mouse model reported that B7 H (another member of the growing B7 family, ICOSL) on the plasma cell surface drives an increase in the number of plasma cells secreting antigen-specific, high-affinity, class-switched antibodies, as well as a corresponding increase in serum concentrations of antigen-specific antibodies (45). B7/H6 might promote similar roles in plasma cells in pSS SG; however, future experiments will be required to elucidate the exact function of B7/H6 expressed by plasma cells in SS SG.

NKp30 is also critical for the interaction of NK cells with DCs; engagement of NKp30 on NK cells with its ligand B7/H6 on DCs results in the production of IFN-γ and TNFα by NK cells and maturation of DCs and IFN-α production (46, 47). NK cells might play a role early in the pathogenesis of pSS via interaction with DCs, which results in DC maturation and initiation of the adaptive immune response. A mouse model of pSS also demonstrated an early influx of DC and NK cells in the SG following innate immune response (13).

Finally, this is the first study to investigate the effect of immunomodulatory treatments on NK cells and in particular on NKp30 expression in patients with SS. We showed that treatment with rituximab, which reduces the local inflammatory infiltrates within the SG, can also ameliorate the expression of NKp30 in the glands.

Overall, our observations in this study support a possible dual role of NK cells in the inflammatory process underlying the disease pathogenesis of SS: following an initial insult on the SGs, NK cells interact directly with apoptotic/damaged EC possibly through NKp30 and B7/H6, respectively, resulting in the production of pro-inflammatory cytokines/chemokines and influx of more effector cells. NK cells also interact with DCs and promote their priming and maturation, which in turn leads to further NK cell and T-cell activation and initiation of the adaptive immunity, with the recruitment of T and B cells and formation of local inflammatory infiltrates and ELS. This interaction could take place either within the inflamed salivary glands or in the draining lymph nodes. Further functional studies exploring the receptor/ligand interaction and the mechanisms involved in this process will be needed to better clarify the role for NKp30 expressing NK cells in the pathogenesis of pSS.



Data Availability Statement

The RNA sequencing data presented in the study are publicly available, and can be found here: https://www.ebi.ac.uk/arrayexpress/, E-MTAB-10517. All the other data, different from transcriptomic data, are available from the corresponding authors on reasonable request.



Ethics Statement

The study involving human participants and sample collection were reviewed and approved by the local Ethics Committee: LREC 05/Q0702/1 and LREC 17/WS/0172 - Rheumatology/Oral medicine clinic- QMUL. For TRACTISS Ethics approval and governance approval were obtained from the Leeds West Ethics Committee (ref. 10/H1307/99) and the Leeds Teaching Hospitals NHS Trust respectively. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

EP designed the study and performed the experiments. ES, SG, FR, DL, LF-J, RC, FCh, FCa, and ML contributed to the data analysis and presentation. MF, LQ, and AT provided help with and facilitated the collection and characterization of human samples. MB, SBo, DM, SBe, SV, and CP provided scientific insight and provided resources for this study. EP, SG, and MB wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by project grants from the Italian Foundation for Cancer Research (FIRC)- grant 14910 to EP, Medical Research Council (MRC)- grant N003063/1 to MB, Versus Arthritis UK - grant 21753 to EP, the Italian Association for Cancer Research (AIRC)- IG 91104 to DM and by the intramural research program of IRCCS Humanitas Research Hospital to DM.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.706737/full#supplementary-material

Supplementary Figure 1 | (A) Representative images of immunohistochemistry staining for B7/H6 in pSS labial salivary gland biopsy and (B) human tonsil. Arrowhead: B7/H6+ cells. (C) Representative images of double immunofluorescence for NKp30 (yellow) and B7/H6 (green) in human tonsil. Cell expressing both NKp30 receptor and its ligand localize mainly outside the germinal centre in human tonsil (positive control), close to each other. The dashed line delimit the germinal centre. LZ, Light Zone; DZ, Dark Zone.


Supplementary Figure 2 | Assessment of the degree of infiltration of SG biopsies and ELS organization in pSS by IHC staining for T cells (CD3), B cells (CD20), the presence of follicular dendritic cell (FDC) network (CD21) and plasma cells (CD138). The histological identification of ELS in the labial SG biopsies is defined as at least one infiltrate with clear B/T cell segregation and presence of FDC within B cell aggregates, suggestive of germinal center presence.


Supplementary Figure 3 | (A) Test for normal distribution, QQ plot, for NCR3 gene expression evaluated by qPCR. Cut-off of 0.05 for normality test. (B) Violin plots showing relative expression of NKp30 transcript from RNA extracted from total SG tissue from SS (n=13) and NSCS (n=20) patients. Mann-Whitney U t-test statistics. (C) NKp30 transcript expression in SS SG segregated by ELS presence in comparison to NSCS controls. Kruskal-Wallis test with Dunn’s multiple comparison correction. *p < 0.05, **p < 0.01, ***p < 0.001. NSCS, non-specific chronic sialadenitis; SS, Sjogren’s Syndrome; ELS, Ectopic Lymphoid Structures.


Supplementary Figure 4 | (A) Spearman correlation analysis between NCR1 (top row) and NCR2 (bottom row) with GZMB, PRF1, IFNG and with (B) IL12A, IL21, IL2, IL15 and IL18 gene expression levels from bulk-RNA sequencing of SG tissues. pSS patients (n=24) segregated for the presence of ELS. Spearman correlation coefficient, R and p value, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ELS, Ectopic Lymphoid Structures; neg, negative; pos, positive.
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Sensitivity
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P-values were not calculated due to a small sample number size in each group. The specificity and sensitivity of each autoantibody were calculated based on the total number of two
groups. *eSjA was counted positive when at least one of nine autoantibodies was positive. ND, not determined due to absence of antibody-positive subject in either group.
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value
Lip Bx (+: 10 vs. :5) SP1 1 0.068  14.64 1
CA6 0.667 0.076 5.878 1
PSP 1.714 0.131 22513 !
Unstimulated Saliva Flow Rate SP1 1333 0.1 17.823 1
(<0.1:4 vs.>0.1:15) CA6 45 0374 54155 0.303
PSP 0917 0073 11.577 1
Schirmer Test (+:2 vs. :7) SP1 6 0.183 196.28 0417
CA6 075 0.032 17.506 1
PSP 0 0 NA 1
SGUS (+:14 vs. :5) SP1 025 0024 2577 0272
CA6 15 0189 11.927 1
PSP 16 0.134 19.09 1
Parotitis or glandular swelling (+:12 SP1 2 0.166  24.069 1
vs. :7) CA6 0.536 0.081 3.533 065
PSP 0.068 0.005 0.861 0.038"

P-values were derived from Fisher’s exact test on 19 subjects. *p < 0.05; OR, odd ratio; Cl,

confidence interval.
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Lip Bx (+:30 vs. :28) SP1 1042 0357 3.044 1
CA6 1.524 0.54 4.297  0.445
PSP 0909 0287 2877 1

Unstimulated Saliva Flow Rate SP1 036 0094 1377 0.157
(<0.1:17 vs. 2 0.1:67) CA6 1.306 0.444 3.84 0.787

PSP 1533 0513 4.584 0.566
Schirmer Test (+:9 vs. :39) SP1 0411 0075 2239 0451

CA6 0.221 0.041 1.201 0.137
PSP 025 0028 2218 0.25
SGUS (+:11 vs. :54) SP1 1.053 0.273 4.058 1
CA6 053 0.144 1.959  0.504
PSP 0.637 0.151 2683 0.733
Parotitis or glandular swelling (+:39 SP1 1538 0.618 3.83 0.366
vs. :45) CA6 2232 0.926 5.38 0.083
PSP 1913 0764 4793 0.174

P-values were derived from Fisher's exact test on 84 subjects. OR, odd ratio; Cl,
confidence interval.
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JSS (N =27) Non-JSS (N = 78) p-value
General
Age, symptom onset (Median, IQR) 11(5.5) 11 (6.75) 0.478
Age, diagnosis (Median, IQR) 14 (6) 14 (6.25) 0.570
Female 21 (77.8%) 54 (69.2%) 0.466
Laboratory parameters
ESR elevated 8/26 (30.8%) 9/75 (12.0%) 0.09
CRP elevated 5/26 (19.2%) 13/74 (17.6%) 0.999
C3 low 2/24 (8.3%) 2/66 (3.0%) 0.408
C4 low 3/24 (12.5%) 7/65 (10.8%) 0.805
Hypergammaglobulinemia 10/27 (37.0%) 5/78 (6.4%) <0.001**
Various autoantibodies Tables 2 &3 Tables 2 & 3 =
Cytopenia (neutropenia, lymphopenia, thrombocytopenia) 8/27 (29.6%) 8/78 (10.3%) 0.027*
Autoimmune hemolytic anemia 0/27 (0%) 4/78 (6.1%) 0.57
Diagnostic tests
Schirmer’s test 5/16 (31.3%) 6/42 (14.3%) 0.275
Unstimulated salivary flow rate (USFR) 11/27 (40.7%) 10/78 (12.8%) 0.004**
Minor salivary gland lip biopsy (MSGBx) 22/26 (84.6%) 18/47 (38.3%) <0.001*
Salivary gland ultrasound (SGUS) 16/26 (61.5%) 9/58 (15.5%) <0.001**
Medical history
Infection (Bacterial, viral, and/or fungal) 1(40.7%) 25(32.1%) 0.483
Various immune-related conditions® 3 (48.1%) 0(561.3%) 0.826
ADHD or Autism 2 (7.4%) 0(12.8%) 0.727
Recurrent/persistent parotitis or glandular swelling/tenderness 19 (70.4%) 33 (42.3%) 0.015*
Clinical features
Dry eyes (subjective) 21(77.8%) 45 (57.7%) 0.069
Dry mouth (subjective) 24 (88.9%) 55 (70.5%) 0.071
Dry eyes and dry mouth (subjective) 20 (74.1%) 38 (48.7%) 0.026*
Dysphagia 4 (14.8%) 7 (21.8%) 0.58
Dry lips 11 (40.7%) 43 (55.1%) 0.264
Oral ulcers 13 (48.1%) 24 (30.8%) 0.16
TMD or TMJ clicking 8 (29.6%) 6(20.5%) 0.425
Dental issues 16 (59.3%) 3 (41.8%) 0.01*
Hypermobile joints 17 (63.0%) 50 (64.1%) 0.999
ESSDAI/ESSPRI-related domains and other features
ESSPRI Dryness (Median, IQR) 5 4(6) 0.565
ESSPRI Fatigue (Median, IQR) 5.5 (7.25) 5 (5) 0.824
ESSPRI Pain (Median, IQR) 1(6) 3(5) 0.797
ESSPRI mean (Median, IQR) 4.17 (3.41) 3.33 (4) 0.880
Fever 8 (29.6%) 16 (20.5%) 0.425
Weight loss 4 (14.8%) 5 (6.4%) 0.231
Lymphadenopathy or lymphoma 4 (14.8%) 13 (16.7%) 0.999
Cutaneous 13.7%) 1(1.3%) 0.45
Pulmonary 14 (51.9%) 46 (59.0%) 0.652
Renal 7 (25.9%) 4(5.1%) 0.006**
Muscular 14 (51.9%) 44 (56.4%) 0.823
Articular 23 (85.2%) 66 (84.6%) 0.999
Neurological 22 (81.5%) 65 (83.3%) 0.999
Cardiovascular 5(18.5%) 16 (20.5%) 0.999
Gastrointestinal 13 (48.1%) 44 (56.4%) 0.506
Skin 7 (63.0%) 54 (69.2%) 0.635
Raynaud’s 4(14.8%) 7 (9.0%) 0.468

