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Editorial on the Research Topic 


Uveitis: Immunity, Genes and Microbes


Uveitis, comprised of a clinically heterogenous group of more than 100 subtypes with diverse etiologies, is one of the leading causes of blindness worldwide. Both innate and adaptive immune responses are reported to be actively involved in the development of uveitis. The occurrence of uveitis is multifactorial, with genetic inheritance, immune dysregulation, gut microbiota abnormalities, and environmental factors involved. This Research Topic aimed at bringing together contributions covering various aspects related to the pathogenesis of uveitis, with the hope to drive forward a more detailed and in-depth understanding of this challenging disease.

Genetic background is an important predisposing factor for uveitis. Takeuchi et al. contribute a comprehensive review to summarize recent findings regarding the genetic pathogenesis of non-infectious uveitis. Multiple MHC and non-MHC genes have been identified to participate in the pathogenesis of various uveitis subtypes. They indicate that the Th17 immune response is a common key in the pathogenesis of non-infectious uveitis. With growing understanding of the predisposing genetic background, a personalized and precise treatment strategy based on the patient’s genetic make-up could be expected in the future. Pei et al. studied the association of SNP polymorphisms of the IL33/ST2 gene with Behcet’s disease. They report that rs3821204 is associated with the development of this disease, and the frequency of rs2210463 G allele is lower in patients with genital involvement. Kuiper and Venema review the relationship between the HLA-A29 serotype and Birdshot Uveitis. They discuss how key amino acid positions of HLA-A29 impact the peptide binding preference and interaction with T cells and to what extent the risk genes ERAP1 and ERAP2 affect HLA-A29. They also argue why Birdshot Uveitis only affects HLA-A29-positive individuals. Huang et al. studied the association of SNP polymorphisms in CTLA-4 and PD-1 genes with Posner-Schlossman Syndrome (PSS) in a southern Chinese population. They report that the frequencies of the CACGG haplotype (rs733618-rs4553808-rs5742909-rs231775-rs3087243) of CTLA-4 and the TGAGC haplotype (rs10204525-rs2227981-rs2227982-rs41386349-rs36084323) of PD-1 in the PSS group are significantly lower than those in the control group. Circulating plasma levels of sCTLA-4 and sPD-1 in PSS patients are significantly higher than those in controls. Yang et al. address the SNP polymorphisms of complement genes in PSS patients. Rs800292 at the CFH gene is significantly associated and the additive effect of CFH-rs800292 and SERPING1-rs3824988 is identified. Furthermore, the rs800292 AA genotype is associated with a higher intraocular pressure and higher frequency of recurrence.

Multiple articles in this Research Topic focus on the imbalanced immune system. Wildner and Diedrichs-Möhring contribute a mini review to introduce the concept of “molecular mimicry” and describe a variety of non-ocular antigens that mimic retinal autoantigens. T cells that are activated by mimotopes outside of the eye can pass the blood-retina barrier and enter ocular tissues and when reactivated by cross-reaction with autoantigens in the eye, they induce uveitis by recruiting inflammatory cells. Xu et al. investigated the aqueous metabolic profiles in Vogt-Koyanagi-Harada (VKH) and Behcet’s disease (BD). Twenty-eight and 29 differential metabolites are identified in the VKH and the BD groups compared with a control group respectively. Pathway enrichment analysis illustrates pantothenate and CoA biosynthesis are altered when comparing VKH with the control group, while D-arginine, D-ornithine and phenylalanine metabolism are altered when comparing BD with the control group. Aminoacyl-tRNA biosynthesis is altered in both VKH and BD groups when compared to controls. Matas et al. conducted a multicenter, prospective, observational, 12-month follow-up study of 60 patients with uveitic macular edema (UME). They report that increased levels of Tregs and reduced levels of IL-6 in serum may be prognostic factors of sustained anatomical improvement in UME. Ko et al. illustrate that CD73+ dendritic cells (DCs) trigger cascading Th17 responses, and the activated Th17 cells expressing CD73 could further augment Th17 responses, leading to cascading exacerbation. The findings indicate that disabling the CD73 function of DCs might help to block this cascading response and mitigate Th17 responses. Barfüβer et al. investigated the altered metabolic phenotype of immune cells in a spontaneous autoimmune uveitis model, the “Equine Recurrent Uveitis (ERU) model”, revealing that PBMCs in ERU show a more active metabolic phenotype in basal state by upregulating both the oxidative phosphorylation and the glycolytic pathway. They also report an increased compensatory glycolytic rate of PBMCs and CD4+ T cells of ERU cases under mitochondrial stress conditions. Degroote and Deeg also focus on ERU, which is with strong clinical and pathological resemblance to autoimmune uveitis in human. They review latest studies regarding the pathogenesis-associated processes of ERU, from perspectives of both cellular and molecular levels. Bansal and Gupta draw attention to the importance of biomarker identification in multiple uveitis subtypes, which usually manifest as nonspecific or atypical clinical presentation. Proteomics is a high throughput technology and a powerful screening tool for biomarkers. They review recent studies using proteome analysis to identify biomarkers in different ocular fluids (vitreous, aqueous, or tears) from various types of uveitis. Egwuagu et al. summarize the advances in molecular cell biology and immunology over the past 30 years that have contributed to the understanding of immunopathogenesis of uveitis and particularly emphasize on how advances in biotechnology have facilitated the development of biologics and cell-based immunotherapies for uveitis and other neuroinflammatory diseases. Bradley et al. in their review discuss the importance of quantitative assessment of experimental ocular inflammatory disease. They highlight three linked but distinct clinical states in EAU (experimental autoimmune uveitis) model that produce retinal vulnerability to inflammation. Deploying longitudinal, multimodal imaging approaches can greatly help the analysis of tissue changes in architecture, cell content and function. Jiang et al. analyzed the systemic response of diverse immune cells to glucocorticoids (GC) therapy in VKH syndrome. Advanced activation and differentiation, as well as dysregulated numbers of peripheral lymphocytes are the major immunological features of VKH. GC therapy with methylprednisolone not only inhibits T cell activation, but also affects monocyte subsets, which might combinatorically lead to the inhibition of the pathogenic immune response.

Evidence is accumulating in favor of an important role of microbiota in uveitis pathogenesis. Li et al. bring the term “ocular microbiota” to our attention since a microbial etiology is indicated in various inflammatory eye diseases. They contribute an overview of the literature on ocular microbiota and the role of commensal microbes in several eye diseases, discussing the interaction between microbial pathogens and host factors, and evaluating therapeutic potential of targeting ocular microbiota to treat intraocular inflammation. Ryan et al. investigated the pathogenesis of Zika-associated anterior uveitis using an in vitro human cell model. Interactions between ZIKA and human iris pigment epithelial cells were investigated with infectivity assays and RNA-sequencing. The results suggest that iris pigment epithelium mounts a molecular response that limits intraocular pathology in most individuals.

Predisposing factors of uveitis do not work alone. Instead, a widely accepted hypothesis is that an infectious agent and immunological abnormalities in genetically susceptible individuals may be responsible for the initiation and chronicity of uveitis. Mehmood et al. contribute a review to describe the relationship between polymorphisms in genes involved in gut biology and changes in the microbiome of Behcet’s patients. A potential decrease in bacterial species producing short chain fatty acids links to mutations in genes involved in their production. Mölzer et al. focus on immune privilege of the eye, which can be breached and the eye is still susceptible to intraocular inflammation. They contribute a comprehensive review discussing the pathogenesis of uveitis in the context of immune privilege, infection, environment, and microbiome. Wakefield et al. summarize recent developments regarding the pathogenesis, clinical features, and effective treatment of acute anterior uveitis. Accumulating evidence confirmed anterior uveitis as a polygenic disease, and the interaction between HLA-B27 and gut microbiome is indicated in experimental animals. They introduce the typical features of acute anterior uveitis and its response to topical, regional and systemic immunosuppressive treatment and highlight anti-cytokine therapy (anti-TNF and anti-IL-6) in severe and recurrent cases. Using the “HSV-1 infected mouse Behçet’s disease model”, Islam et al. demonstrate that environment and stress (including anxiety stress, cold stress, oxidative stress and noise stress) influence the incidence of disease. Microbial diversity due to environmental differences might be one explanation for regional differences in the incidence of Behcet’s disease.

We would like to extend our sincere gratitude to all the authors who have participated in this Research Topic. Their contributions will surely increase our understanding of the pathogenesis of uveitis, which is of great significance to facilitate an early and correct diagnosis of disease and also to the development of more effective therapeutic approaches.
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Purpose

To investigate whether systemic immune mediators and circulating regulatory T cells (Tregs) could be prognostic factors for anatomic outcomes in macular edema secondary to non-infectious uveitis (UME).



Methods

Multicenter, prospective, observational, 12-month follow-up study of 60 patients with UME. Macular edema was defined as central subfield thickness (CST) > 300 μm measured with spectral domain optical coherence tomography (SD-OCT). Serum samples and peripheral blood mononuclear cells (PBMC) were obtained from venous blood extraction at baseline. Serum levels of IL-1β, IL-6, IL-8, IL-17, MCP-1, TNF-α, IL-10, and VEGF were determined by Luminex. Tregs population, defined as CD3+CD4+FoxP3+ in PBMC, was determined by flow cytometry. Main outcome measure was the predictive association between searched mediators and CST sustained improvement, defined as CST < 300 microns or a 20% CST decrease, at 6 months maintained until 12-months compared to baseline levels.



Results

Multivariate logistic regression analysis showed an association between CST sustained improvement at 12 months follow-up and IL-6 and Tregs baseline levels. Higher IL-6 levels were associated with less events of UME improvement (OR: 0.67, 95% CI (0.45–1.00), P = 0.042), whereas higher levels of Tregs favored such improvement (OR: 1.25, 95% CI: 1.12–2.56, P = 0.049).



Conclusions

Increased levels of Tregs and reduced levels of IL-6 in serum may be prognostic factors of sustained anatomical improvement in UME. These findings could enforce the opportunity to develop more efficient and personalized therapeutic approaches to improve long-term visual prognosis in patients with UME.





Keywords: macular edema, uveitis, cytokines, regulatory T cells, biomarkers



Introduction

Non-infectious uveitis accounts for 10% of cases of total blindness in developed world and may result in persistent visual impairment in untreated patients (1). Uveitis may affect people of all ages but most frequently occurs in the working age population, thus implying a high socioeconomical burden (2). Macular edema remains the most commonly found structural complication of uveitis that results in central visual impairment although only one third of uveitis patients develop it (3). The pathogenesis of uvetitic macular edema (UME) involves breakdown of the blood-retinal barrier, followed by both intracellular and extracellular fluid accumulation within the macular retina (4). However, the underlying pathophysiology as well as the molecular mediators involved are not fully understood, therefore making UME a controversial topic.

Chronic retinal inflammation has been observed in early phases and also in the sight-threatening advanced forms of UME. The uveitic retina is characterized by a complex milieu of dysregulated proinflammatory factors. Increased levels of certain proinflammatory cytokines, such as interleukin-6 (IL-6), IL-8, and tumor necrosis factor-α (TNF-α), both in serum and aqueous humor, have been found in patients with UME (5). Vascular endothelial growth factor (VEGF) may also play a major role as it can be increased in aqueous humor of patients with UME and in other forms of macular edema (5, 6). On the other hand, in the last years, the interest in regulatory T cells (Tregs) as markers of activity and modulators of autoreactive T lymphocytes in uveitis and other inflammatory diseases has gained attention (7). Patients with active uveitis have reduced circulating levels of Tregs compared to healthy subjects, with Tregs levels being significantly upregulated during quiescent disease (8, 9). Moreover, adoptive transfer of Tregs has resulted in greater protection against intraocular inflammation in experimental models of uveitis (10, 11). However, it is unknown whether Tregs are also involved in the pathophysiology of UME.