Bold, ***p < 0.001, *'p < 0.01 and *p < 0.05; ESSDAI, EULAR SS Disease Activity Index; ESSPRI, EULAR SS Patient Reported Index. “SLE (systemic lupus erythematosus), juvenile
idiopathic arthritis, Crohn’s disease, Immune deficiency, amplified pain syndrome, type | diabetes, fibromyalgia, Hashimoto's disease, anti-phospholipid syndrome, IgG4 disease, mixed

connective tissue disease, or systemic sclerosis.
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4(6%)
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Sensitivity

69.2
55.6
14.8
333
77
16.7
Yord
20.8
10.5
11.1
4.6
8.7
9.1
ND
8.3
ND
ND
ND
25

77.8
66.7
69.2
55.6
59.3
25.9
77.8
77.8
59.3
77.8

46.2
15.4
33.3
14.8
28.6
191
15.4
28.6
191
191

Specificity

70.8
94.7
96
95.7
ND
90.9
94.6
91.5
85.7
91.1
93.5
97.9
96
91.3
92
96
60
87.5
60

71.8
71.8
69.3
92.2
92.1
93.4
70.5
69.2
89.6
68.0

95.7
971
ND
98.7
ND
ND
98.5
NA
ND
ND

P-values between JSS and non-JSS were not calculated due to a small sample number size. The specificity and sensitivity of each autoantibody were calculated based on the total number
of positive cSjA. ND, not-determined because antibody positive subject was absent in either group.
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Features Controls SS patients

Healthy (n=10)  Sicca (n=11) NHL (n=6) SS (n=30) SSL (n=15)

General Age (years), median (range) 48 50 59.5 60 70
(38-72) (43-78) (34-84) (27-79) (63-78)
Men/women 0/10 2/9 4/2 3/27 114
Disease Duration (years), median (range) NA NA 0.5 10 17.0
05-80)  (0.25-340)  (4-37.0)
Histological  Biopsy focus score (number of lymphocytic foci/4mm?), median (range) NA 0 NA 2.40 3.33
(MSG biopsy) (0.0-0.5) (1.0-10.44)  (1.0-10.0)
Tarpley biopsy score, median (range) NA 0 NA 2(1-3) 3(1-3)
Germinal center formation “No,(%)" NA 0(0) NA 8(26.7) 4(26.7)
Clinical Arthralgias “No,(%)" NA 10 NR 21 (70.0) 13(86.7)
Arthritis “No,(%)" NA 0(0) NR 4(13.3) 3(20.0)
SG enlargement (SGE) “No,(%)" NA 0(0) NA 11 (36.7) 9 (60.0)
Raynaud’s phenomenon “No,(%)" NA 0(0) NR 7(28.9) 7 (46.7)
Parenchymal organ involvement “No, (%)" NA NA NA 5(16.7) 4(26.7)
Lung involvement “No,(%)" NA NA NA 2(6.7) 4 (26.7)
Renal involvement “No,(%)" NA NA NA 0(0) 0(0)
Liver involvement “No,(%)" NA NA NA 3(10.0) 0(0)
Indicative of vasculitic involvement “No,(%)” NA NA NA 1(3.3) 6 (40.0)
Palpable purpura “No, (%)" NA NA NR 1(3.3 4(26.7)
Vasculttis (%)"No, (%)” NA NA NR 0(0.0) 0(0.0)
Glomerulonephritis “No(%) NA NA NR 0(0) 0(0)
Peripheral neuropathy “No,(%)" NA NA NR 1(3.3 2(13.3
ESSDAI score, median (range) NA NA NA 3.5 (0-15) 19 (12-25)
Laboratory  Anti-Ro/SSA and/or La/SSB positive “No,(%)” 0(0) 0(0) NA 25 (83.3) 13 (86.7)
Anti-Ro/SSA positive “No,(%)" 00 0() NA 25(83.3 13 (86.7)
Anti-La(SSB) positive “No,(%)” 00 0(0) NA 13 (43.9) 8(53.3)
Rheumatoid Factor positive “No,(%)” 0(0) 0(0) NA 15 (50.0) 13(86.7)
C3-levels, median (range) NR NR NR 111.5 102.0
(63-160) (86-123)
C4-levels, median (range) NR NR NR 20.5 14
(7.0-45.6) (1.0-22.4)
C4- hypocomplementemia “No,(%)" NR NR NR 7(23.3) 10 (66.7)
Cryoglobulinemia “No,(%)" NA NA NR 0(0.0) 5(33.3)
Hypergammaglobulinemia “No(%)” NA NA NR 12 (40.0) 5(33.3)
Leukopenia “No,(%)" NA NA NR 1(3.3) 16.7)
Treatment Steroids, “No(%)” NA NA 0 2(6.7) 0
Hydroxychloroquine, “No(%)” NA NA 0 1(3.3) 0
Pilocarpine, “No(%)” NA NA 0 2(6.7) 0
Hydroxychloroquine & pilocarpine, “No(%)" NA NA 0 2(6.7) 0
Steroids, pilocarpine & hydroxychloroquine, “No(%)” NA NA 0 2(6.7) 0
Azathioprine, “No(%)" NA NA 0 1(3.3) 0
Hydroxychloroquine & methotrexate, “No(%)” NA NA 0 2(6.7) 0
NHL-related treatment administrated prior to sampling
Anti-CD20 (median 4years before sampling; range 2-8), No(%) NA NA 0 0 7 (46.6)
R-CHOP (DLBCL-pSS patient 7years before sampling), No(%) NA NA 0 0 1(6.7)

NA, not applicable.
NR, not recorded.
R-CHOP, Rituximab, Cyclophosphamide, Doxorubicin hydrochloride, Vincristine, Prednisolone.
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Gene

Kik1b3
Kik1b4
Kik1b9
Kk1b16

Klk1b21
Klk1b22
Klk1b26
Kik1b27

Protein

7-NGF
o-NGF
EGFbp3
y-renin

mGK-21
EGF-BP A
PRECE-2
mGK-27

Known functions

Cleaves a dipeptide from the B-NGF C-terminus binding with it and forming a part of the 7S NGF complex

Inactive as a peptidase, but a stabilizing molecule of the 7S NGF complex

Epidermal growth factor-binding protein type C

Can cleave the Leu-|-Leu bond in a synthetic 14-peptide renin substrate to produce angiotensin-I, but is inactive on angiotensinogen. Hydrolyzes
Bz-Arg-p-nitroanilide

Displays trypsin-like substrate specificity and shows activity towards casein, gelatin, fibronectin and IGFBP3

B-NGF-endopeptidase, Epidermal growth factor-binding protein type A

Prorenin-converting enzyme. Cleaves mouse REN-2 prorenin at a dibasic site to yield mature renin

Has chymotrypsin-like cleavage specificity with activity towards casein, gelatin, IGFBP3 and fibronectin but not towards laminin or collagens I, IV.
Does not hydrolyze kininogen
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Characteristic PSS (n=39) non-SS sicca (n=20) P-value
Female sex, n (%) 38(97) 19 (95) -
Age in years, mean + SD 52+ 14 50 + 14 0.573*
ESSDAI, median (range) 4 (0-29) b -

- Cutaneous, n (%) 10

- Respiratory, n (%) 4(10)

- Renal, n (%) 0(0)

- Articular, n (%) 13 (33)

- Muscular, n (%) 0(0)

- PNS, n (%) 10

- CNS, n (%) 0(0)

- Hematological, n (%) 13 (33)

- Glandular, n (%) 17 (43)

- Constitutional, n (%) 11 (28)

- Lymphadenopathy, n (%) 4(10)

- Biological, n (%) 23 (58)