UME may persist despite adequate control of activity, thus leading to permanent photoreceptor damage and loss of central visual acuity (12). After the acute phase, UME may either subside spontaneously or respond to treatment intended to reduce local inflammatory mediators. Moreover, in relapsing and chronic forms of UME, especially in bilateral forms, systemic treatment should be started, usually consisting of corticosteroids and/or immunomodulators (13). However, despite these options, a number of patients still remain refractory to treatment and UME may lead to severe visual impairment.

In summary, there is scarce data regarding the factors influencing sustained anatomic and visual recovery in eyes with UME. A better understanding of the prognostic biomarkers in patients with UME would allow the use of more efficient and selective pharmacological approaches to improve long-term visual prognosis and minimizing unnecessary drug-induced toxicity. In this prospective study, we aimed to investigate the association of several systemic immune mediators and Tregs with the anatomic outcome of UME after 12 months of follow-up.



Materials and Methods


Study Design and Selection Criteria

We conducted a multicenter, prospective, observational, 12-month follow-up study to analyze the association of peripheral blood immune mediators and Tregs with the clinical evolution of UME. Adult (>18 years-old) patients with non-infectious UME in at least one eye were proposed for inclusion. UME was defined as central subfield thickness (CST) of >300 μm as measured by SD-OCT (HD-Cirrus, Carl Zeiss Meditec, Dublin, CA) and presence of fluid (intraretinal and/or subretinal) in the macula. Whenever bilateral UME was present, the eye with the higher CST value in the fovea according to OCT measurements in μm was selected as the study eye. Exclusion criteria were limited to infectious uveitis, highly hazy ocular media, concurrent ocular diseases, exclusive tractional UME, pregnancy, immunocompromising systemic diseases (including, but not limited to HIV, leukemia, lymphoma, and chemotherapy), and eyes with any intervention (intraocular surgery, laser, and intravitreal therapy) in the previous 4 months.

Three referral centers for ocular inflammatory diseases in Spain (Clínic Hospital of Barcelona, Cruces Hospital of Bilbao and Clínico San Carlos Hospital of Madrid) participated in the recruitment of patients from January 2015 to January 2017. Local ethics committees approved the study (Comité Ético de Investigación Clínica del Hospital Clínic de Barcelona 2013/8574; Comité de Ética de la Investigación con Medicamentos de Euskadi, Hospital Universitario Cruces PI201406; Comité Ético de Investigación Clínica del Hospital Clínico San Carlos de Madrid 13/244-E). All patients provided written informed consent, and the research followed the regulations of the Declaration of Helsinki.



Data Collection and Ophthalmic Assessment

Patients were evaluated at each clinical site, and protocol-based assessments were performed at different time-points: baseline, month 1, month 6, and month 12 of follow-up. Other visits at different time-points were allowed at the discretion of the treating physician. Data were recorded in an electronic case report form designed ad hoc.

Medical record data from each patient included demographics (age, race, and sex), diagnosis classified by anatomic location according to the Standardization of Uveitis Nomenclature (SUN) criteria (14), laterality of disease, systemic or isolated ocular inflammatory disease classification, and a complete ophthalmic examination.

Data gathered from evaluation of each patient included best-corrected visual acuity (BCVA, with Snellen charts in decimal scale at a test distance of 6 m), the presence or absence of disease activity, categorical and quantitative OCT findings, and UME treatment. The SUN recommendations were used for anterior chamber and vitreous inflammatory activity gradations. SD-OCT exploration was used as determination of UME using Macular cube 512 × 128 A-scan, within a 6 × 6 mm area centered on the fovea. Imaging assessment was performed by two investigators who were masked to clinical data of the corresponding patients. In the event of discrepancies, the two graders made the assessment together and reached a consensus. Masked investigators were asked to determine the CST and the pattern of UME (sub-retinal fluid, cystoid, diffuse, or tractional components). Macular volume, subfoveal choroidal thickness (enhanced deep imaging mode), maximum diameter of the greatest cyst if present, subretinal fluid pocket’s length in a transfoveal B-scan were also recorded. Ancillary tests to rule out infectious origin (including but not limited to luetic serology, quantiFERON-TB Gold and toxoplasma serology) and to appropriately classify the uveitis were ordered at the investigator discretion.



Sample Collection

Two peripheral blood samples were obtained at the time of patient inclusion in the presence of UME according to the aforementioned definition. Serum was obtained from sample 1 as follows: blood was centrifugated at 1600 g within 20 min and stored at -80°C until inflammatory mediators were determined. The levels of Tregs in peripheral blood were determined from sample 2: peripheral blood mononuclear cells (PBMCs) were obtained by Ficoll (Ficoll-Plaque Plus, GE Healthcare) gradient centrifugation, washed twice with RPMI 1640 containing 2% heat-inactivated fetal calf serum and cryopreserved for further staining and analysis by flow cytometry. Cryopreserved serum and PBMC samples were then shipped to the Ocular Inflammation Laboratory (Hospital Clinic of Barcelona) where they were analyzed.



Cytokine Determination

Eight immune mediators were determined: IL-1β, IL-6, IL-8, IL-17, MCP-1, TNF-α, IL-10, and VEGF. These molecules were chosen based on published results of previous studies regarding both local and systemic biomarkers in uveitis and UME. Selected immune mediators were determined by a Luminex platform (Millipore’s MilliPlex Human Cytokine/Chemokine kit) used to measure cytokine and chemokine levels in serum samples using an assay plate layout consisting of seven standards in duplicate (3.2–2,000 pg/mL), one blank well (for background fluorescence subtraction), two internal quality control samples in duplicate, and 25-μL duplicates of each serum sample. The MilliPlex method was performed as recommended by the manufacturer. Zero values were statistically handled as a third of the provided detection limit.



Treg Determination by Flow Cytometry

FoxP3 levels in CD3+CD4+ cells from cryopreserved PBMCs were determined by flow cytometry. A live/dead Fixable Dead Cell Stain (Invitrogen) was used to exclude dead cells from the analysis, followed by incubation for 30 min on ice with AF700-CD3 (clone OKT3) and FITC-CD4 (OKT4) (eBiosciences). Cells were then washed, fixed and permeabilized before adding PE-FOXP3 (clone 236A/E7) (eBiosciences) for 30 min. Appropriate isotype controls were included in each experiment. Flow cytometric analyses were performed on a Fortessa flow cytometer (BD Biosciences) with a total of 50,000 events recorded for each sample through a live CD3+CD4+ lymphocyte gate. Analysis of flow cytometry data was performed using FlowJo software. Tregs were defined as CD3+CD4+FoxP3+ cells.



Outcome Measures

To determine whether Tregs and serum immune mediators can be predictive factors for anatomic outcomes in UME, we analyzed the association between baseline levels of the above-mentioned immune mediators and Tregs with sustained anatomical improvement of UME. Improvement of UME was defined as a 20% CST decrease or CST < 300 µm at 6 months and maintained at 12 months of follow-up compared to baseline.



Statistical Analysis

To describe the qualitative variables, absolute frequencies and percentages were used. The description of quantitative variables was performed using the mean and standard deviation (SD). The Kolmogorov-Smirnov test was used to assess the normality of distributions. In the case of quantitative variables, the comparison of the characteristics of the eyes depending on the presence of sustained anatomical improvement was carried out using the Student t-test (or Mann-Whitney U-test if normality was not assumed). The Chi-squared test (Fisher test for frequencies < 5) was used for the comparison of categorical variables. Wilcoxon test was performed in order to analyze changes in CST during follow up.

A back stepwise logistic regression analysis was developed including the defined and CST-based favorable anatomical outcome item as the dependent variable, and as independent variables, those cytokines and clinical variables with a P-value < 0.2 in the univariate analysis and clinical pertinence (evolution time of the EMU to baseline, age at baseline, and sex). The results have been described with odds ratios (OR), 95% confidence intervals (CI), and P-values. Linear relationships between defined biomarkers were assessed using Spearman tests. For all tests, values of P <0.05 were considered statistically significant. The R Studio statistical package (version 2.5) was used for statistical analysis.




Results

Sixty eyes of sixty patients were included. The mean age of the group was 51.1 years (SD, 15.1; range, 21–89). The mean previous duration of UME at the inclusion time was 17.37 months (SD, 31.5; range, 0–144 months). Table 1 shows patients’ demographics and clinical data. The description of etiological diagnosis showed that systemic disorders were the predominant ones (n = 24), followed by isolated ocular syndromes (n = 21), and unclassified uveitis (n = 15).


Table 1 | Baseline ophthalmic characteristics in eyes with uveitic macular edema.



The overall mean CST was 437.8 ± 122.2 (SD) μm at baseline and decreased significantly after 1 month to 357.4 ± 118.9 μm (P < 0.001), reaching 337.73 ± 135.5 μm at 6 months and 329.6 ± 108.1 μm at 12 months (P < 0.001). Reduction in CST followed a similar pattern in systemically treated patients and non-systemically treated eyes, reaching a significant reduction already at month 1 and maintaining a sustained reduction throughout the 12-month follow-up (Figure 1).




Figure 1 | Evolution of central subfield thickness (CST) in systemically treated eyes (A) and non-systemically treated eyes (B). Statistical analysis was conducted using the Wilcoxon test (*P < 0.05, **P < 0.001, ***P < 0.001 ****P < 0.0001, vs. baseline).



Cytokines and Tregs levels were compared between patients with and without systemic treatment. In our cohort, 66.7% of patients had received systemic treatment for their underlying disease (non-infectious uveitis), and 33.3% had not received systemic treatment for at least 6 months before inclusion. There were no significant differences in the levels of cytokines and Tregs between both groups (Table 2). However, differences among specific treatments could not properly be evaluated due to the reduced sample size in each specific treatment subgroup.


Table 2 | Inflammatory mediators in patients with or without systemic treatment at baseline.



In the univariate analysis, qualitatively assessed significant tractional component of the UME was associated to non-sustained anatomical improvement, whereas presence of subretinal fluid was associated to sustained improvement in UME (Table 3). To evaluate prognostic factors for UME outcome, variables were analyzed according to the pre-defined CST improvement event with a Step Backwise Logistic Regression Model. Higher macular volume at baseline was the only clinical variable that precluded favorable UME outcome (OR: 1.41, 95% CI: 0.97–2.03, P = 0.032). Interestingly, higher baseline levels of IL-6 were associated with no sustained anatomical improvement of UME at 12 months of follow-up (OR: 0.67, 95% CI: 0.45–1.00); P = 0.042). In contrast, higher baseline levels of Tregs were associated with UME sustained anatomical improvement (OR: 1.25, 95% CI: 1.12–2.56, P = 0.049). The final model showed good goodness-of-fit (Lemeshow P = 0.13) (Figure 2). Given the observed associations, the inverse relationship between Tregs and IL-6 was evaluated. Spearman correlation showed no linear association between baseline levels of Tregs and IL-6 (r = 0.254, P = 0.109).


Table 3 | Clinical variables in UME with and without anatomical improvement.






Figure 2 | Uni and multivariate regression model of variables as predictors of anatomic outcome in uveitic macular edema. Outcome: “sustained anatomical improvement”, defined as per decrease ≥20% or reaches <300 µm in central subfoveal thickness at 6 months and maintained through month 12. All covariates (P < 0.20) included in the multivariable model are shown. Quantitative variables were transformed to log scale. Statistically significant associations (P-value < 0.05) are noted in bold. Hosmer-Lemeshow goodness-of-fit test, P = 0.13. Abbreviations: CI, confidence interval; OR, odds ratio; UME, uveitic macular edema; SRF, subretinal fluid; TNF, tumor necrosis factor; IL, interleukin; VEGF, vascular endothelial growth factor; Tregs, regulatory T lymphocytes.





Discussion

In this prospective study, we evaluated the association of several inflammatory cytokines and Tregs with anatomical improvement of UME. We analyzed the systemic levels of Tregs and eight serum immune mediators in a large group of patients who presented with macular edema secondary to non-infectious uveitis. Our findings show that high baseline serum levels of IL-6 were associated with poorer anatomical response in UME, whereas high levels of circulating Tregs were associated with UME sustained resolution throughout 12-month follow up.