ESSPRI, median (range) 7.0(1.3-8.7) - -
Xerostomia, n (%) 38(97) 20 (100) -
UWSF (mL/min.), median (range) 0.08 (0-0.68) 0.17 (0-0.58) 0.208*
ANA positive, n (%) 34 (85) 9 (45) 0.002+*
ANA >1:80, n (%)t 25 (66) 2(10) <0.001*
Anti-SSA/Ro positive, n (%) 30(77) 1(5) -
Anti-SSB/La positive, n (%) 17 (44) 0(0) -
RF positive, n (%) 25 (64) 0(0) =
IgG (g/L), mean + SD 171+55 99+22 <0.001*
Focus score, median (range)

Labial gland 15 (0.0-12) 0.4 (0.0-1.4) <0.001*
Parotid gland 1.0 (0.0-12) 0.0 (0.0-1.7) 0.001*
Plasma cell shift, n (%)

Labial gland 20 (53) 1(5) <0.001*
Parotid gland 14 (39) 0(0) 0.001**
DMARD use, n (%)

- Hydroxychloroquine 5 (13) 1(5) b

- Methotrexate 1@) 0(0) -

- Azathioprine 1) 0(0) -
Corticosteroid use, n (%) 10 1(5) -

*For two pSS patients, the exact ANA titer was not available *Statistical test for continuous values. An Independent t Test or Mann-Whitney U Test was performed, based on the distribution

of data; **Fisher’s exact test.
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Group Fulfillment of ACR-EULAR Positive SG n for n for

criteria* biopsy** parotid labial
| No No 16 17
] No Yes 2 2
m Yes No 13 5
v Yes Yes 21 33

*For fulfilment of the criteria, only one of the two biopsies (labial or parotid) needed to have
afocus score 1. **Definition of positive biopsy in the current study: Focus score=1 and/or
presence of lymphoepithelial lesions.
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Variables PSS (n=109) HCs (n=113) P-

value
Gender, Female/Male 92 (84.4)/17 95 (84.1)/18  0.946
(15.6) (15.9)
Age, years 62 (51, 68) 61 (52,69  0.304
Duration, years 63, 11)
Xerostomia 89 (81.7)
Xerophthalmia 92 (84.4)
Dental caries 32 (29.4)
Constitutional symptom 12 (11.0)
Lymphadenopathy 13 (11.9)
Glandular swelling 22(20.2)
Systemic involvements
Articular 25 (22.9)
Cutaneous 6 (5.5
Pulmonary 33 (30.3)
LIP 16 (14.7)
NSIP 17 (15.6)
Renal 15 (13.8)
Tubulointerstitial nephritis 12 (11.0)
Glomerulonephritis 3128
Muscular 4(3.7)
Peripheral neuropathy 6 (5.5)
Central neuropathy 1.9
Hematological 49 (45.0)
Leukocyte, 10A9/L 4.8 (3.5,7.6)
Lymphocyte, 1079/L 1.3(1.1,1.9)
Hemoglobin, g/L 125 (115, 140)
Platelet, 1079/L 198 (136, 241)
Potassium, mmol/L 3.75 (3.56, 4.02)
Urea, mmol/L 5.47 (4.50, 6.64)
Creatinine, umol/L. 64.0 (57.0, 79.8)
eGFR, ml/min*1.73m? 87.6 (66.0, 98.8)
ESR, mm/h 21 (8, 44)
Gama-globulin, % 20.6 (18.0, 27.2)
Immunoglobulin G, g/L 156.5 (12.6, 20.1)
Low complement 3 27 (24.8)
Low complement 4 26 (23.9)
Rheumatoid factor, positive 33/64 (51.6)
ANA, positive 72/101 (71.3)
Anti-SSA, positive 69/106 (65.1)
Anti-SSB, positive 43/106 (40.6)
Focal lymphocytic sialadenitis, 5/7 (71.4)
positive
Anti-mitochondrial antibody, 15/97 (15.5)
positive
Cryoglobulin, positive 6/18 (33.3)
Anti-thyroglobulin antibody, positive 39/74 (52.7)
Anti-thyroid peroxidase antibody, 24/74 (32.4)
positive
Medications
HCQ 29 (26.6)
Corticosteroids 44 (40.4)
Immunosuppressive agents 34 (31.2)
ESSDAI 5(3,10)
ESSDAI>5 60 (55.0)

Data are presented as median (Interquartile Range) and n (%).

ANA, anti-nuclear antibody; ESR, Erythrocyte Sedimentation Rate; ESSDAI, European
league against rheumatism (EULAR) Sjogren’s syndrome disease activity index; HCQ,
Hydroxychloroquine; LIP, lymphocytic interstitial pneumonia; NSIP, nonspecific interstitial
pneumonia.
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NCT #

Study name

Biological treatments

NCT03100942

NCT04093531

NCT04129164

A Randomized, Phase 2, Double-blind, Placebo-controlied
Study to Assess the Safety and Efficacy of Filgotinib, GS-
9876 and GS-4059 in Adult Subjects With

Active Sjogren's Syndrome

Pilot Trial of Ustekinumab for Primary Sjégren’s Syndrome

A Phase 2 Randomized, Double-biind, Placebo-controlled,
Proof of Concept Study to Evaluate the Efficacy and
Safety of VIB4920 in Subjects with Sidgren’s

Syndrome (SS)

Alternative treatments

NCT04056221

NCT03983408

NCT04653935

Effects of Acupuncture on Xerostomia and Xerophthalmia
in Sjogren’s Syndrome: A Randomized, Double-blinded
Ciinical Trial

Impact of Korean Red Ginseng on Fatigue in Patients with
Rheumatic Disease

Fully-remote Trial of a Seff-management App for Those
Living With Sjtgren’s Syndrome: Randormised Pilot and
Feasibilty Study

Treatment/intervention

Drugs: Lanraplenib (GS-9876; SYK inhibitor),
Filgotinib (GS-6034; selektive JAK inhibitor),
Tirabrutinib (GS-4059; Bruton's tyrosine
kinase inhibitor)

Drug: Ustekinumab (monoclonal antibody
targeting IL-12 and IL-23)

Drug: VIB4920 (fusion protein designed to
bind CD40 ligand on activated T cells)

Acupuncture inserted on the selected
acupoints (R6, E6, E2, Ig4, VC24, TA23, B2)

Dietary Supplement: Korean Red
Ginseng (Chinese herbal supplement)

Behavioral: Seff-management app with
intervention components; cognitive- and
behavioral seff-management techniques
(Siogo app)

Sponsor N Inclusion criteria

Gilead Sciences 152 pSS or sSS (36)
Galapagos NV ESSDAI 25

ono Seropositviy for
Pharmaceutical anti-SSA o anti-SSB
Co. Ltd

University of 15 pSS (47, 48) (score >4)
Rochester

Viela Bio 174 SS (47, 48)

Ana Carolina 50 SS(47,48)

Fragoso Motta,

DDS, PhD

Hanyang 120 Sjdgren's syndrome
University Fatigue for > 3 months
The Korean

Society of Ginseng

Northumbria 996 Diagnosed with pSS or
University $SS (sef-reported)
Newcastle

University

Teesside

University

Versus Arthritis

Primary outcome

VAS global
disease, pain, oral
dryness, ocular
diyness and
fatigue

ESSPRI

SF-36in
secondary
outcome

ESSPRI
(FACIT-Fin

secondary
outcomes)

ESSPRI

FACIT-F

MFIS-5 and
ESSPRI

Estimated
completion

January 10, 2019

December 2021

April 1, 2022

December 2020

August 31, 2020

July 2021
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Variables HE4-negative HE4-positive  p-value
(n=52) (n=57)
Gender, Female 42 (80.8) 50 (87.7) 0.318
Age, years 56 (38, 64) 64 (60, 70) <0.001
Duration, years 6 (3,10 73,12 0.135
Xerostomia 38 (73.1) 51 (89.5) 0.027
Xerophthalmia 39 (75.0) 53 (93.0) 0.047
Constitutional symptom 6(11.5) 6 (5.0 0.892
Lymphadenopathy 5(9.6) 8(15.0) 0.477
Glandular swelling 13 (25.0) 9(17.5) 0.231
Systemic involvements
Articular 11(21.2) 24 (27.5) 0.673
Cutaneous 3.8 3(10.0) 1
Pulmonary 7(13.5) 26 (45.6) <0.001
LP 5(9.6) 11 (19.3) 0.225
NSIP 2(3.8) 15 (26.3) 0.225
Renal 2(3.8 13 (22.8) 0.004
Tubulointerstitial nephritis 2(3.8 10 (17.5) 0.022
Glomerulonephritis 1(1.9) 2 (3.9 1.000
Muscular 1(1.9) 3(5.3) 0.62
Peripheral neuropathy 3(5.8 3(5.9 1.00
Central neuropathy 0(0.0 1(1.8) 0.168
Hematological 19 (36.5) 30 (52.6) 0.092
Leukocyte, 107N9/L 4.9 (4.0,8.0) 42(327.2) 0.903
Lymphocyte, 10A9/L 1.3 (1.1, 2.1) 1.3(1.0, 1.9) 0.527
Hemoglobin, g/L 129 (123, 142) 116 (108,126) <0.001
Platelet, 10A9/L 193 (146, 238) 179 (120,240) 0.616
ESR, mm/h 10 (7, 26) 25 (16,53) <0.001
Gama-globulin, % 20.0 (17.6,24.7) 21.1(18.1,33.8) 0.119
Immunoglobulin G, g/L 15.7 (11.8,201) 155 (12.9,24.0)  0.569
ESSDAI 43,7) 8(4, 14) <0.001
ESSDAI=5 18 (34.6) 42 (78.7) <0.001

*The reference range of human epididymis protein 4 (HE4) was determined by the upper
limit of 95% confidence interval of healthy controls.
Data are presented as median (Interquartile Range) and n (%). Statistical significance was
determined by Mann-Whitney U test and Chi-square (x°) test. ESR, Erythrocyte
Sedimentation Rate; ESSDAI, European league against rheumatism (EULAR) Sjégren’s
syndrome disease activity index; HCQ, Hydroxychloroquine; LIP, lymphocytic interstitial
pneumonia; NSIP, nonspecific interstitial pneumonia.
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Clinical parameters r p-value Domains of ESSDAI r p-value
Age 0.598 <0.001 Constitutional 0.009 0.923
Duration 0.297 0.006 Lymphadenopathy 0.096 0.322
Xerostomia 0.345 <0.001 Glandular swelling -0.079 0.413
Xerophthalmia 0.257 0.007 Articular -0.025 0.797
Leukocyte 0.103 0.298 Cutaneous -0.043 0.654
Lymphocyte -0.006 0.948 Pulmonary 0.442 <0.001
Hemoglobin -0.444 <0.001 Renal 0.320 0.001
Platelet -0.091 0.354 Muscular 0.029 0.767
ESR 0.565 <0.001 Peripheral nervous system -0.047 0.628
Gama-globulin 0.141 0.197 Central nervous system 0.011 0.912
Immunoglobulin G 0.021 0.835 Hematological 0.112 0.246
Complement 3 0.079 0.426 Biological 0.020 0.839
Complement 4 0.154 0.120

Rheumatoid factor 0.047 0.710

Statistical significance was determined by Spearman'’s correlation test.

ESR, Erythrocyte Sedimentation Rate; ESSDAI, European leaque against rheumatism (EULAR) Sjégren’s syndrome disease activity index; HE4, Human epididymis protein 4.
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Acronym Name and description

Specific instruments in pSS

PROFAD-SSI  Profile of Fatigue and Discomfort — Sicca Symptoms Inventory (Short-form)
+  PROFAD: nine items split into four domains — arthralgia, vascular, somatic fatigue
(ProF-S), mental fatigue (ProF-M)
«  SSI: 10 items split into four domains — ocular dryness, oral dryness, vaginal dryness,
and cutaneous dryness
*  Inboth the final score is the sum of its four domains and varies from O to 28.
ESSPRI EULAR Sjogren’s Syndrome Patients Reported Index

+ 0 to 10 numerical scales for the assessment of each of the three domains: dryness,
fatigue and musculoskeletal pain. The mean of the scores of the 3 domains
represents the final score. ESSPRI > 5: unsatisfactory symptom state. Clinically
meaningful improvement: at least one point or 15%.

Non-disease specific single-item instrument
VAS Visual Analogue Scale
+ 0-100 cm or 0-10 cm with a higher score representing a greater severity or intensity
of fatigue.

Non-disease specific multi-item questionnaires

FACIT-fatigue  Functional Assessment of Cancer Therapy Scale — fatigue
« 13 items covering physical fatigue, functional fatigue, emotional fatigue, and social
consequences of fatigue. Final scores produce only a global score ranging from 0-52,
with higher scores reflecting less fatigue.
FSS Fatigue Severity Scale
« 9 items to produce a global score ranging from 1-7 with higher scores reflecting
greater fatigue. The FSS covers physical, social, or cognitive effects of fatigue.
MFI Multidimensional Fatigue Inventory
+ 20 items, yielding 5 subscales of 4 items each (general fatigue, physical fatigue,
reduced activity, reduced motivation, and mental fatigue). Scores of each subscale
range from 4-20 with higher scores reflecting greater severity.
FIS Fatigue Impact Scale
+ 40 questions covering the effect of fatigue on three domains of daily life: cognitive
functioning, physical functioning, and psychosocial functioning. There is an overall
score with a potential maximum of 160. A score of > 40 indicates excessive
symptomatic fatigue and > 80 indicates severe, symptomatic fatigue. Subscale
scores can also be calculated.
CFS Chalder Fatigue Scale
+ 11 items to produce a global score (0-33 or 0-11) and 2 domains of physical (0-21)
and mental fatigue (0-12) with higher scores reflecting greater fatigue.
SF-36 VT Medical Outcomes Study Short-Form (Domain: Vitality)

* 4 items in the SF-36 VT (2 on energy and 2 on fatigue). Scores range from 0-100
with higher scores representing less fatigue.

Applicability: strengths/limitations

Profile of fatigue (Prof-F) of the PROFAD has the
advantage of distinguishing fatigue in physical and
mental types in pSS.

Even if somatic fatigue is the predominant domain, all
domains have the same weight on the PROFAD final
score.

Recommended by EULAR, quick and simple to
administer and score.
Does not capture the multidimensional nature of fatigue.

One of the most frequently used tools to measure
fatigue. Quick and simple to administer and score, and
minimal in terms of respondent burden.

Does not capture the multidimensional nature of fatigue.

FACIT-Fatigue is used across many rheumatologic
conditions, covering a range of fatigue concepts in a
simple language.

It provides only a global fatigue score.

It provides only a global fatigue score. Recommended
fatigue scale for systemic lupus erythematosus more
than pSS.

It provides 5 subscales of fatigue.
The wording of some items may be interpreted as
relating to disability or disease activity.

It provides the effect of fatigue on three domains of daily
life.
Few studies in pSS.

It provides physical and mental fatigue domains.
It does not always differentiate between rheumatology
patients and controls.

The SF-36 VT has been used across many
rheumatologic conditions and in many studies.

It provides only a global fatigue score and there are
concerns over concepts of fatigue vs. energy.
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Marker pSS (n=109)
CEA, ng/mL 1.62 (1.06, 3.64)
AFP, ng/mL 2.64 (2.26, 3.06)
CA19-9, U/mL 14.28 (7.34, 34.01)
CA125, U/mL 16.92 (12.43, 30.09)
CA15-3, U/mL 12.18 (9.14, 18.65)
CYFRA21-1, ng/mL 265 (2.1, 3.52)
NSE, ng/mL 11.43 (9.63, 13.71)
ProGRP, pg/mL 30.40 (28.25, 39.95)
SCC, ng/mL 1.03 (0.79, 1.42)
HE4, pmol/L 103.65 (64.35, 178.70)

HCs (n=113)

1.38(0.95, 1.84)
258 (2.01,3.72)
10.11 (7.28, 16.80)
12.83 (8.94, 18.51)
7.39 (6.27, 10.08)
1.68 (1.30, 2.37)
11.72 (9.94, 13.74)
36.50 (29.85, 44.10)
1.07 (0.81, 1.35)
46.52 (40.05, 52.66)

p-value

0.011
0.557
0.165
0.105
<0.001
<0.001
0.060
0.012
<0.001
<0.001

Data are presented as median (Interquartile Range) and n (%). Statistical significance was
determined by Mann-Whitney U test and Chi-square ()(2) test.
AFP, alpha fetoprotein; CA125, cancer antigen 125; CA15-3, cancer antigen 15-3; CA19-
9, cancer antigen 19-9; CEA, carcino-embryonic antigen; CYFRA21-1, cytokeratin 19
fragment antigen 21-1; HE4, Human epididymis protein 4; IQR, Interquartile Range; NSE,
neuron-specific enolase; ProGRP, progastrin-releasing peptide.
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Name NSAF p-value emPAl prvalue KOMWT ratio NSAF | emPAl
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Name NSAF p-value emPAl p-value KO/WT ratio NSAF | emPAI