The involvement of Tregs in controlling inflammation has gained considerable attention in uveitis as well as in other systemic autoimmune conditions (15, 16). To our knowledge, this is the first study that describes the association of Tregs with anatomical outcome in UME. Previous studies have compared Tregs levels between active uveitis, inactive uveitis and healthy control subjects. Some studies reported decreased levels of Tregs in active uveitis compared to inactive or quiescent status (9, 17) or healthy subjects (18), while others observed no differences (19) or even increased levels. Indeed, a previous study by our group showed no differences in Tregs levels between patients with active non-infectious uveitis and healthy subjects (20). Regarding the potential association of UME and Tregs levels, Yeh et al. did not observe differences between uveitis patients with and without UME (9). These discrepancies between studies could partly be attributed to the heterogeneity of uveitis subsets, clinical immunophenotyping and to the different strategies used to characterize Tregs. FoxP3 is the canonical transcription factor for naturally-occurring Tregs and is enriched in human CD4+CD25hi T cells. Nevertheless, the CD4+CD25hi population does not necessarily capture all FoxP3+ cells, therefore we defined CD3+CD4+FoxP3+ as Tregs. The existence of several subtypes of Tregs involved in the modulation of the inflammatory response, could also explain such discrepancies. Thymus originated tTregs inhibit T effector cell trafficking, whereas inducible iTregs primarily prevent T cell priming by acting on antigen-presenting dendritic cells (21). The expression of the transcription factor Helios is a useful marker for the identification of stable tTregs. However, we did not include Helios in our flow cytometry panel to characterize Tregs subtype. Previous studies determined Tregs levels in patients with and without UME in a cross-sectional manner, whereas the present study is prospective in nature, with the aim to investigate the predictive value of Tregs levels in the anatomical response after 12 months.

The differences observed in Tregs levels according to the anatomical event of UME improvement suggest that Tregs could be associated with the protective processes underlying UME resolution. In line with our findings, preclinical evidence shows that in experimental autoimmune uveoretinitis (EAU), the adoptive transfer of Tregs appears to confer protection from uveitis induced by the uveitogenic retinal antigen interphotoreceptor binding protein (IRBP) (22), and another study showed that retinal antigen-specific Foxp3+ Tregs contribute to the natural resolution of EAU and the maintenance of remission (23). Interestingly, Gilbert et al. recently showed that clinical remission of non-infectious uveitis is characterized by an upregulation of peripheral Tregs polarized toward TIGIT and T-bet (24). TIGIT is a co-inhibitory molecule expressed by Tregs. TIGIT+ Tregs seem to selectively inhibit Th17 and Th1, but not Th2 responses (25). Since it is known that the Th17 and Th1 subsets are pivotal in the pathogenesis of autoimmune disorders, TIGIT could be a biomarker of stable, functionally suppressive Tregs in such disorders. Even though we did not specifically analyze the suppressive function of Tregs, we observed an independent association between increased Tregs and anatomical improvement or resolution of UME, which was a 25% more frequently found for each unitary increase in Tregs log levels. Almost 67% of recruited patients received systemic treatment showing a good clinical ocular response, supporting the fact that systemic peripheral blood Tregs and their associated microenvironment influence ocular immunity and that, therefore, peripheral blood biomarkers can be useful in predicting ocular outcomes.

On the other hand, the cytokine milieu in non-infectious uveitis has been extensively investigated (26–30). In the present study our focus was investigating the relationship between serum cytokines and anatomical improvement of UME. We therefore selected defined outcomes that may influence UME prognosis and can be easily and objectively assessed. BCVA, although a major clinical end result of UME, is not one of these features, since it can be easily biased by other parameters such as UME duration, presence of cataract, retinal scarring, or macular non-perfusion. We investigated whether anatomical improvement of UME could be predicted by immunological variables besides Tregs after adjusting for covariates in the model. The multivariate model showed that higher baseline levels of IL-6 were associated with lower CST improvement, which was a 33% less frequent for each unitary increase in IL-6 log-levels. IL-6 is a cytokine produced by several immune cells, in response to molecular patterns and affects multiple inflammatory cells and pathways. IL-6 is responsible for the induction of acute-phase proteins, differentiation of adaptive T cell responses, trafficking of acute and chronic inflammatory cells, regulation of homeostasis, and tissue regeneration (31). In the eye, significant elevation of IL-6 has been observed in ocular fluids (vitreous and aqueous) derived from retinal vein occlusion, diabetic macular edema, and refractory/chronic uveitis patients (32–34). Our group and others have previously reported that in patients with UME refractory to conventional therapies, systemic inhibition of IL-6 signaling with the IL-6 receptor (IL-6R) monoclonal antibody tocilizumab (TCZ–Actemra; Hoffmann-La Roche Ltd, Basel, Switzerland) was beneficial at 6, 12, and 24 months (35, 36), in particular with regards to achieving a reduction in CST. Indeed, IL-6 signaling blockade suppresses EAU (37), and it has been recently described that IL-6 reversibly disrupts the integrity of the blood-retinal barrier in vitro (38), a key feature of the pathophysiology of macular edema. Our current study actually reinforces the concept of targeting systemic IL-6 in UME, as patients with higher baseline serum levels of IL-6 showed a less favorable anatomical response.

Despite the association of increased Tregs and reduced IL-6 levels with UME anatomical improvement, no linear association between IL-6 and Tregs was observed. The exact relationship between IL-6 and Tregs in modulating uveitis is not clearly understood. IL-6 is involved in the differentiation of CD4+ T cells into Th17 cells known to play a pivotal role in uveitis. Moreover, blockade of IL-6 signaling not only suppresses Th17 but also promotes Tregs in EAU (39). In other autoimmune disorders such as psoriasis, IL6 signaling prevents immune suppression by Tregs (40). Other authors have shown that IL6 overproduction in vivo inhibits inducible Treg generation from naïve T cells, but does not affect the development and function of natural Tregs (41). The inverse association of IL-6 and Tregs might occur only at the local site within the eye, but not in the systemic circulation, which could explain why we did not observe any association. Alternatively, the limited number of samples could also explain the lack of association. Thus, how IL6 modulates Treg function in the eye warrants further investigation.

Regarding the therapeutic approach, one may expect a relationship between systemic treatment and serum cytokine levels, as immunomodulatory agents are used to treat non-infectious uveitis. However, we did not observe significant differences in cytokine levels between none of the initial treatment modalities, either local, systemic, or a combination of both.

The main limitations of the present study include the sample size of eyes included in the analysis, the heterogeneity of uveitic conditions and immunomodulatory treatments, and the interindividual variability of cytokine levels. Despite these concerns, the strengths of the study include a prospective design, the use of standardized masked data collection protocols, a centralized center for the cytokine and Tregs determination, and the recruitment from multiple uveitis referral centers.

In conclusion, the results presented herein suggest that higher levels of Tregs may contribute to sustained anatomical improvement of UME, whereas increased systemic levels of IL-6 may be a prognostic factor of poor anatomical outcome of UME. These findings could open the opportunity to more efficient and personalized therapeutic approaches to improve long-term visual prognosis in patients with macular edema secondary to non-infectious uveitis.
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Molecular or antigenic mimicry is a term for the similarity of different antigens, which can be confused by the immune system. Antigen recognition by antibodies and T cell receptors is specific, but not restricted to a single antigen. Both types of receptors specifically recognize antigens and are expressed with a very high but still restricted variability compared to the number of different antigens they potentially could bind. T cell receptors only can bind to antigen peptides presented on certain self-MHC-molecules by screening only some amino acid side chains on both the presented peptides and the MHC molecule. The other amino acids of the peptide are not directly perceived by the T cell, offering the opportunity for a single T cell to recognize a variety of different antigens with the same receptor, which significantly increases the immune repertoire. The immune system is usually tolerant to autoantigens, especially to those of immune privileged sites, like the eye. Therefore, autoimmune diseases targeting these organs were hard to explain, unless a T cell is activated by an environmental peptide (e.g. pathogen) that is similar, but not necessarily identical with an autoantigen. Here we describe antigenic mimicry of retinal autoantigens with a variety of non-ocular antigens resulting in the induction of intraocular inflammation. T cells that are activated by mimotopes outside of the eye can pass the blood-retina barrier and enter ocular tissues. When reactivated in the eye by crossreaction with autoantigens they induce uveitis by recruiting inflammatory cells.
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Introduction

The inner eye as an immune privileged site is rarely affected by inflammation. Autoimmune uveitis with a frequency of 0.2% is an uncommon autoimmune diseases. The immune privilege is usually maintained by a number of mechanisms including anterior chamber-associated immune deviation, protective surfaces of intraocular cells, suppressive factors and the blood-retina-barrier (BRB) (1). The latter is impermeable for large molecules such as antibodies and non-activated lymphocytes, sequestering unique intraocular autoantigens from the immune system (2). Therefore, autoimmunity to intraocular antigens was initially hard to explain. Only previously activated lymphocytes are able to pass tissue barriers to screen tissues for potential hidden pathogens and tumor cells. An activation of lymphocytes to retinal autoantigens is only possible in the case of ocular trauma destroying the protective vascular barriers, the premise for the pathogenesis of sympathetic ophthalmia (3). In this condition injury to one eye allows local activation of T cells, which are then enabled to enter the partner eye to initiate a destructive autoimmune response. This is a very rare event. Usually intraocular inflammation occurs without any injury to the eye. Therefore, autoimmunity to intraocular antigens must be initiated by activated T cells, which had their primary antigen contact outside of the eye. This antigen is not an intraocular, but rather a similar, crossreactive extraocular or environmental antigen. This phenomenon of “antigenic mimicry” is postulated to be the initiating event of most autoimmune diseases, and we and others have described a series of molecules and epitopes from pathogens (bacteria, viruses, fungi, parasites) and some harmless nutritional molecules (bovine milk casein) that can serve as primary activating antigens for subsequent induction of uveitis (4–7). Antigenic mimicry leading to crossreactive T cell recognition is based on the manner of antigen peptide recognition by T cell receptors: the receptor molecule does not screen each amino acid side chains of a peptide but only a few amino acids, therefore many different peptides with similar amino acids at a certain position are sufficient for the activation of the receptor (Figure 1) (8, 9). This is a pivotal way to increase the repertoire of antigen recognition with a restricted number of receptors, which is desirable for the defense against pathogens, but less appreciated when antigens from pathogens and autoantigens are confused. Antigenic mimicry exists for T cell as well as antibody recognition (10), here we are focusing on mimicry and T cell responses.




Figure 1 | Hypothesis of the induction of a T cell mimicry response leading to ocular autoimmunity. (A) Outside of the eye in the body (gut)?: A naive T cell has first contact with a non-eye-related antigen. In case of a concomitant danger signal (injury of the tissue, infection) innate antigen-presenting cells (APCs) are activated to induce effector T cell responses. (B) The antigen recognized by the T cell can either be from a pathogen [from infection or a food antigen, see (A)]. If the T cell recognizes harmless food antigen and erroneously receives concomitant activation signals from the APC alerted by danger signals the T cell gets activated and differentiates into a T helper (e.g. here: Th1) cell. (C) Activated T cells migrate in the blood circulation. In search of their antigen they can leave the blood vessels and enter even immune privileged organs like the eye. (D) The triangles represent retinal autoantigen peptides presented on MHC class II. The precise signals of attracting a T cell to a certain organ at a certain site (blood vessel) are still unknown. (E) When the T cell has screened the eye and found an antigen binding to its receptor, it gets reactivated and secretes cytokines and chemokines to recruit inflammatory cells. The intraocular antigen is different to the antigen of the original T cell priming outside of the eye. (F) Innate cells (monocytes/macrophages and/or granulocytes) recruited from the circulation are causing inflammation and tissue destruction resulting in uveitis. (G) Two different peptides presented and recognized by the same HLA molecule and T cell receptor (TCR), despite their restricted homologies. Only the core sequence of 8 amino acids presented in the groove is shown. Identical amino acid side chains are marked by white asterisks, the arrows point to similar side chains representing different amino acids also anchoring to the presenting HLA-molecule or being bound by the TCR.