Fructose-1,6-bisphosphatase 1 0.00014 <0.0001 ofo0
NAD(P) transhydrogenase 0.00018 0.0017 ofo
Kallikrein 1-related peptidase b22 0.00025 <0.0001 26|31
Ig alpha chain C region 0.00031 0.00069 0]0.04
Neprilysin 0.00044 0.00055 0|0
Kallikrein 1-related peptidase b8 0.0022 0.00082 0.3]0.3
10 kDa heat shock protein 0.0025 0.0033 43158
Aldehyde dehydrogenase 0.0031 0.0033 05]06
Coronin-1A 0.004 0.024 2219
Mitoch. 10-formyltetrahydrofolate dehydrogenase 0.0043 0.0059 05]05
Kallikrein 1-related peptidase b3 0.0071 0.02 04103
Renin-2 0.0077 0.00032 02]0.2
Mast cell carboxypeptidase A 0.0083 0.02 0.3]0.2
Lysosomal alpha-mannosidase 0.01 0.0047 0.2]02
Hemoglobin subunit beta-2 0.013 0.0083 ofo0
Annexin A7 0.014 0.0085 INF | INF
Pyrroline-5-carboxylate reductase 1 0.017 0.01 05]05
Kallikrein 1-related peptidase b26 0.02 0.0004 03|04
Heat shock cognate 71 kDa protein 0.022 0.047 0.8]0.8
Protein Ighg2c (Fragment) 0.023 0.0082 INF | INF
Kallikrein 1-related peptidase b5 0.024 0.0035 04106
Prolyl endopeptidase 0.025 0.013 04103
Kallikrein 1-related peptidase b21 0.028 0.014 0]0.2
MCG108343, isoform CRA_b 0.028 0.0085 24|24
Kallikrein 1-related peptidase b9 0.03 0.0046 04|04
Hexokinase 0.03 0.039 INF | INF
NADH-ubiquinone oxidoreductase 75 kDa subunit 0.031 0.023 1.8]1.6
Synaptophysin-like protein 1, isof. 2 0.032 0.014 05|04
Alpha/beta hydrolase domain-containing protein 14B 0.032 0.0079 36145
NADPH-cytochrome P450 reductase 0.032 0.031 INF | INF
Kallikrein 1-related peptidase b27 0.033 0.0038 04104
Adenylyl cyclase-associated protein 1 0.033 0.013 17118
Brefeldin A-inhibited guanine nucleotide-exchange protein 2 0.037 0.025 INF [ INF
Ig mu chain C region 0.04 0.019 16|14
Trifunctional enzyme subunit alpha 0.044 0.035 17116
Major vault protein 0.046 0.031 35|35
Glycogen phosphorylase, brain form 0.047 0.033 1.6]1.7
Staphylococcal nuclease domain-containing protein 1 0.0036 0.93 0.8]1
Beta-globin 0.0061 0.094 95[3.2
Histone H1.3 0.0064 0.15 1514
Protein FAM3D 0.0099 0.05 04]04
Calmodulin 0.014 0.12 04106
Lamin-B1 0.016 0.14 23[18
Major urinary protein 5 0.022 0.063 0|0
Branched-chain-amino-acid aminotransferase 0.023 0.085 05[06
Moesin 0.025 0.089 48|83
Tubulin beta-5 chain 0.028 0.063 27119
Caldesmon 1 0.03 0.15 2321
Calcium-transporting ATPase 0.031 0.37 0.8]0.9
Endoplasmin 0.034 0.65 0.6]0.9
Vimentin 0.035 0.086 2]21
Protein Lpo 0.036 0.12 0.61]0.7
Ubiquinone biosynthesis protein COQ9 0.036 0.15 5|33
Proteasome subunit alpha type-1 0.038 0.086 0.2]02
H-2 class | histocompatibility antigen, K-Q alpha chain 0.038 0.071 87(6.2
Carnitine O-palmitoyltransferase 2 0.045 0.058 4129
Prostaglandin E synthase 2 0.045 0.089 INF | INF
Kallikrein 1-related peptidase b11 0.047 0.054 0.3]0.7
Kallikrein 1-related peptidase b16 0.047 0.095 05|04
T-complex protein 1 subunit epsilon 0.049 0.093 28132
Prominin-2 0.05 0.0066 05]06
Transmembrane 9 superfamily memb. 3 0.052 0.04 0.1]0.09
Aspartate—tRNA ligase, cytoplasmic 0.053 0.013 27189
Mitoch. methylcrotonoyl-CoA carboxylase B chain 0.054 0.019 27126
Ilg gamma-2A chain C region, A allele 0.057 0.043 0|0
DDRGK domain-containing protein 1 0.058 0.041 04104
Beta-hexosaminidase subunit beta 0.069 0.044 0303
Protein Prol1 0.071 0.015 0.3]0.3
Kallikrein 1-related peptidase b1 0.075 0.0079 05]04
Submandibular gland protein C, isof. 3 0.075 0.012 21123
40S ribosomal protein SA 0.077 0.046 0606
Protein phosphatase 1 regulatory subunit 1B 0.078 0.02 15[16
MCG16669, isoform CRA_f 0.079 0.049 27133
40S ribosomal protein S11 0.1 0.041 0405
Asparagine synthetase 0.1 0.023 05105
Protein Tmed7 0.11 0.037 0403
Ubiquitin-40S ribosomal protein S27a 0.12 0.032 1615
Myosin-9 0.13 0.027 1214
Heat shock protein HSP 90-beta 0.14 0.02 13]15
Rab GDP dissociation inhibitor alpha 017 0.048 0.7]106
Rho GDP-dissociation inhibitor 1 0.23 0.038 15]15
Kallikrein 1-related peptidase b24 0.24 0.0039 04102
Guanine nucleotide-binding protein G(l)/G(S)/G(T) subunit beta-1 0.24 0.027 05]04
Aspartate aminotransferase, cytoplasm. 0.24 0.037 14116
6-phosphogluconate dehydrogenase 0.24 0.045 0.7]0.6
Annexin A11 0.27 0.012 142
Heat shock protein HSP 90-alpha 0.32 0.027 13119
Cofilin-1 0.51 0.015 1218

p values < 0.05 were considered significant. INF, infinite ratio (denominator = 0).





OPS/images/fimmu.2021.701581/fimmu-12-701581-g002.jpg





OPS/images/cover.jpg
SIOGREN'’S SYNDROME: PATHOGENICITY,
NOVEL TARGETS AND ANTIGENS.

EDITED BY: Kristi ch, Alan Baer and Arjan Vissink
PUBLISHED IN: g

"m Research Topics





OPS/images/fimmu.2021.702037/table2.jpg
Phenotype* Discovery and replication cohort together, n=148

High IFN score Low IFN score P-value
Mean (zs.d.)
Age at DNA sampling (years) 53.7 (£13.2) 60.1 (+13.6) 2.5x10°
Age at diagnosis (years) 48.2 (£13.7) 55.0 (£12.8) 3.0x10°
Age at symptom onset (years) 41 6 (£15.1) 48.5 (£14.6) 0.017
Disease duration (years) .8 (£6.1) 5.1 (+5.3) 0.61
Focus score .5 (+£3.2) 2.8 (x2.9) 0.26
N/available (%)

Female sex 77/87 (89%) 53/61 (87%) G|
ANA 78/87 (90%) 39/61 (64%) 0.24
SSA 82/87 (94%) 28/61 (46%) 0.012

Ro52 39/47 (83%) 12/35 (34%) 0.039

Ro60 43/47 (91%) 9/35 (26%) 4.2x10°°
SSB 50/87 (57%) 12/61 (20%) 4.0x107°
Positive for any of the included autoantibodies 86/87 (99%) 45/61 (74%) 0.29
Leucopenia (< 4.0x109/L) 39/86 (45%) 17/60 (28%) 0.21
P-lgG > 15 g/L 52/74 (70%) 13/53 (25%) 4.5x10°°
C3 below normal limit 7/76 (9%) 6/43 (14%) 0.55
C4 below normal limit 12/42 (29%) 0/21 (0%) 0.016
GC formation in minor salivary glands 10/38 (26%) 6/33 (18%) 0.59
Raynaud’s phenomenon 28/86 (33%) 25/61 (41%) 0.58
Arthritis 13/86 (15%) 8/61 (13%) 0.95
Purpura 8/86 (9%) 2/61 (3%) 0.32
Lymphadenopathy 16/86 (19%) 12/61 (20%) 1
Hypothyroidism 21/86 (24%) 14/61 (23%) 1
Lymphoma, all 9/87 (10%) 6/61 (10%) 1

*Clinical manifestations presented ever, with autoantibody status retrieved from time point nearest to DNA sampling.

IFN score status defined as high IFN score (>meanci +25.0.cu, >4.4) or low IFN score (<4.4).

Patients with pSS were stratified on IFN score status (high versus low) and continuous variables between groups were tested using Mann-Whitney U. Categorical variables were assessed
using Xe-test, or for sparse data using Fisher's exact test.

ANA, antinuclear antibodies; C3, complement component 3; C4, complement component 4; DNAm, DNA methylation; GC, germinal center; IFN, interferon; n.a., not avaiable;
s.d., standard deviation; SSA, anti-Sjégren’s syndrome antigen A antibodies (Ro52 and/or Ro60); SSB, anti-Sjégren’s syndrome antigen B antibodies (La).

Significant p-values in bold.
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Individuals, n

Age at DNA sampling, years, mean (£s.d.)

Female, n (%)

Autoantibody frequency*, n/available (%)
SSA

Ro52

Ro60

SsB

ANA

Positive for any of the included autoantibodies

DNAm IFN score
IFN score, mean (+s.d.)

High IFN score®, n (%)

Clinical manifestations”, n/available (%)
Focus score, mean  (xs.d, n available)
GG formation
Leucopenia
P-IgG > 15g/L
C3 below normal limit
C4 below normal limit
Raynaud’s
Avrthritis
Purpura
Lymphadenopathy
Hypothyroidism
Lymphoma

Medication at DNA sampling, n (%)
Prednisolon
Antimalarials
Immunosuppressants’

Biologics*

Discovery cohort (Uppsala, Sweden)

100
56.1 (£13.7)
89 (89%)

72/100 (72%)
51/82 (62%)
52/82 (63%)

41/100 (41%)
76/100 (76%)

88/100 (83%)

5.6 (4.3)
57 (57%)

36 (¢3.2, n=62)
11/51 (22%)
33/98 (34%)
46/90 (51%)

6/72 (8%)
5/18 (28%)
33/99 (33%)
17/99 (17%)
8/99 (8%)
22/99 (22%)
24/99 (24%)
14/100 (14%)

7(7%)
14 (14%)
4 (4%)
0

*Autoantibody status from medical records at nearest time point to DNA sampling.
§H/‘gh IFN score defined as DNAm IFN score > meancy; +25.d.qy >4.4.

"Clinical manifestations presented ever.

" Azathioprine (n=2), mycophenolate mofetil (n=1), chiorambucil (n=1), cyclophosphamide (n=1).

#Infiximab (n=1).

Replication cohort (Stavanger, Norway)

48
56.7 (£13.7)
41 (85%)

38/48 (79%)

n.a.

n.a.
21/48 (44%)
41/48 (85%)
43/48 (90%)

6.0 (£4.9)
30 (63%)

25 (+2.8, n=48)"
5/20 (25%)
23/48 (48%)
19/37 (51%)
/47 (15%)
7/45 (16%)
20/48 (42%)
4/48 (8%)
2/48 (4%)
6/48 (13%)
11/48 (23%)
1/48 (2%)"

7 (15%)
16 (33%)
12%)
12%)

Total

148
56.3 (£13.6)
130 (88%)

110/148 (74%)
51/82 (62%)
52/82 (63%)
62/148 (42%)

117/148 (79%)

131/148 (89%)

5.8 (£4.5)
87 (59%)

3.1 (¢3.1,n=110)
16/71 (23%)
56/146 (38%)
65/127 (51%)
13/119 (11%)
12/63 (19%)
53/147 (36%)
21/147 (14%)
10/147 (7%)
28/147 (19%)
35/147 (24%)
15/148 (10%)

14 (9%)
30 (20%)
5 (3%)
1(0.7%)

Frequencies between discovery cohort and replication cohort compared with X-test or, if applicable, with Fisher’s exact test. Continuous variables between groups tested using

Mann-Whitney U. *P < 0.05, **P < 0.01.