Mimotopes of Retinal Autoantigens


Environmental Pathogens and Harmless Microbes

In contrast to autoantigens, infections with pathogens, like viruses or bacteria, alert cells of the innate immune system to initiate an adaptive immune response by activating B and T cells. If these pathogens accidentally provide antigen peptides with similarity to autoantigens, crossreactive immune responses can lead to an attack focused on self-antigens expressed by the host tissue. Molecules from pathogens can thus serve as mimicry molecules and activate T cells. After reactivation of these cells by crossreactive ocular antigens they recruit non-specific leukocytes causing inflammation and destruction of ocular tissue. Among these microbial mimicry candidates are proteins from microbiota like E. coli or yeast as well as pathogenic viruses like rotavirus.

In 1989 Singh et al. reported the induction of experimental autoimmune uveitis (EAU) in Lewis rats with a synthetic peptide corresponding to a sequence of E. coli protein and a similarity with 6 aa from a uveitogenic peptide of retinal S-Ag (peptide M, aa303-320). This similarity was sufficient for crossreactivity of T lymphocytes to these peptides in vitro (11).

A synthetic peptide from yeast Histone 3 with a sequence homology of 5 N-terminal amino acids with peptide M was also uveitogenic in rats in a dose-dependent manner and induced similar ocular damage/inflammation as the retinal autoantigen S-Ag or its Peptide M. This mimicry was confirmed by the adoptive transfer of T cells specific for the yeast histone 3 peptide that induced EAU as well (4, 5, 12).

In the follow up a series of peptides were identified with homology to retinal S-Ag, including peptides from Hepatitis B virus, Baboon virus, murine leukemia virus, murine sarcoma virus or potato proteinase IIa. They all induced signs of EAU in Lewis rats upon immunization, but in some cases very high doses (up to 2 mg/rat) were needed. These peptides, defined as pathogenic mimotopes in rats were also capable of inducing a proliferating response in PBMC isolated from S-Ag-immunized monkeys (13).

We showed that a peptide from the outer capsid protein of rotavirus (Rota), a gastrointestinal pathogen, shares amino acid homologies with the uveitogenic retinal S-antigen peptide PDSAg (aa 341-354). It is also able to induce EAU in Lewis rats after immunization and adoptive transfer of Rota-specific T cell lines (Table 1) (6). Rota- and PDSAg-specific rat T cell lines recognize both peptides, PDSAg and Rota, respectively. Rota-induced EAU was indistinguishable from PDSAg-induced disease, but the incidence of uveitis was reduced. Antigenic mimicry of rotavirus and ocular peptide was also shown by enhanced antibody- and T cell responses to both antigens from patients with uveitis compared to healthy individuals (6).


Table 1 | Mimotopes of retinal autoantigen in uveitis.



Bacille-Calmette-Guérin (BCG), a nonpathogenic strain of Mycobacterium bovis, has been used as a vaccine against tuberculosis and as treatment for bladder carcinoma. Uveitis is a known, but rare potential side effect, although BCG does not infect the eye. We therefore postulated antigenic mimicry of BCG proteins with ocular autoantigens to explain ocular inflammation, since we could show that peripheral blood lymphocytes (PBL) from a 70 year old patient, who developed uveitis for the first time after the third cycle of BCG-treatment within 3 years for bladder carcinoma, responded to PPD (purified protein derivative of M. tuberculosis) as well as various ocular proteins and peptides with proliferation and secretion of cytokines including IFN-γ, IL-6, IL-8, TNF-α and MCP-1. T cells clones to directly test crossreactivity were not available from this patient. A data base search identified sequence homologies of several potential epitopes of M. tuberculosis proteins with retinal autoantigens like S-Ag, interphotoreceptor retinoid-binding protein (IRBP) and cellular retinal-binding-protein (cRALBP), suggesting antigenic mimicry (Table 1) (7).

In transgenic as well as in “classic” murine EAU models Horai et al. have demonstrated that commensal bacteria in the gut may contribute to ocular autoimmunity through a molecular mimicry mechanism. Alteration of the gut microbiota may contribute to ocular autoimmunity at several stages: (1) innate microbial stimuli, (2) loss of distinct microbiota producing anti-inflammatory stimuli, (3) presence of pathogenic bacteria disturbing the intestinal barrier and secreting inflammatory mediators, (4) and mimicry of microbiota proteins with autoantigens (14–17). Antigenic mimicry of heat shock proteins (hsp) from gut microbiota and hsp expressed by retinal ganglion cells and axons as a stress response to elevated intraocular pressure has recently been described as a potential cause of chronic progressive destruction of neuronal cells in normal tension glaucoma. The pathogenesis of chronic, low-grade autoreactive T cell responses initiated in the gut and finally acting in the eye is similar to that postulated for autoimmune uveitis (18).

In addition, antigenic mimicry between ocular antigens and antigens derived from (commensal) bacteria, yeast, viruses and parasites might lead to the activation of pathogenic autoreactive immune responses. Subsequent ocular inflammation after infection with Onchocerca volvulus has been proposed as antigenic mimicry between worm proteins and ocular autoantigens; immunization of Lewis rats with recombinant protein (Ov39) from Onchocerca volvulus caused ocular inflammation, and T cells from Ov39-immunized rats responded to an ocular protein (hr44) in vitro. The pathogenicity of Ov39-specific T cells was confirmed by adoptive transfer experiments (19).



Mimicry of Food Antigens

Like the eye, the gut is a tissue with a strong ability to induce tolerance. Soluble protein antigens, for example from food, without providing PAMPs (pathogen-associated molecular pattern) to activate TLR (Toll like receptors) or inflammasomes, usually induce tolerance when they get access to cells of the immune system in submucosal tissues. This phenomenon is called “mucosal tolerance” or “oral tolerance” (20, 21). Oral tolerance is effective systemically. Regulatory T cells induced in the gut are screening the body systemically and prevent activation of effector cells to nutritional antigen. This is necessary, because food proteins are foreign molecules that might not be completely digested to the level of amino acids before being absorbed. As entire intact proteins they could induce adverse systemic immune reactions. Failure of oral tolerance induction could result in food allergies, but in general this mechanism is very reliable and therefore immune reactions to nutritional proteins are rare events, also when the food proteins are mimicking antigens from pathogens or autoantigens. Antigenic mimicry of food antigens and antigens from infectious agents has been described for antibody binding, Vodjani for example demonstrated antibody crossreactivities between Borrelia burgdorferi, Epstein-Barr-virus and rotavirus and a variety of different food antigens, likely induced by the pathogens, but without clinical consequences (22).

We had previously shown antigenic mimicry of a peptide from bovine milk casein (Cas) and peptide PDSAg from retinal S-Antigen (6) (Table 1). We found increased antibody responses to Cas and PDSAg in sera of patients with uveitis compared to healthy individuals, as well as increased T cell responses among PBL of such patients. However, mimicry could not be proven on the level of a single TCR recognizing both mimotopes on the same MHC molecule. Moreover, we could induce experimental uveitis in Lewis rats after immunization with peptide Cas and also transfer disease by Cas-specific T cells. The primary natural contact of the immune system with Cas, as well as with the peptide from Rotavirus (see above), would be in the gut, therefore we have tried to induce uveitis by oral antigen application together with Cholera toxin as Th1-shifting gastrointestinal adjuvant (6). In contrast to the peptides, only the casein protein or bovine milk was able to induce uveitis via the oral challenge. Cas-specific rat T cell lines recognize peptide PDSAg and also the peptide from Rotavirus, and Cas is recognized by PDSAg- as well as Rota-specific T cells.

Normally, a nutritional protein like bovine milk casein should not induce an adverse immune reaction, unless it is accidentally presented in an inflammatory environment, such as during a gastrointestinal infection breaking oral tolerance. On the other hand, bovine milk casein is the typical nutrition of a calf, which has no oral tolerance mechanisms and is a food allergen for human infants, probably having some characteristics to induce immune defense and effector rather than regulatory T cells in humans. Moreover, we have failed to induce oral tolerance with peptide Cas and also with peptide Rota from rotavirus to prevent PDSAg-induced uveitis, while the autoantigen PDSAg itself is a very strong oral tolerogen (6, 23).



Self-Antigens Mimicking Autoantigens

Since antigenic mimicry is only dependent on similar antigenic peptides to induce crossreactive immune responses also the body’s own antigens can mimic each other. Self-antigens usually do not provide “danger” signals to initiate innate and immune effector responses, so they should induce tolerance. We have shown antigenic mimicry of the retinal S-Antigen peptide PDSAg (human S-Ag, aa341-352, FLGELTSSEVATEV) and an oligomorphic peptide from the first domain of HLA-B antigens (B27PD, aa125-138, ALNEDLSSWTAADT) (Table 1). This peptide was originally thought to be specific for the amino acid sequence of HLA-B27 and thus regarded as an explanation for the strong HLA-class I-B27-association with anterior uveitis, despite the dominant role of HLA-class II-restricted T-helper cells in uveitis (24). Later it turned out that the sequence represented by peptide B27PD is found in the first domain of most HLA-B-molecules and thus not specific for HLA-B27. The consequence was that most patients with uveitis bear at least one HLA-B molecule with the sequence of B27PD. Therefore, we hypothesized that this peptide could represent a key mimotope for most types of uveitis. In fact, lymph node cells from PDSAg-immunized Lewis rats as well as lymphocytes from patients with uveitis showed crossreactivity to both, PDSAg and B27PD, in proliferation assays in vitro. However, the HLA-peptide B27PD was only marginally pathogenic after immunization in rat EAU. In contrast, the HLA-peptide B27PD was highly tolerogenic when applied orally to rats prior to induction of uveitis with S-Ag or peptide PDSAg (oral tolerance).

Surprisingly, in rat EAU the oral tolerance-inducing mimotopes were recognized by γδ+T cell receptors and not by αβ+T cells that induce the disease (25). We have shown this by adoptive transfer of tolerance to PDSAg-induced EAU with CD8+γδ+T cells from rats fed with either peptide PDSAg itself or with the mimotope B27PD. Moreover, we have demonstrated the in vitro-proliferation of orally induced γδ+T cells in response to their tolerogen or the respective mimicry peptide. In this case, the αβ+TCR+ effector T cells served as antigen-presenting cells, and the proliferation of the CD8+TCR-γδ+ cells was impeded by the addition of antibodies blocking the peptide-restricted MHC class II-molecule as well as by antibodies blocking CD8 (25, 26).

These findings favored a new hypothesis for natural self-tolerance in the gut, maintained by constant shedding and processing of HLA-molecules from intestinal epithelial cells (e.g. HLA-B molecules with the sequence of B27PD) and inducing mucosal tolerance to self-HLA molecules. This tolerance might be promoted and specified by additional oral application of the peptide B27PD with crossreactivity to the retinal autoantigen, thus leading to therapeutic tolerance in uveitis (27, 28).

Peptides from any self protein, including HLA, can be presented on HLA-molecules and might serve as a constant trigger of self-tolerance for the immune system. Immunomodulatory properties of peptides derived from the sequence of HLA-molecules have also been described by others (29). Due to its high tolerogenic potency and a lack of pathogenicity the peptide B27PD was successfully used as an oral tolerogen for patients with uveitis in a phase 1 therapeutic trial (30–32). However, a following placebo-controlled phase I/II trial with this oral peptide did lack efficacy and was completed early (clinicaltrials.gov-identifier NCT01195948, September 7, 2020).




Discussion

Low-affinity self-reactive T cells are found in the body where these autoreactive T cells are normally controlled. These pre-existing, self-reactive T cells can be activated in response to similar antigens from environmental microbes and/or food and become pathogenic under certain circumstances.

Molecular mimicry of environmental antigens in conjunction with the ability of T cells to escape immune tolerance has been suggested as a potential mechanism for the pathogenesis not only of autoimmune uveitis but also of other autoimmune diseases, including: multiple sclerosis, diabetes mellitus and spondylarthropathies (10).

Retinal autoantigens are sequestered behind the BRB (1, 2) and therefore normally invisible for naïve T cells. Since only activated T-lymphocytes can pass the BRB and enter the eye their primary activation must be extraocular.