ANA, antinuclear antibodies; C3, complement component 3; C4, complement component 4; DNAm, DNA methylation; GC, germinal center; IFN, interferon; n.a., not available; s.d.,
standard deviation; SSA, anti-Sjégren’s syndrome antigen A antibodies (Ro52 and/or Ro60); SSB, anti-Sjégren’s syndrome antigen B antibodies (La).
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Gene Effect Result on immune system
TNFRSF13B Loss of function in TACI Breakdown of B cell tolerance
ICOSs NF-kB deficiency Breakdown of B cell tolerance
NFKB1/NFKB2 NF-xB deficiency Breakdown of B cell tolerance
STAT3 Gain of function Th17 cell expansion

LRBA Loss of function T cell activation

CTLA4 Loss of function T cell activation

PIK3CD Gain of function Impaired T-cell and B-cell

development and function

TNFRSF13B, TNF Receptor Superfamily Member 13B; TACI, Transmembrane activator
and CAML interactor; ICOS, Inducible T Cell Costimulator; nuclear factor of kappa light
polypeptide gene enhancer in B-cells 1; nuclear factor of kappa light polypeptide gene
enhancer in B-cells 2; STAT3, Signal Transducer and Activator of Transcription 3; LRBA,
LPS responsive beige-like anchor protein; CTLA4, Cytotoxic T-Lymphocyte Antigen 4;
PIK3CD, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta.
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Classification

Specific disorder

Autoimmune cytopenias

Organ-specific disorders
Lung

Gastrointestinal tract

Endocrine system
Skin

Rheumatic diseases

Immune
Thrombocytopenic
Purpura
Autoimmune Haemolytic
Anemia
Autoimmune
Neutropenia

Lymphoid Interstitial
Lung Disease
Granulomatous
Lymphocytic Interstitial
Lung Disease
Autoimmune
Enteropathy
Inflammatory Bowel
Disease
Celiac Disease
Pernicious Anemia
Thyroiditis
Type 1 Diabetes
Psoriasis
Vitiligo
Inflammatory Arthritis
Sjogren’s Syndrome
Systemic Lupus
Erythematosus
Vasculitis
Behget's Disease
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Type of mononuclear cell

Mean CD4" Th cells

Mean CD8* Tc cells

Mean FoxP3* Tregs

Median FoxP3* Tregs

Mean CD74" APCs

Median CD74* APCs

Mean CD68* macrophages
Median CD68* macrophages
Mean CD20" B cells

Median CD20" B cells

Mean CD138" plasma cells
Median CD138* plasma cells

Total, n = 30 (%)

296 £1.71
21.7£1.88
0.70 £0.16
0.00 [0.00-1.00]
35.7 £ 2.60

1.63 + 0.41
1.00 [0.00-2.25]
235+ 2.79
20.0 [12.00-30.50]
121+191
8.00 [5.00-19.25]

PSS patients
Inflammatory severity index
S1,n=11(%) $2,n =9 (%)
33.09 + 2.29 23.11 £ 2.56
2373297 21.00 + 3.19
0.82 £ 0.26 0.56 + 0.34
1.00 [0.00-2.00] 0.00 [0.00-1.00]
32.36 + 4.31 36.33 +4.73
2.00 + 0.94 1.11 £ 0.56
1.00 [0.00-2.00] 0.0 [0.00-2.50]
16.64 + 3.16 17.33 + 2.65
14.45 + 3.52 14.67 + 3.46

8.00 [5.00-24.00] 13.0 [7.00-21.50]

83, n =10 (%)

31.50 + 323
20.20 + 381
0.70 £ 0.26

0.50 [0.00-11.25]
3870 + 471

46.0 [31.75-48.50]
1.70 £ 050

36.50 + 5.38

7.10 £ 2.50
4.00 [1.00-13.00]

Statistical significance (p-value)
Statistical comparison

S1vs.S2
0.009 ¢
0541 ¢
0.456°
0.543 ¢
0.370°

0.871¢

0.603 ©

S2vs.S3

0.061¢
0.876 ¢
0.604 ©
0.604 ©
0.356 ©
0.004 ¢

0.053 ©

S1vs. S3

0.688 ¢
0.470¢
0.809 °
0.349°°
0.756
0.004 ¢

0.072°¢

“Mann-Whitney U test.

IStudent's T test. Significant values (p <0.05) underfined.
S1, Mild stage; S2, Moderate stage; S3, Severe stage along the Inflammatory severity index; APCs, Antigen-presenting cells. Mean (%) values presented with standard error of mean (SEM)
when data was normally distributed, i.e. Shapiro-Wilk test p >0.05. Median (%) [IQR] was used when the data followed a non-normal distribution.
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Female
Mean age (vears)

ANA+*

Anti-Ro/SSA+*

Anti-La/SSB+*

RF+*

Mean FS **

Median FS **

Gc*

Mean atrophy***

Median atrophy***

Marked atrophy***

Mean adipose tissue***
Median adipose tissue***
Marked adipose tissue***
Mean UWSF****

Median UWSF****

Decreased UWSF (hyposalivation)*****
Mean Schirmer’s test****
Median Schirmer’s test***+*
Positive Schirmer’s test++

“Chi square test.

“Fischer's exact test.

Mann-Whitney U test.

Significant values (o <0.05) underlned

Total, n =85 (%)

82/85 (96.5)
524122
52/79 (65.8)
47/85 (55.3)
25/85 (29.4)
7/85 (8.2)
2.14£022
1.00 [1.00-3.00)
17/85 (20.0)
377026
3.22 [2.08-5.15]
47/85 (55.3)
882+ 131
2,81 [0.75-13.03]
42/85 (49.4)
200027
1.20 (0.45-2.35]
45/77 (58.4)
1337 £130
10 (3.50-21.0]
37/85 (43.5)

PSS patients
Inflammatory severity index

S$1,n =44 (%)

42/44 (95.5)
528+ 163
26/41 (61.0)
20/44 (45.5)
6/44 (13.6)

1/44 (2.27)
0.75 +0.06
1.00 [0.50-1.00]
0
356038
3.07 [1.80-4.86]
23/44 (52.3)
9.49 + 1.80

352 [0.71-13.59]
24/44 (54.5)
1.70 £ 0.31

1.30 [0.30-2.00)
24/42 (57.1)
16.0+1.94

1125 [4.88-23.88)
14/44 (31.8)

$2,n =24 (%)

24/24 (100)
535+ 251
14/23 (60.9)
14/24 (58.3)
11/24 (45.8)
224 (8.33)
321029

3.00 [2.00-4.00]

0(0)
422051

14/24 (68.3)
892251
3.72[1.02-12.33
13/24 (54.2)
298+062
2.00 [1.00-4.00]
10/22 (45.5)
101 +1.92
7.25 [2.38-18.63]
13/24 (54.2)

83,n =17 (%)

16/17 (94.1)
499268
13/15 (86.7)
13/17 (76.5)
817 (47.1)
417 (235)
424066

3.00 [2.60-5.50]
17/17 (100)
368+ 050

10/17 (68.8)
696 +3.06
1.360.40-10.44]
5117 (20.4)
131059
0.70 (0.00-1.20]
11/13 (84.6)
1.2 290
550 [2.75-16]
1017 (68.8)

Statistical significance (p-value)
Statistical comparison

S1vs.82

0993°
0310°
0.003*
0.547°

0.225°¢

0.632 %
0.949 °

0976 %
0.047 ©

0.373°
0.067 ©

0072

S2vs.S3

0.145°
0.228°
0938°
0212°

0.653 ©

0975
0.199 ¢

o116°
0012°

S1vs.S3

0.106°
0029°
0.014°

0.479°¢

0.645 %
0.145°

0.078 2
0.070 ¢

0.102°
0.143°¢

0.053°

Non-SS sicca subjects

Total, n = 47 (%)

43/47(91.5)
547 +1.41
7/47(14.9)
0/46 (0)
0/46 (0)
2/47 (4.3)
021006
0.00 [0.00-0.50]
00
433+0.68
3.11[1.50-6.82)
26/47 (63.2)
560+ 135
1.78 [0.57-7.22)
19/47 (40.4)
1.48 0,17
1.25 [0.85-1.80]
26/40 (65.0)
428066
3.00 [2.00-6.00]
33/43 (76.7)

S1, Mild stage; S2, Moderate stage; and S3, Severe stage along the Inflammatory severity index; ANA, Antinuclear antibodly; RF, Rheumatoid arthritis; FS, focus score; GC, germinal center-ike structures; UWSF, unstimulated whole saliva

flow. Mean values presented with standard error of mean (SEM) when data was normally distributed, i.e. Shapiro-Wik test p >0.05. Medlian [IQR] was used when the data followed a non-normal distribution.

"ANA, anti-Ro/SSA, and anti-La/SSB autoantibodies were detected using ELISA. RF was detected using Waaler's test.

ot shown).

“““Values are in mi/15 min. Eight subjects missing.

“***A salivary flow of <1.5 ml/15 min denotes a positive sialometry test.

Values are in mm/5 min. Mean of lacrimal flow from both eyes.
lacrimal flow of < 5mm/5 min in at least one eye denotes a positive Schirmer's test.

re-evaluation of the FS was carried out in all MSG. Values are the mean of the number of focal infilrates/4 mn” area comprising of at least 50 mononuckear cels. When FS <1 the numeric value was set to 0.5,
The morphometic areas of atrophy and adipose tissue were quantified as & percentage of the total MSG parenchymal area, where =3% implicates marked levels, and <3% implicates mild levels (number of patients with mi levels
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Demographics
Age

Female sex

Symptoms

Xerostomia
Xerophthalmia
Arthralgia
Auto-antibodies

ANA > 1:100
Anti-Ro/SSA antibodies
Anti- La/SSB antibodies
Other lab values

ESR

1G

PSS, primary Sjdgren’s syndrome; ESR, erythrocyte sedimentation rate; IgG, immunoglobulin G.