The activation of pattern recognition receptors (PRR) by pathogens is a prerequisite for the initiation of an immune response, however, this is lacking for usually tolerizing food proteins. In that situation we proposed a concomitant infection with the presentation of the food antigen (33), leading to an erroneous bystander activation of effector T cells instead of (oral) tolerance induction. For example to orally induce EAU with milk casein we used Cholera toxin for the activation of PRR in the gut-associated lymphoid tissue (GALT) (34).

Interestingly, in addition to peripheral activation, which enables the T cells to pass the BRB, the barrier itself and the passage of the T cells through the barrier seemed to be essential for the pathogenicity of the T cells, since intravitreal injection of autoreactive T cells does not cause inflammation (35).

Autoimmune uveitis is mediated by CD4+Th cells which recognized peptide presented on MHC class II molecules. For an antigen recognition the minimum prerequisite is the binding of the antigen peptide to the presenting MHC molecule and the subsequent recognition of this complex by a TCR. Crossreactivity of antigen peptides could be observed either with partially overlapping consecutive amino acid sequences, identities between ocular antigens and viral or bacterial proteins (4, 5, 11–13, 36) or by discontinuous sequence homologies with amino acids at respective positions to anchor the peptide to the MHC and also to bind to the TCR (6) (Figure 1). The interactions between antigen peptides, presenting MHC and TCR are based on charges of amino acid side chains, hydrogen bonds and complementary structures. Even a peptide with structural homology but not sharing identical/similar amino acids can be sufficient for antigenic mimicry (10, 37), thus complicating the search and definition of mimotopes.

While Wucherpfennig and Strominger could demonstrate antigenic mimicry with similar peptides at the clonal level of T cells (38), a certain T cell might also express a second T cell receptor, one recognizing a foreign peptide and the other a self peptide (39, 40). We have shown a cross-reactivity on the T cell population level (41), but we could not prove the use of a certain single T cell receptor to crossreact with peptides PDSAg, Rota and Cas (unpublished). In that case, we might not have a single T cell receptor recognizing all three peptides, but perhaps several T cells crossreacting with two of the mimotopes, finally resulting in crossreactivity to all three peptides on the population level of T cell lines.

Most peptide mimics were defined for retinal S-Ag in animal models and in humans (5, 6, 11–13, 24, 36). We have demonstrated the proliferative response and cytokine secretion to several ocular autoantigens (IRBP, S-Ag, cRALBP) of PBL from a patient experiencing uveitis as an adverse event after BCG-treatment. Whether this rarely observed recognition of multiple retinal autoantigens is due to mimicry of multiple mycobacterial antigens and several autoantigens or just a broad autoimmune response developing over time by epitope spreading cannot be ascertained (7). Both, intramolecular as well as intermolecular epitope spreading has been described in experimental models of uveitis (42–44).

Autoreactive lymphocytes are not only found in the peripheral blood of patients with autoimmune diseases but also in healthy people (45, 46), indicating that further conditions are required for pathogenicity. We assume that in addition to the presence of autoreactive T cells the target organ itself contributes to the initiation and maintenance of uveitis. In the eye the autoantigen must be expressed and properly processed and presented by local antigen-presenting cells to reactivate immigrating T cells with a corresponding receptor followed by the recuitment of inflammatory cells that finally cause destruction of ocular tissues (18, 47).
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HLA class I alleles constitute established risk factors for non-infectious uveitis and preemptive genotyping of HLA class I alleles is standard practice in the diagnostic work-up. The HLA-A29 serotype is indispensable to Birdshot Uveitis (BU) and renders this enigmatic eye condition a unique model to better understand how the antigen processing and presentation machinery contributes to non-infectious uveitis or chronic inflammatory conditions in general. This review will discuss salient points regarding the protein structure of HLA-A29 and how key amino acid positions impact the peptide binding preference and interaction with T cells. We discuss to what extent the risk genes ERAP1 and ERAP2 uniquely affect HLA-A29 and how the discovery of a HLA-A29-specific submotif may impact autoantigen discovery. We further provide a compelling argument to solve the long-standing question why BU only affects HLA-A29-positive individuals from Western-European ancestry by exploiting data from the 1000 Genomes Project. We combine novel insights from structural and immunopeptidomic studies and discuss the functional implications of genetic associations across the HLA class I antigen presentation pathway to refine the etiological basis of Birdshot Uveitis.
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Introduction Into Birdshot Uveitis

Birdshot Uveitis (also known as Birdshot chorioretinopathy or Birdshot retinochoroidopathy) is a well-characterized form of autoimmune uveitis (inflammation of the uveal layer of the eye) mostly known for its ovoid light lesions, which appear ‘shotgun pattern’-like distributed along the vascular arcades in the back of the eye (i.e., the ‘fundus’ of the eye where these lesions are visible by photography) (1). Inflammation and extensive depigmentation of the choroid, macular edema, peripheral ischemia (2), degeneration of the retina, and the progressive formation of thin layer of scar tissue on the retina (“epiretinal membrane”) (3, 4), progressively impair vision in a substantial proportion of patients. BU is unusual in the young (5) and typically affects patients over 50 years of age of Western-European ancestry, with more women than men affected (6). Long-term systemic corticosteroid-sparing immunomodulatory therapy is the mainstay of treatment (7, 8), but a fraction of patients may exhibit a more benign disease course that does not require systemic therapy (9). Histopathology studies of eye tissues and modern imaging technologies show that early lesions are located deep inside the vascular layer of the eye (the “choroid”) between the retina and the white outer layer of the eyeball (sclera). In the choroid, the large-vessel layer (choroidal stroma)—densely populated with pigmented “melanocyte” cells—shows abnormalities before the characteristic fundus lesions are visible (10, 11). Because BU shows early inflammation of the choroidal stroma (12), Herbort and associates proposed to classify BU as a primary stromal choroiditis, together with Vogt-Koyanagi-Harada (VKH) disease. VKH is a condition characterized by chronic inflammation toward melanocytes that affect multiple parts of the body, including the choroidal stroma and the larger choroidal vessels (11, 13). In VKH no retinal involvement at early stages of disease are noticeable. In contrast, retinal inflammation (e.g., leakage of vessels) is an early clinical characteristic of BU (14), which suggests that retina involvement is not merely the result of inflammation spilling over from the choroid. However, the cause and interdependence of the retinal and choroidal inflammation are unknown, which is reflected in the use of multiple terms to define the eye condition; birdshot retinitis, birdshot chorioretinopathy, or birdshot retinochoroidopathy. For lack of understanding the disease pathology, here the broader term “birdshot uveitis” was chosen.

Microscopic anatomy studies (or histological studies) of eye tissue of patients with BU are scarce because of the rarity of the condition (estimated 1 to 5 cases per 500,000) (6, 15). The most recent histological study by Sohn and coworkers (16) in a patient with end-stage BU showed extensive degeneration of the retina and near complete loss of choroidal layers and the retinal pigment epithelium, a highly specialized cell layer critical to the homeostasis photoreceptors of the retina. Changes in retinal pigment epithelium are also evident by retinal imaging in patients with established disease (17). Each of the histological studies show massive infiltration of blood leukocytes into the choroid and retina layers; mostly T lymphocytes not only express the glycoproteins CD4 (“T helper” cells) and CD8 (“Cytotoxic” T cells) (16, 18, 19) but also relatively increased numbers of other immune cells, such as myeloid cells and B lymphocytes. The cases in two of these studies were remarkable for a history of malignant melanoma, but evidence that directly links melanoma to BU is lacking. At most, the evidence is circumstantial, such as “Birdshot-like disease” in melanoma cancer patients that develop autoimmune uveitis due to checkpoint inhibitor therapy (a treatment setting T cells free to kill tumor, but also normal tissue) (20) or the presence of blood antibodies that can bind to proteins in melanoma tumor cell lines (21). These phenomena may be explained by the fact the proteins involved in immunity toward melanoma are also expressed in normal melanocytes (22) and may actually support that choroidal melanocytes are among target cells deliberately attacked by the derailed immune system in BU.



The Genetic Association With HLA-A29

Short after BU was first described in 1980 (23), the unusually strong genetic association of the Human-Leukocyte Antigen A*29 (HLA-A*29) with BU was discovered in 1982 by Nussenblatt and coworkers (24). HLA-A29-positive testing is now widely considered critical to diagnosis and led key opinion leaders in the field propose to rename the condition to “HLA-A29 uveitis” (25). HLA-A*29 is one of the hundreds of variants of the HLA-A gene that together with different versions of HLA-B and HLA-C genes form the HLA class I complex of functionally related proteins in humans. The HLA-A gene encodes slightly different versions of a the cell-surface protein HLA-A. Like other HLA class I proteins, HLA-A plays a central role in the immune system by instructing immune cells (e.g., cytotoxic T cells) if a cell must be destroyed because it is infected by foreign invaders (e.g., a virus) or when a cell has become cancerous after mutation of the DNA (26). In most cells of the body, HLA-A achieves this by constant sampling of protein fragments from foreign invaders or self-proteins (termed “antigenic” peptides, or antigens in short) from the inside of the cell and “presenting” these peptides on the outside of the cell for scrutiny by surveilling immune cells (26, 27). This “antigen presenting pathway” is critical to monitor cellular integrity and is based on differentiating “self” from “non-self” (pathogen) or “altered-self” (cancer) (26). Aberrant function of this pathway can result in persistent infection, cancer or autoimmune disease (27).

Because all patients with BU carry a copy of the HLA-A29 allele (the term for “gene variant”), it is considered to be critically involved in the unidentified disease mechanisms (1). This is supported by rare familiar cases of BU that show that all cases with the eye phenotype are also HLA-A29-positive (28). Also, the allele frequency of HLA-A29 is high in Western-European countries (29), where also the vast majority of BU patients are reported in Europe, while BU is anecdotally reported in populations with low occurrence of HLA-A29 (30, 31). How exactly HLA-A29 contributes to eye inflammation is unknown, but several unique properties of HLA-A29 distinguish this allele from others HLA-A alleles in the population; A gel electrophoresis study from 1992 indicated that HLA-A29 in cases is identical to unaffected controls that carry HLA-A29 (~5–10% of the Western-European populations) (32), which is supported by small DNA sequencing studies (29). In two genome-wide association studies (33, 34), we used detailed genetic analysis of HLA alleles in BU cases that revealed that the main risk allele for BU is HLA-A*29:02, the most common HLA-A29 allele in Europe. These studies further ascertained that other associations in the MHC locus (the DNA region where HLA genes are embedded) are a result of positive linkage disequilibrium (LD) with HLA-A29. In other words, near-by gene variants such as for example the HLA-B*44 allele are often (yet not always) inherited together with HLA-A29 but most likely not relevant for the disease. One study of a murine model in which a copy of HLA-A29 DNA from a BU patient was genetically expressed initially showed an eye disease similar to BU (35), but in a later underappreciated study, the mice strain used for the BU model was found to harbor a wide-spread and previously unnoticed genetic mutation that causes retinal degenerative disease (not uveitis) that also affected the control mice (36). This supports that the HLA-A29 allele itself is not sufficient and that the susceptibility to BU is mediated by additional etiological triggers. This also fits the observation that HLA-A29 is a common allele (~10% of the Western-European population is HLA-A29-positive), but BU is a rare condition (~250 cases in the Netherlands at 17 Mill. citizens as of June 2020). Also, HLA-A*29:02 is also very common among specific ethnic groups of non-European ancestry where BU has not been reported, such as the South African Zulu (37) or the Luhya in Webuye of Kenya in Africa (~10% HLA-A*29:02-positive individuals) (38, 39).