Pss(n=3)

54082
3(100%)

3(100%)
3(100%)
2(66.6%)

2 (66.6%)
2(66.6%)
0

533 £26.2
220+33

Subjects for RNA-sequencing (1 =

pSS associated
thrombocytopenia
(=3

560+ 14.1
3(100%)

3(100%)
3(100%)
1(333)

3(100%)
2 (66.6%)
1(33.3%)

403 £ 15.4
190+ 16

9

Healthy controls
(=3

533+6.0
3(100%)

Subjects for validation (n = 24)

pSS (n=12)

548+ 11.8
12 (100%)

4(33%)
4(33%)
8(66.6%)

8(66.6%)
10 (83.3%)
8(66.6%)

104.3 +£78.4
1956472

pSS associated
thrombocytopenia (n
=12)

54.4+127
12 (100%)

9 (75%)
7 (68%)
3(25%)

9 (75%)
9 (75%)
3(25%)

409 421
128+6.1
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Healthy controls 19 57 41-76 19/0
SS-KCS 7 58 40-70 7/0
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Phenotype* Discovery and replication cohort together, n=148

DNAm IFN score, mean (+s.d.), n P-value
Positive phenotype Negative phenotype
Leucopenia (< 4.0x10%L) 7.0 (+4.6), n=56 5.0 (£4.2), n=90 0.010
P-IgG > 15 g/L 8.1 (+3.7), n=65 3.6 (£4.0), n=62 2.0x10°®
C3 below normal limit 5.1 (+5.9), n=13 6.3 (+4.1), n=106 0.41
C4 below normal limit 10.3 (+1.6), n=12 5.5 (+4.6), n=51 1.5x10°
GC formation in minor salivary glands 9 (+3.8), n=16 5.2 (+4.5), n=55 0.60
Raynaud’s phenomenon 1 (+4.3), n=53 61 (+4.6), n=94 0.17
Arthritis 3 (£4.7), n=21 6 (+4.4), n=126 0.61
Purpura 6.6 (£3.7), n=10 7 (+4.5), n=137 0.63
Lymphadenopathy 7 (+4.2), n=28 7 (+4.5), n=119 0.95
Hypothyroidism 9 (+4.3), =35 7 (£4.5), n=112 0.82
Lymphoma, all 3 (£5.5), =15 7 (+4.3), n=133 0.62
Lymphoma onset at or after sampling, all (range 0-12 years) 7 (£5.3), n=9 7 (+4.3), n=133 0.20
Lymphoma onset at or after sampling, <70 years (range 0-12 years) 9.5 (+4.9), n=7 7 (+4.3), n=133 0.025
Lymphoma prior to sampling (range -5 to -19 years) 2 (£5.3), n=6 7 (+4.3), n=133 0.45

*Clinical manifestations presented ever.

DNAm-based IFN score levels are reported as mean IFN score £s.d. in patients with pSS stratified on their status for each of the disease manifestations included in the analysis. Continuous
variables between groups were tested using Mann-Whitney U.

C3, complement component 3; C4, complement component 4; GC, germinal center; P-IgG, plasma immunoglobulin G.

Significant p-values in bold.
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N° of individuals
Sex, N° female/N° male
Age, mean (range), years
Focus scoret
1
2
3
USWSF mL/15 min, mean (range)

Schirmer’s test < 5 mm/5 min in at least one eye
N° (%)

Ro antibodies N° (%)

La antibodies N° (%)

ANA antibodies N° (%)

RF N° (%)

ESSDAI, mean + SD

(range)

Control
subjects

6
4/2
40 (29-56)

ooo

38 (1.2-
7.5)
0 (0%)

0 (0%)
0 (0%)
1 (17%)
0 (0%)

SS-
patients

9
8/1
37 (20-59)

2
4
3
2,0 (0-4.5)
4 (44%)

9 (100%)
5 (56%)
8 (100%)
4 (44%)
18+6
(5-19)

N°, number; %, percentage; SD, standard deviation; USWSF, Unstimulated whole salivary
flow, "Number of foci/4 mm? of tissue. ANA, antinuclear; RF, Rheumatoid factor; ESSDAI,

EULAR Sjégren syndrome disease activity index.
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Parameters

Ro - miR-145

Ro - mRNA IFN-B

Ro - mRNA IFl44

Ro - mRNA IFl44L
Ro - mRNA MX1

Ro - mRNA IFIT1

Ro - Type | IFN score
Ro - mRNA TLR4

La - miR-145

La - mRNA IFl44

La - mRNA IFl44L

La - mRNA IFIT1

La - Type | IFN score
Ana -mRNA IFN-$
Ana - mRNA IFl44
Ana - mRNA IFl44L
Ana - mRNA MX1
Ana - mRNA IFIT1
Ana - Type | IFN score
Ana - mRNA TLR4
Focus score - miR-145

Focus score - mRNA IFl44
Focus score - mRNA IFl44L
Focus score - mRNA MX1
Focus score- mRNA IFIT1
Focus score - Type | IFN score
Focus score - mRNA TLR4

Spearman’s rho

-0.819
0.756
0.850
0.850
0.850
0.724
0.850
0.756
-0.589
0.655
0.589
0.556
0.589
0.756
0.850
0.850
0.850
0.724
0.850
0.756
-0.807
0.849
0.787
0.642
0.724
0.752
0.598

<0.001
0.001
<0.001
<0.001
<0.001
0.002
<0.001
0.001
0.021
0.008
0.021
0.031
0.021
0.001
<0.001
<0.001
<0.001
0.002
<0.001
0.001
<0.001
<0.001
0.002
0.010
0.002
0.001
0.019
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Molecules

miR-145 - mRNA IFl44
miR-145 - mRNA IFl44L
miR-145 - mRNA MX1

miR-145 - mRNA IFIT1

mRNA IFN-o: - mRNA MUC1
mMRNA IFN-B - mRNA IFl44
mRNA IFN-B - mRNA IFI44L
MRNA IFN-B - mRNA MX1
mRNA IFN-B - mRNA IFIT1
mRNA IFN-B - Type | IFN score
mRNA [Fl44 - mRNA IFI44L
mRNA IFl44 - mRNA MX1
mRNA IFI44 - mRNA IFIT1
mRNA IFl44 - Type | IFN score
mRNA IFl44 - mRNA TLR4
mMRNA IFI44L - mRNA MX1
mRNA IFI44L - mRNA IFIT1
mRNA IFI44L - Type | IFN score
mRNA [FI44L - mRNA TLR4
mMRNA MX1 - mRNA IFIT1
mRNA MX1 - Type | IFN score
mRNA MX1 - mRNA TLR4
mRNA IFIT1 - Type | IFN score
mRNA IFIT1 - mRNA TLR4
Type | IFN score - mRNA TLR4
mRNA MUC1 - mRNA TLR4

Spearman’s rho

-0.821
-0.836
-0.739
-0.682
0.578
0.632
0.579
0.704
0.607
0.596
0.914
0.875
0.918
0.936
0.618
0.907
0.861
0.982
0.775
0.796
0.946
0.664
0.879
0.600
0.700
0.721

<0.001
<0.001
0.002
0.007
0.033
0.014
0.026
0.005
0.019
0.021
<0.001
<0.001
<0.001
<0.001
0.016
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
0.009
<0.001
0.020
0.005
0.003
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Authors Year
Mandl et al. (16) 1997
Andonopoulous et al. (17) 1998
Barendregt et al. (18) 1999
Niemela et al. (19) 2000
Tumiati et al. (20) 2000
Kovacs et al. (21) 2000
Mandl et al. (22) 2001
Barendregt et al. (23) 2002
Niemela et al. (24) 2003
Kovacs et al. (25) 2004
Mandl et al. (26) 2007
Cai et al. (27) 2008
Ng et al. (28) 2012
Imrich et al. (29) 2015
Koh et al. (6) 2017
Brunetta et al. (30) 2019

Sample Size

19
32
“
28
16
22
30
43
30
51
46
27
21
21
154
19

Measurement

Reflex tests (DB/FSBP/OC)
Reflex tests (DB/SHG/OC/VM)
Reflex tests
HRV
HRV
CCh induced skin vasodilatation
Reflex tests (DB/FSBP/OC)
Reflex tests (OC)

Reflex tests (DB/OC/VM), HRV
BPV, HRV
Reflex tests (DB/FSBP/OC)
HRV
Reflex tests (OC/VM)
Reflex tests (OC/IV edrophonium)
HRV
Reflex tests (OC)

Main Results

Parasympathetic dysfunction
Autonomic dysfunction
Parasympathetic dysfunction
No difference between pSS and controls
Increased vagal tone
Impaired vasodilatation
Autonomic dysfunction
Significant differences during OC
No autonomic dysfunction
Reduced HRV and BPV
Autonomic dysfunction
Reduced HPV and BPV
Autonomic dysfunction
Autonomic dysfunction
Autonomic dysfunction
Autonomic dysfunction

BPV, blood pressure variability; CCh, Carbachol; DB, Deep breathing; FSBP, finger skin blood flow; HRV, heart rate variability, IV; intravenous OC, orthostatic challenge; SHG, sustained

hand grip; VM, Valsalva manoeuvre.
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ID number Age (years) ANA Anti-SSA Anti-SSB Anti-Ro-52 antibody Dry mouth Dry eyes

Grade Il 27 1:80+ + - ++ + +
40 1:320+ ++ - - + +
31 1:80+ - + - + +
69 1:160+ = 2 . + P
56 1:160+ - - ++ + +
40 1:80+ - - + + +
Grade IV 54 1:320+ + - + + +
50 1:1,280+ ++ F ++ + +
62 1:160+ ++ - ++ + +
58 1:80+ - - ++ + +
55 1:160+ ++ * ++ + +
25 1:320+ ++ - - + +
54 1:160+ ++ - ++ + +
35 1:80+ + + ++ + +
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Focus score