The HLA-A29 Protein Structure

In 2020, the immuno polymorphism database (40) contains >200 reported HLA-A29 alleles, but only the most common alleles—HLA-A*29:02, HLA-A*29:01, and HLA-A*29:10—have been reported in cases with birdshot (41). Structurally, HLA-A*29:01 (D102H) and HLA-A*29:10 (E177K) differ from HLA-A*29:02 at single amino acids positions in the external alpha 2 domain of HLA-A29 (Figure 1A), but these positions do not influence the expression, conformation, or interaction of the HLA-A complex with T cells (46–48). In other words, these alleles can be considered functionally similar. The most relevant amino acid positions in HLA-A29 for disease risk were statistically linked to amino acids at positions 62 and 63 in the protein sequence (33). As shown in Figure 2, the amino acids Leucine at position 62 (62-L) and Glutamine at position 63 (63-Q) distinguish HLA-A29 from other HLA-A alleles. This is of interest because computational modelling of HLA-A by changing amino acids at indicated positions (or amino acid substitution modelling) revealed that position 63 has the largest effect on the ability to bind antigenic peptides over all polymorphic positions in the peptide-binding “groove” of HLA-A allotypes (the term for “protein variants”) (49). Specific mutation of the positions 62-63 can completely abrogate HLA-peptide recognition by T cells (50). Most other HLA-A alleles encode the amino acids asparagine (N) or glutamic acid (E) at amino acid position 63 (Figure 2). Despite the degree of similarity of the chemical characteristics of the side chains of the amino acids, the effects of Q and N on the local structure of protein are different (51) and changing the chemically related glutamine (Q) to glutamic acid (E) at single amino acid position in the HLA-A molecule can modulate the interaction with CD8 of T cells (52). Indeed, amino acid substitution modelling of position 62 and 63 in HLA-A29 demonstrates that the strength of binding of peptides (i.e., the binding “affinity”) into the peptide-binding groove of HLA-A29 is decreased if the amino acids at these positions are changed to any of the other other naturally occurring combinations of amino acids at positions 62-63 in HLA-A (Figure 1B). Curiously, substituting position 62 is predicted to have a larger effect than substitutions on position 63. Also, the ‘theoretical’ motif 62-L 63-E (which does not occur in any known HLA-A alleles) provides a globally similar binding capacity for peptides compared to the 62-L 63-Q of HLA-A29. Phylogenetically related alleles of HLA-A29 (i.e., HLA-Aw19 complex) (53) encode 62-Q 63-E and would require changing ‘only’ position 62 to achieve a globally similar functionality. However, as mentioned, the local structural effects of the chemically related E and Q can be quite distinct and functional analysis is required to better understand the hierarchy of impact of these positions on defining the HLA-A29 peptidome. Also, these amino acids do not completely account for the peptide specificity of HLA-A29. In fact, 62-L 63-Q is detected in some other alleles such as HLA-A*43:01, HLA-A*11:11, and HLA-A*68:130 [allele frequency of HLA-A*43:01 and HLA-A*11:11 in the European population >15,000 times less than HLA-A*29:02 (54), and HLA-A*68:130 is not well documented (40)]. However, these alleles differ from HLA-A29 alleles on various other key positions that influence peptide binding in the peptide-binding groove, including amino acid position 9 (55), 70, 76, 77, or positions 97 or 152, which influence the interaction with T cells (56, 57). Notwithstanding these exceptional alleles, the amino acid motif 62-L 63-Q near exclusively accounts for HLA-A29 in the European population (54). Amino acid residues 62 and 63 are positioned at the edge of the peptide-binding groove (Figure 1A) in a cavity that directly interacts with the side chain of the amino acid at position 2 (P2) of the displayed antigenic peptide (58). Therefore, the 62-63 motif may influence the flexibility to accommodate antigenic peptides with distinct P2 residues, a feature most likely relevant to autoantigen discovery for BU.




Figure 1 | Structure and function of amino acid positions 62 and 63 in HLA-A29. (A) View into the peptide‐binding groove of a three‐dimensional ribbon model for HLA-A29 (Based on Protein Data Bank entry: 6J1W modelling using UCSF Chimera (42). The amino acids Leucine (L in yellow) at position 62 and Glutamine (Q in blue) at position 63 defining HLA-A29 are indicated. The binding peptide is shown in black with phenylalanine at position 2 (P2-Phe) interacting with position 63-Q (with energy-minimized positions of side chains). Polymorphic amino acid positions associated with the alleles HLA-A29:01 (pos 102 in red) and HLA-A29:10 (position 177 in green) are also shown. (B) The effect of amino acid substitutions for position 62 and 63 on predicted binding affinity for HLA-A29-presented peptides. The average binding scores of 9-mers (n = 948) detected by mass-spectrometry analysis of HLA-A29 reported by Venema et al. (43). Replacement of position 62 and 63 with the most commonly occurring amino acids at that position encoded by HLA-A alleles was done in netMHCpan 4.1 server (44). Naturally occurring motifs are indicated with black lines, other motifs (e.g., QN) do not occur in human HLA-A allotypes. (C) The percentage of 9-mer peptides with P2-Phe and P9-Tyr detected in immunopeptidomes of HLA class I alleles as reported by Sarkizova et al. (45). The top 5 (of 95 alleles tested) class I alleles other than HLA-A29 are shown. The jaccard similarity index for the HLA-A*29:02 peptidome (overlap in presented peptides) and each allele is indicated (in %). Peptidome data were derived from Sarkizova et al. (45). (D) Sequence logos of 9-mers (n = 948) from HLA-A29 [the same peptides as in (C)] stratified into non-specific for HLA-A29 [with binding score MSi > 0.6 for HLA-A*43:01 or HLA-A*68:130 according to the HLAthena server (45)] or specific for HLA-A29 (MSi < 0.6 for HLA-A*43:01 and HLA-A*68:130). The arrow indicates the aromatic P2 in the binding motif specific for HLA-A29.






Figure 2 | The amino acid sequence of HLA-A alleles. The first 100 amino acids for 19 HLA-A alleles from the IPD-IMGT/HLA Database (40). The amino acids at positions 62 and 63 distinguish HLA-A29 alleles, with the exception of the rare HLA-A43 (± 15,000 times lower allele frequency compared to HLA-A29:02 in the European population).





The HLA-A29 Peptide Motif

The peptide binding motif—or the ‘conserved’ positional residue preference considering the amino acid sequences of all “presented” peptides—of HLA-A29 is relatively flexible on condition of a C-terminal (the last amino acid in a peptide) Tyrosine (Y) or less frequently a Phenylalanine (F) (45). Peptides with a C-terminal Y also make up a significant proportion of the peptides presented on other HLA-A alleles, including HLA-A*01:01, HLA-A*03:01, and HLA-A*30:02 (45) (but also HLA-A*43:01 and HLA-A*68:130). This includes peptides that are detected in the binding groove of more than one HLA-A allotype (demonstrated by mass-spectrometry studies of single-HLA-expressing cell lines), a phenomenon termed peptide ‘promiscuity’ (59). We and others have studied the complete set of antigenic peptides (termed the ‘immunopeptidome’) bound by HLA-A29 and used multidimensional scaling (a visual representation of the immunopeptidome where all peptides are positioned in a graph based on their relative similarity or difference in amino acid sequence) to cluster the peptides into subdominant binding motifs (or “submotifs”) (43, 45, 60). This approach facilitates the identification of clusters of antigenic peptides (submotifs) that are shared with other HLA class allotypes or that are unique to HLA-A29. These studies revealed patterns of submotif preferences easy to miss in conventional studies when considering the immunopeptidome as a whole. In short, HLA-A29 presents a palette of submotifs mostly defined by distinct amino acids at position 2 (P2) and 7 (P7) in the antigenic peptide sequence. As discussed, a fraction of peptides presented by HLA-A29 is also found in the binding groove of other HLA-A alleles and consequently some submotifs of HLA-A29 were also detected in immunopeptidome data of other HLA allotypes. This helped to narrow down a submotif that is specific to HLA-A29 (43), which is characterized by the amino acids F or Y at P2 in conjunction with the HLA-A29-characteristic C-terminal (PC) Y (F/Y-P2 + Y-PC motif). This motif makes up ~15% of the HLA-A29 immunopeptidome (Figure 1C). Peptides with this motif are substantially less frequently presented on other HLA allotypes and those that do are uncommon in the Western-European population and/or display very low similarity in the immunopeptidome composition with HLA-A29 (<3% of the peptides are shared, Figure 1C). Note that ‘just’ P2-F and P2-Y (so without PC-Y) is not uncommon in the immunopeptidomes of other HLA-A allotypes, such as HLA-A24 [see supplemental data of Sarkizova et al. (45)], but the amino acids that occupy the pocket accommodating P2 of binding peptides is completely different from HLA-A29. Although we were unable to find immunopeptidome studies of the HLA-A*43:01 and HLA-A*68:130 alleles, binding prediction shows that peptides with the motif F/Y-P2 + Y-PC are poorly presented by these alleles, most likely as a consequence of the differences in other key positions in the binding groove (Figure 1D), which further support that this motif is specific to HLA-A29.



The ERAP1-ERAP2 Haplotype Links BU to the Western-European Ancestry

Key to progress in understanding why merely a fraction of HLA-A29-positive individuals develop BU came from genetic studies, including work from our lab. We identified that beyond HLA-A29, genetic polymorphisms (or common variations in the DNA sequence among individuals) at chromosome 5q15 confer strong disease risk (34, 61). The signal on chromosome 5 covers the endoplasmic reticulum aminopeptidase (ERAP)-1 and ERAP2 genes, and LNPEP, all enzymes involved in trimming the peptide fragments before they are bound by HLA class I (e.g., HLA-A29). Importantly, the combination of two polymorphisms functionally linked to ERAP1 (rs2287987) and ERAP2 (rs10044354), conferred a risk for BU that was significantly larger than the risk from either one the two polymorphisms individually (61). Analysis of patients and HLA-A29-positive controls showed that the combined polymorphisms linked to ERAP1 and ERAP2 also showed the largest disease risk (detected in 50% of 130 cases and 25% of 439 HLA-A29-positive controls). This indicates that the genetic changes affecting both ERAP1 and ERAP2 in tandem increase the risk in the HLA-A29-positive population (61). Indeed, if we look at publicly available data from the 1000 genomes project, the risk-variant linked to ERAP2 (rs10044354-T) or the risk-variant linked to ERAP1 (rs2287987-C) are also observed in HLA-A29-positive individuals of non-European ancestry (Figure 4). For example, most of the HLA-A29-positive cases in the Luhya in Webuye (LWT in Figure 3) of Kenya also carry the BU risk-variant near ERAP2, a population where no BU has been reported. In contrast, the combined risk polymorphisms are only observed in HLA-A29-positive individuals in Western-European populations in which BU is “endemic”, with the exception of Puerto Ricans (PUR in Figure 4). However, the majority (>60%) of Puerto Ricans is of European ancestry and the samples from this population were collected throughout the entire country (i.e., predominantly Caucasian) (64). Furthermore, BU is reported in Puerto Ricans (several Puerto Rican BU cases are reported in the Retina Image Bank; file numbers 6191 and 6178) (65). In contrast, the Tuscany population (TSI in Figure 4) includes samples collected from a small town near Florence in Italy. In this population the combination of HLA-A29 and the ERAP1-ERAP2 polymorphisms is rare. These data do not necessarily represent all individuals of a population of a country that is of mixed ancestry [e.g., BU is reported in Northern Italy (66)], but serves to explain why BU is very rare or non-existing in populations where the genetic combination associated with BU risk is exceptional.




Figure 3 | The combined risk factors HLA-A29 and the ERAP1-ERAP2 haplotype are restricted to populations of Western-European ancestry. The percentage of individuals that carry a copy of HLA-A*29:02, the C allele of the polymorphism rs2287987 (in ERAP1), and the T allele of rs10044354 (near ERAP2) in 84 BU patients and the 2504 individuals of 26 ethnic populations of the 1000 Genomes Project. Data from BU patients was derived from (61). The graphs in the middle are the data for all 2504 individuals of the 1000 Genomes. The graphs on the right are the genotype data limited to HLA-A*29:02-positive individuals. This data demonstrates that the combined risk haplotype of rs2287987-rs10044354 in HLA-A29 is rare or absent in populations of non-Western-European ancestry. HLA data was obtained from (39) and genotype data for rs10044354 and rs22878987 from the 1000 Genomes project (63). The regions and populations are indicated using the following abbreviations: CHB, Han Chinese in Beijing; JPT, Japanese in Tokyo; CHS, Southern Han Chinese; CDX, Chinese Dai in Xishuangbanna; KHV, Kinh in Ho Chi Minh City; CEU, Utah Residents (CEPH) with Northern and Western European Ancestry; TSI, Tuscans in Italy; FIN, Finnish in Finland; GBR, British in England and Scotland; IBS, Iberian Population in Spain; YRI, Yoruba in Ibadan; LWK, Luhya in Webuye; GWD, Gambian in Western Divisions in the Gambia; MSL, Mende in Sierra Leone; ESN, Esan in Nigeria; ASW, Americans of African Ancestry in SW USA; ACB, African Caribbeans in Barbados; MXL, Mexican Ancestry from Los Angeles USA; PUR, Puerto Ricans from Puerto Rico; CLM, Colombians from Medellin; PEL, Peruvians from Lima; GIH, Gujarati Indian from Houston; PJL, Punjabi from Lahore; BEB, Bengali from Bangladesh; STU, Sri Lankan Tamil from the UK; ITU, Indian Telugu from the UK.






Figure 4 | The splice associated variant rs7063 associated with haplotype 6 (97% of all Hap6) and 10 (99% of all Hap10) of ERAP1 mediates low expression of these haplotypes in lymphoblastoid cells. Gene expression data for ERAP1 and ERAP2 from 85 homozygous or heterozygous cell lines with indicated haplotypes (and rs7063 allele) were obtained from available RNA-sequencing data of 358 lymphoblastoid cell lines from European ancestry of the GEUVADIS cohort (loaded using the recount R package) (62). Note that in cell lines that harbor the haplotype 10 containing the T allele of rs7063 genotype, the rs7063 genotype in Hap6 governs the expression of total ERAP1 and that Hap6/Hap10 cell lines homozygous for the T allele of rs7063 show similar low expression compared to Hap10/Hap10 cell lines. The gene expression pattern for ERAP2 (left plot) in the same samples does not mimic ERAP1 gene expression patterns, but reflect the non-random distribution of the ERAP2-protein coding haplotype across common ERAP1 haplotypes, as we previously described (61). In particular haplotype 2 (Hap2; encoding allotype 2) is found infrequently in conjunction with ERAP2 haplotype A and, thus, shows low overall expression for ERAP2 in the Hap2 homozygous cell lines in this example (n = 9).



This also implies that the ERAP1, ERAP2, and HLA-A29 collectively drive the pathogenesis of BU. We do like to emphasize that the number of individuals “burdened” with the “birdshot-genotype” still exceeds the estimated cases in each population (~1% of people from Western-European ancestry, of which about 1 in 500 develop BU as a rough estimate). Here, it is good to consider that the cause of HLA-A29-dependent BU is most likely heterogenous and in some patients may be mediated by genetic susceptibility imprinted in ERAP genes, while in others ERAPs may be dysregulated by alternative mechanisms. For example, ERAP1 is tightly regulated by TNF-alpha, a pro-inflammatory cytokine that is increased in concentration in eye fluids of BU patients and blocking TNF-alpha by anti-TNF therapy alleviates severe symptoms of BU (67–70). Polymorphisms linked to ERAP1 and ERAP2 genes are also associated with other HLA class I associated conditions that manifest with non-infectious uveitis, including HLA-B27-associated anterior uveitis and ankylosing spondylitis, or HLA-B51-associated Behcet’s disease (71–73). This supports the interdependence of ERAPs and HLA class I in the pathophysiology of non-infectious uveitis.



ERAP1 and ERAP2 in the Antigen Presentation Pathway

The antigen presenting pathway for HLA(-A) starts with the degradation of cellular proteins (proteolysis) by the proteasome, a continuous and normal process to eliminate dysfunctional or mature proteins into shorter peptides (26, 27). A selection of peptides up to 20 amino acids long are transported into the endoplasmic reticulum (ER) by the Transporter associated with antigen processing (or TAP) and trimmed to generally 8-10 amino acid long peptides by ERAP1 and ERAP2 (26, 27, 74). ERAP1 and ERAP2 are specialized aminopeptidases that reside in ER (hence their name) where they each trim a proportion of the antigenic peptide pool before the peptides bind to HLA class I molecules for presentation at the cell surface (74). Structural studies have shown that the trimming process involves sequestering the entire peptide sequence inside the enzyme’s cavity after which the N-terminal (first amino acid in the peptide sequence) is trimmed off (75, 76), which indicates that the majority of peptides are trimmed before binding (77) to HLA class I (e.g. HLA-A29). Some HLA class II alleles lack protection of their peptide-binding groove when exposed to peptides in the endoplasmic reticulum and bind these peptides before their transportation to the cell surface (78). It’s not unlikely that ERAPs may influence the peptide cargo presented by a selective group of these ‘unprotected’ HLA class II alleles, but this is unexplored. Also, ‘free’ ERAP1 and ERAP2 is found in body fluids and blood (79), and can be secreted by stimulated immune cells (80). Notwithstanding these other functions, the strong genetic association with HLA-A29-associated BU implicates ERAP-dependent antigen presentation by HLA-A29 as a key disease pathway in BU. To better understand how ERAP1 and ERAP2 modulate HLA-A29, let’s first detail the genetic associations mapped to these genes.



ERAP1 and Birdshot

The ERAP1 gene encodes various distinct ERAP1 haplotypes (a group of polymorphisms inherited together) that encode functionally different protein variants (which are termed “allotypes”) with markedly different capacity to cut antigen peptides in terms of speed and specificity (61, 81). Genetics studies showed that the C allele of the polymorphism rs2287987 was more frequently seen in patients with BU (61). The rs2287987-C is found almost exclusively in the haplotype (named Hap10) that encodes Allotype 10 (61). Detailed description of ERAP1 polymorphisms and their effects on functions of ERAP1 can be found elsewhere (74, 82). Briefly, the minor C allele of rs2287987 located in exon 6 of ERAP1 results in the change of Methionine to Valine at amino acid position 349 in ERAP1. This amino acid change occurs in the active site of ERAP1 next to the hallmark zinc-binding motif of the family of M1 zinc metallopeptidases (H-E-X-X-H-(X)18-E motif) and affects the enzymatic activity of the enzyme. However, the rs2287987 bearing allotype 10 contains additional polymorphisms that indirectly affect the specificity or activity by changing the structural conformation of the enzyme (83, 84). Note that rs2287987-C is also common in African populations (Figure 3) but it often resides in ERAP1 haplotypes different from Hap10. Allotype 10 is characterized by enzymatic activity that is magnitudes lower compared to other characterized allotypes of ERAP1, but also shows relatively low expression (61). The latter feature is caused by moderate LD between the C allele of rs2287987 and a splice interfering variant [T allele of rs7036 (85)] located upstream in an untranslated region of ERAP1 [rs7063 is present in >90% of Hap10 and typically <5–10% of other common haplotypes of ERAP1 (61)]. Although low expression and low enzymatic activity of Hap10 is often mentioned in the same breath in discussions of its pathogenic contribution to disease, rs2287987 is associated with BU independently from rs7063, thus, the BU risk linked to rs2287987 represents more likely the diminished enzymatic activity of ERAP1 (61). In fact, rs7063-T is also found in >90% of another common haplotype of ERAP1 named Hap6 (61).

Because the vast majority of Hap6 shares the T allele of rs7063 with Hap10 (61), gene expression data from the 1000 Genomes project shows that consequently the expression of the two haplotypes is comparably low (Figure 4). Although the ERAP1 expression levels have been shown to influence the immunopeptidome of HLA-A29 (86), the low expressed Hap6 is not associated with BU (61) and makes it more plausible that the highly distinct enzymatic features of Hap10 contribute to the susceptibility to BU. This is further supported by the fact that the highly active ERAP1 allotype encoded by Hap2, the functional “antagonist” of Hap10, is protective against BU (61). Because of these differences in trimming capacity, the lack of destruction of a uveitogenic epitope is a plausible mechanism for disease.



ERAP2 and Birdshot

Of the two common haplotypes (A and B) of ERAP2 detected in the population, haplotype A (HapA) encodes the canonical full-length ERAP2 protein (87), but is consists of many polymorphisms that are located also far outside ERAP2 and deep into the LNPEP gene. The polymorphisms of HapA outside ERAP2 are located in the intragenic regions of the LNPEP gene and are not encoded into the LNPEP gene products. Haplotype B (HapB) contains a polymorphism (the G allele of rs2248734) that changes a splice region and facilitates intronic read-through until a stop codon, which under steady state conditions targets the transcript for destruction and results in barely detectable levels of the full-length ERAP2 protein (87). However, HapB has been shown to produce a truncated ERAP2 protein in response to infection by various microbial pathogens, interferon alpha or bacterial lipopolysaccharides (88–90). The strongest association at 5q15 is linked to the polymorphisms in HapA (tagged by rs10044354 in an intragenic location of LNPEP). We showed that this signal did not influence the splicing or expression of the LNPEP gene, but showed that high ERAP2 expression controlled by this genetic signal embedded in HapA is a risk factor for BU (34, 61). Here we note that the polymorphism rs10044354 (and variants in LD) is independently associated with BU from the polymorphism rs2248374 that governs splicing of ERAP2 into its main haplotypes (61). Data from the The Genotype-Tissue Expression (GTEx) project supports that rs10044354 is strongly associated with the expression of ERAP2 and mildly impacts the expression of LNPEP across various tissues (91). However, the effect sizes of rs10044354 on the expression of other nearby genes ERAP1 and CAST are in the same range as for LNPEP and of unknown biological significance. In summary, high ERAP2 expression is a significant risk factor for BU in HLA-A29-positive individuals. The generation of uveitogenic peptides by ERAP2, which hypoactive ERAP1 fails to destroy, is a plausible disease mechanism for BU.



ERAP1 and ERAP2 Shape the HLA-A29 Immunopeptidome

Both ERAP1 and ERAP2 have been shown to affect the HLA-A29 peptidome of cell model systems (86, 92), which has been reviewed in detail elsewhere (74). In short, by global assessment of the immunopeptidome, active ERAP1 allotypes (e.g. Hap2) decrease the length of peptides of 10 amino acids or longer (10-mers), with a net increase of 9-mers (86). In the presence of active ERAP1 allotypes, the number of peptides with phenylalanine (F) and tyrosine (Y) at the first two amino acids of the peptide sequence (the N-terminal position 1 [P1] or 2 [P2]) of the binding peptides was slightly increased (86). ERAP2 shapes the HLA-A29 immunopeptidome predominantly by destruction of peptides with a P1 amino acid that are preferred substrates for ERAP2, predominantly Lysine (K), Arginine (R), and Alanine (A) (93). Large aromatic amino acids F and Y are poor substrates for ERAP2. Because ERAP2 destroys competing peptides that harbor optimal residues (K, R, or A at P1) for ERAP2, peptides that contain F or Y at P1 consequently make up a relatively larger proportion of the available antigen peptides to bind HLA-A29 and become “over-represented” in the presence of ERAP2 (43, 92). Other studies from the López de Castro group also demonstrated these ERAP2 effects on the immunopeptidome of risk HLA allotypes of other types of uveitis, such as HLA-B27 (94). In a recent study, we demonstrated that the effect of ERAP2 on P1 is actually a common feature of ERAP2 observable in the immunopeptidomes of all HLA class I alleles expressed by the cell (43). Intriguingly, Abelin and coworkers showed that peptides presented by HLA class I allotypes show a depletion for K, R and A residues at P1, which we believe can be attributed to the fact that their studied cell line expresses ERAP2 (60). So perhaps ERAP2 is evolutionary designed to destroy epitopes with these characteristics as a means to lower the immunogenicity of the presented immunopeptidome. This hypothesis comes from the observation that cancer patients with high ERAP2 expression showed worse overall survival after checkpoint inhibitor therapy (allowing T cells to kill cancer cells), relative to those with low ERAP2 expression (95). In other words, when T cells are “licensed” to attack tumors unrestrictedly, immune responses are more dependent on the level of antigen presentation to T cells. Here, ERAP2 may influence the HLA class I immunopeptidome so it provides less T cell epitopes to destroy tumors (and perhaps normal tissue, but this was not evaluated). This may in part be explained by the fact that the side chains of the amino acids at P1 influence the spatial configuration of amino acid position 167 in HLA-A, which has been shown to tune the peptide recognition by T cells and affect the peptide binding repertoire (49, 96). Here, the amino acids K and R induce a similar configuration of position 167 that is distinct from the configuration the alpha domain adapts at this position if P1 contains a F or Y (96) which functionally parallels the preference for trimming these amino acids by ERAP2. Beyond the universal effects on P1, peptides that are destroyed by ERAP2 may also share additional characteristics. For example, ERAP2 also showed preference for amino acids at position 3 and 7 in the antigenic peptide (43), which matches the pockets of ERAP2 that would interact with the sidechain of these residues (75). Similar to the effects of P1, as mentioned, the destruction of HLA-A29 epitopes by ERAP2 most likely represents a canonical function of ERAP2.