First Author,Year MeanAge,Years N F  anti-SSA anti-SSB anti-SSA+ant-SSB RF LowC3 LowC4 Cryoglobulinemia Hypergammaglobulinemia Leukopenia ~ANA
Wise and Woodruff (23) 187 164

FS <1 536 RRRE-T4 10 4 24 35
FS > 1 56 7% 67 35 24 48 52
Carubbi et al. (24) 383 368

FS 72 69 5 1 2 42 8 3 40 2 67
FS 74 73 27 1 5 18 9 3 1 13 59
FS > 1 237 226 78 5 80 110 38 23 109 7 214
Daniels et al. (25) 1,726

FS 21 730 458 424

FS <1 328 64 54

Reksten et al. (19) 141

FS- 49 18 16 6 4 0

FS + 51 o7 40 22 18 14

GC

Carubbi et al. (20) 52 104 98

GC- 55 46 42 9 2 1 10 6 12 29
GC+ 49 58 56 49 26 25 23 28 17 51
He et al. (21) 126 124

GC- % 88 48 12

GC+ 49.92 3% 36 24 24

Jonsson et al. (18) 54 169

GC- 56 122 45 24 14 7 11 54
GC+ 52 a7 2 17 10 5 6 22
Lee et al. (22) 93 9

GC- 45.08 65 64 55 25 26

GC+ 4339 28 27 2 12 18

Reksten et al. (19) 97

GC- 53 70 26 13 1 7

GC+ 46 27 14 9 7 7

N, number of included patients; F, number of female: ANA, anti-nuclear antibodies.
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Section/ #
topic

TITLE

Title 1
ABSTRACT
Structured 2
summary
INTRODUCTION
Rationale 3
Objectives 4
METHODS
Protocoland 5
registration
Eligibility 6
criteria

Information 7
sources

Search 8
Study 9
selection

Data 10
collection

process

Data items 11
Risk of bias in 12
individual

studies

Summary 13
measures
Synthesis of 14
results

Risk of bias 15
across studies
Additional 16
analyses
RESULTS

Study J7
selection

Study 18
characteristics
Risk of bias 19
within studies
Resuits of 20
individual

studies

Synthesis of 21
results

Risk of bias 22
across studies
Additional 23
analysis
DISCUSSION
Summary of 24
evidence
Limitations 25
Conclusions 26
FUNDING
Funding 27

Checklist item

Identify the report as a systematic review, meta-analysis, or both.

Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility criteria, participants, and
interventions; study appraisal and synthesis methods; results; limitations; conclusions and implications of key findings; systematic
review registration number.

Describe the rationale for the review in the context of what is already known.
Provide an explicit statement of questions being addressed with reference to participants, interventions, comparisons, outcomes, and
study design (PICOS).

Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available, provide registration
information including registration number.

Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years considered, language, publication
status) used as criteria for eligibility, giving rationale.

Describe all information sources (e.g., databases with dates of coverage, contact with study authors to identify additional studies) in
the search and date last searched.

Present full electronic search strategy for at least one database, including any limits used, such that it could be repeated.

State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if applicable, included in the meta-
analysis).

Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any processes for obtaining and
confirming data from investigators.

List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions and simplifications made.
Describe methods used for assessing risk of bias of individual studies (including specification of whether this was done at the study or
outcome level), and how this information is to be used in any data synthesis.

State the principal summary measures (e.g., risk ratio, difference in means).

Describe the methods of handling data and combining resuilts of studies, if done, including measures of consistency (e.g., I?) for each
meta-analysis.

Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, selective reporting within
studies).

Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, indicating which were pre-
specified.

Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for exclusions at each stage,
ideally with a flow diagram.

For each study, present characteristics for which data were extracted (e.g., study size, PICOS, follow-up period) and provide the
citations.

Present data on risk of bias of each study and, if available, any outcome level assessment (see ltem 12).

For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data for each intervention group (b)
effect estimates and confidence intervals, ideally with a forest plot.

Present results of each meta-analysis done, including confidence intervals and measures of consistency.

Present results of any assessment of risk of bias across studies (see Item 15).

Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see ltem 16)).

Summarize the main findings including the strength of evidence for each main outcome; consider their relevance to key groups (e.g.,
healthcare providers, users, and policy makers).

Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval of identified research,
reporting bias).

Provide a general interpretation of the results in the context of other evidence, and implications for future research.

Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders for the systematic
review.

Reported
on page #

4-5

5-6
5-6

5-6

5-6
5-6

6-7
6-7

6-7

10
"
10-11

"

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA statement. PLoS Med 6
(7): e1000097. doi:10.1371/journal.pmed1000097.
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controls  controls factors and controls
Carubbi * * * * * * * * * 6
etal. (17)
He et al. * * * * * * * * Y 7
(18)
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etal. (19)
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etal. (21)
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N (M/F)
Age (yr.)

LFS (foci/4 mm?)
ESSDAI

ESSPRI

Schirmer (mm/5 min)

ANA (no. positive [%])
SSA (no. positive [%])
SSB (no. positive [%])
RF (no. positive [%])

Serum IgG (g/L)
ESR (mm/hour)
CRP (mg/L)

C3 (g/L)

C4 (g)

Not treated (no. [%])

Only HCQ (no. [%])
Other (no. [%])

RNA sequencing Whole blood Serum stimulation

HC nss pSs HC pSs HC pSs

11 [1/10] 8[0/8] 12 [2/10] 15 [0/15] 15 [0/15] 120/12) 11 [0/11]

51 [29-59] 46 [24-69)] 55 [26-76] 57 [25-63] 59 [22-81] 59 [52-71] 67 [33-75]
= 0.1 [0.0-0.6] 2.1 [1.0-4.0] = 3.3[1.0-6.4] N 3.0[1.0-6.5]
- - 5.0 [1.0-13] - 5.0 0.0-1] = 9.0[0.0-16]
= = 50[1.0-8.0] = 65[2.0-9.0] . 7.0 (3.0-9.0]
- 85(1.5-32) 14[0.0-28] = 4.3[0.0-24) - 0.0[0.0-15]
- 4 [50%] 10 [83%] = 14 [93%] - 11 [100%]
. 3(38%] 9 [75%) - 13 [87%] - 11 [100%)
= 0 [0%] 4[33%)] = 11 [73%] = 11 [100%]
- 1 [17%] 6 [60%] - 7 [78%) = 9 [90%]
- 13[6.9-15] 16[8.5-42] - 12[7.9-22] - 19 [15-41
- 8(5.0-23] 15[3.0-77] - 14 [2.0-27] = 39 [11-76]
= 1.6 [0.2-5.2) 1.2[0.0-4.2) & 1.91[0.6-22] = 26[0.9-8.1]
- 1.2 0.9-1.4] 1.0 [0.5-1.6] . 1.01[0.9-1.1] = 1.0[0.8-1.4]
= 0.3 [0.2-0.4] 0.2[0.1-0.4] = 021[0.1-03] = 02[0.0-03]
= 7 (88%] 7 [58%] = 7 [47%) = 11 [100%]
- = . - 5 [33%] - -
- - 4[33%)] = 3[20%] - -

HC, healthy control; nSS, non-Sjégren’s sicca; pSS, primary Sjégren’s syndrome; LFS, lymphocyte focus score; ESSDAI, EULAR Sjégren’s syndrome disease activity index; ESSPRI,
EULAR Sjégren’s syndrome patient reported index; ANA, anti-nuclear antibodiies; SSA, anti-SSA/Ro; SSB, anti-SSB/La; RF, rheumatoid factor; ESR, erythrocyte sedimentation rate; CRP,
C-reactive protein; HCQ, hydroxychloroquine. Other treatment group includes methotrexate (n=1); azathioprine, alone (n=1) or in combination with prednisone (n=2); prednisone, alone

=1) or in combination with HCQ (n=2). Values are median [range] unless stated otherwise.
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RNA sequencing qPCR Flow cytometry CCLS5 validation

HC PSS HC PSS HC pSS HC PSS

n=7) n=7) (n=18) n=9) (n=23) n=22) (n=24) (n=16)
Female gender, n (%) 7 (100) 7 (100) 16 (89) 9 (100) 18 (78) 20 (91) 24 (100) 15 (94)
Age, years 44 + 14 48 £ 12 52+9 56 + 8 48 £ 11 58 + 13 51+11 57 £10
Anti-Ro/SSA positive, n (%) - 4(57) - 8(89) - 17 (77) - 11 (69)
Anti-La/SSB positive, n (%) - 3(49) - 6(67) = 10 (45) = 7 (44)
ANA positive, n (%) - 5 (71) - 8(89) - 17 (77) - 10 (63)
Lymphocytic focus score (foci/4mm?) - 32+25 - 12x1.1 - 27+17 - 25+2
IgA positive plasma cells (%) - 43+29 - 59 + 26 - 47 £ 25 - 57 +24
Schirmer (mm/5min) - 1111 - 68 - 4+4 - 1+2
Serum IgG (g/L) - 11.8+29 - 181 +45 - 16.5+ 8.2 - 18.6+4.1
ESSDAI score (0-123) = 74+57 - 50+33 - 6.1+4.9 - 46+32
ESSPRI score (0-10) = 6.4+18 = 6.5+ 1.1 = 6.0+ 1.8 = 70+£13
Immunosuppressants, n - 5 - 1 - 5 - 5
Hydroxychloroquine, n - 4 - 1 - 2 - 4
Other, n - 1 - 0 - 3 - 4

Mean + SD are shown unless otherwise specified. pSS, primary Sjégren’s syndrome; HC, healthy controls; ESSDAI, EULAR Sjégren’s syndrome disease activity index; ESSPRI, EULAR
Siégren’s syndrome patient reported index.
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