The ERAP1-ERAP2 Risk Haplotype Exhibits HLA-A29-Specific Effects

In contrast to the shared effects of ERAP2 across HLA class I immunopeptidomes, in patient derived cell lines homozygous for the risk ERAP1 allotype Hap10, ERAP2 facilitated the increased presentation of peptides with F or Y at P2 specifically for HLA-A29 (43, 92). Because this is the same submotif that distinguishes HLA-A29 from other HLA class I alleles, this observation provides a possible explanation for the association of these genes with BU. These submotif-specific effects of ERAP2 were also detected in different source data regarding immunopeptidomics of HLA-A29 (43). This indicates these effects of ERAP2 on HLA-A29 are generalizable, but may also help narrow down the putative disease modifying effects of the antigen presentation pathway. Recall that active ERAP1 allotypes (other than Hap10 and in ERAP2-deficient cells) also showed a moderate increase of F at P2 in the HLA-A29 immunopeptidome (86). However, submotif analysis of this data revealed that ERAP1 did not bias the immunopeptidome in favor of the HLA-A29-specific submotif like ERAP (43). This may be because the pocket in which the side chain of P2 binds in ERAP2 has limited space which doesn’t allow bulky aromatic residues (75), while the analogous pocket in which P2 would bind in ERAP1 is more open and could accommodate bulky residues to some degree (i.e., F or Y) (76). Furthermore, considering individual peptides, there is low correlation between the effects of ERAP1 and ERAP2 on HLA-A29 (43), which indicates context specificity and possible non-redundant pathogenic contributions to antigen presentation by HLA-A29 that increase the risk for BU. Such independent pathogenic contributions by ERAP1 and ERAP2 are supported by the genetic studies (61) of BU as discussed.



HLA-A29 and Autoantigen Presentation

Given that HLA-A29 is prerequisite for the development of BU, we hypothesize that disease mechanisms associated with antigen presentation are most likely driven by a limited set of epitopes (or single peptide) because of promiscuity of peptides across HLA class I (59). Based on the submotif that is specific to HLA-A29 and supported by ERAP2, we hypothesize that ‘uveitogenic’ HLA-A29-restricted peptides may more likely harbor a F or Y at P2 (and a Y at PC). The importance of P2 in HLA-A29-restricted peptides is in line with the fact that the amino acids at position 62-63—which define HLA-A29—directly interact with P2 of the binding peptide (Figure 1). The hypoactive ERAP1 allotype strongly linked to BU predominantly may prevent the destruction of 9-mers or longer peptides (43, 73, 92). There are examples of HLA-A29-presented 10-mers that cause strong T cell-mediated responses in humans, such as AELLNIPFLY encoded by UGT2B17 (97, 98).

Curiously, the HLA-A*29 alleles are among the lowest expressed HLA-A alleles (99). However, the amount of peptides presented by HLA class I only weakly correlates with HLA levels at the cell surface, plus immunopeptidome studies support that HLA-A29 is potent in presentation of peptides at the cell surface (43, 45, 92). Of interest, HLA class I is generally low expressed in the retina (100), while HLA class I expression is relatively high around endothelial cells of large vessels of the choroid (101), the presumed epicenter of inflammation in BU (12). Choroid melanocytes are densely located around these endothelial cells and have been proposed as an autoantigen-source in BU etiology (1). Perhaps BU is driven by HLA-A29-presented ERAP-dependent melanocyte-derived peptides (1, 61). This also fits the “autoimmune surveillance of hypersecreting mutants” (ASHM) theory, which predicts that autoantigens involved in organ-specific autoimmunity (the eye) should be linked to secreting cells such as melanocytes (102), where autoimmunity is considered a natural tradeoff to prevent lethal disease mediated by hypersecreting mutants. Besides their more commonly known role in pigment production, choroid melanocytes have also been shown to contribute to the maintenance of the normal vasculature structure of the choroid (103). Of interest, melanocytes can produce powerful angiogenic factors upon suppression of tyrosinase activity, the key enzyme in pigment production (104). It is conceivable that proteins highly expressed in choroidal melanocytes are closely monitored by surveilling self-reactive T cells (following the ASHM theory), because of the potential devastating effects of hypersecreting mutants, at the cost of autoimmunity. The autoimmune conditions VKH, vitiligo, and psoriasis are a proof of principle that melanocytes harbour autoantigens that are targets for autoreactive T cells (105–108). Gene expression or proteomic studies comparing cutaneous and choroid melanocytes are warranted to understand their potential differences to better understand the restriction of BU inflammation to the eye. Of interest, the ERAP2-promoted HLA-A29-specific peptide motif (P2-F + PC-Y) is observed in the amino acid sequence of key proteins of melanogenesis that are expressed in the eye (43). These include a number of putative candidate peptides from melanocyte proteins, such as CFVALFVRY (SLC45A2), CFPLLRLLY (OCA2), or SFSKLLLPY (PLXNC1) (43). Of course, functional experiments are required to validate if any of these ‘potential’ peptides are actually presented by HLA-A29. As mentioned, the circumstantial association with melanoma (i.e., a ‘hyper’ anti-melanoma response) has sparked interest for this theory, but lacks evidence for any causal relation (109). Remarkably, although HLA-A29 can effectively present melanoma epitopes (1), HLA-A29 is associated with worse survival compared to HLA-A29-negative melanoma patients (110). This could indicate that perhaps similar to the effects of ERAP2, in general, HLA-A29 and ERAP2 may ‘lower’ the immunogenic peptide cargo presented to T cells, but only increase the expression of a very limited (perhaps single) antigen under specific conditions that cause BU. Alternatively, the loss of choroidal melanocytes may be collateral damage from dysfunction in the choroidal endothelium. More specifically, the disruption of a Hedgehog-signaling axis from choroidal endothelial cells to choroidal stromal cells (i.e., perivascular mesenchymal stem cell-like cells that suppress T cell function) resulted in the loss of choroid melanocytes and illustrates a key role for the choroidal endothelium for the maintenance of choroidal immune homeostasis (111).

The retinal S-antigen has long been considered as a major autoantigen for BU, because S-antigen causes a birdshot-like phenotype in primate models (112, 113) and T cells from patients proliferate after stimulation with S-antigen (24, 114). However, S-antigen immune reactivity is widespread among clinically distinct phenotypes of uveitis and linked to T helper cell responses (linked to HLA class II), which suggests it plays a role in BU independent of HLA-A29, perhaps at later stages of the disease. This is in line with the retinal lesions observed in BU patients and suggests the retinal S-antigen may have a role at the clinical stage. However, also other retinal proteins contain peptides that may be presented by HLA-A29 (109). Previous in vitro studies determined that peptides derived from the S-antigen can bind to HLA-A29 (115), but further research using immunopeptidomics of cells expressing S-antigen are required to define the HLA-A29 presented epitopes of S-antigen. We recently identified that a naturally HLA-A29-presented peptide of S-antigen is VTLTCAFRY and currently assess if this peptide is also recognized by T cells of patients (43).



The Microbiome, Th17 Cells, and HLA-A29

The commensal microbiome is a fast universe of diverse and mostly uncharacterized microbial species which inhabit tissues such as the skin and gastrointestinal tract where they collectively influence the functions of the immune system (116). For example, CD8+ T cells are primed by microbial derived metabolites and MHC-I presented microbial derived peptides to cross-react with cancer antigens as a means to facilitate anti-tumor immunity (117, 118). Gut microbiome dysbiosis is observed in patients with inflammatory conditions and considered to cause disturbance of systemic immune homeostasis in uveitis (119). In animal models, gut commensals have been shown to directly activate T helper 17 (Th17) cells to trigger uveitis (120).

This is of interest, because BU patients show increased numbers of blood Th17 cells and elevated levels of Th17-cytokines (68, 121–123). Of interest, Th17 cells induced by infection such as the fungal commensal C. Albicans may persist and aggravate autoimmune disease of the kidney (124). Protective anti-C. albicans responses by Th17 cells have also paradoxically been shown to result in inflammatory lung disease or inflammatory bowel disease in some individuals (125). Although C. albicans infection can affect the choroid and retina in a small percentage of patients (126), this shows a very different clinical phenotype. Regardless, the Th17-signature in BU could be related to changes in the microbiome. Studies of the microbiome of patients with BU are not yet conducted, the first study of HLA-A29-positive individuals as a whole show show a distinct intestinal microbiome composition (127) as demonstrated for HLA-B27-positive or HLA-DRB1-positive controls (128). In fact, microbiome similarity is observed in individuals who shared HLA alleles (129), which suggests that HLA influences the composition of the gut microbiome in part as a canonical feature of the immune homeostasis. The interaction of the microbiome in antigen-presentation via HLA-A29 in the disease mechanisms of BU requires further investigation, ideally by integrating the novel insights from studies of ERAP1 and ERAP2. Of interest, HLA class I bound by Killer immunoglobulin-Like Receptors (KIRs) on T cells promotes the expansion of Th17 cells in patients with HLA-B27 pathologies (130). Furthermore, specific modulation of ERAP1 has been shown to influence Th17 expansion (131). Therefore, it would be interesting to determine if similar biological mechanisms are linking HLA-A29 to Th17 responses in BU.



KIR Receptors and Birdshot

BU may be driven by additional inflammatory genes since its genetic profile displayed shared genetic contributions with other inflammatory conditions, including systemic lupus erythema and Neuromyelitis optica, that both involve the eye (132). Among these may also be additional factors of the antigen presentation pathway, including the autophagy gene TECPR2 previously reported (34) or Killer immunoglobulin-Like Receptor (KIR) (KIRs) genes (133). KIR genes have been associated with BU, however, the allele frequencies of controls used in a study of BU patients may not be representative for European populations and stringent correction for multiple testing is required to avoid false-positives, which may influence the outcomes of KIR associations in BU (133, 134). Regardless, KIRs are important receptors for T cells, but also Natural Killer (NK) cells, an understudied immune cell in the context of non-infectious uveitis that is decreased in the circulation of BU patients (135). Curiously, immunosuppression therapy restores the number of NK cells in patients with uveitis (136). The role of KIRs in BU also merits further functional investigation because NK cells have been shown to get activated by HLA class I by altering the presented peptide (137). It will be interesting to explore the role of the ERAP1-ERAP2 haplotype in peptide presentation by HLA-A29 and NK cell responses in patients. However, in HLA-B27-associated ankylosing spondylitis, the strong genetic interaction of ERAP1 with HLA-B*27 was independent from genetic associations with KIR genes, suggesting that the disease mechanisms of ERAP and HLA class I may be mostly distinct from interaction of KIRs with HLA class I (138), and perhaps represent complementary mechanisms such as shown for free heavy chain expression by HLA-B27 and KIR interaction (131), while ERAP may mediated antigen-specific T cell responses. Indeed, T cell receptor (TCR) analysis of CD8+ T cells in patients with AS suggest differential antigen exposure (139) and similar studies of TCR repertoires of BU are currently underway.



Concluding Remarks

In this review, we discussed how key features of the antigen presentation pathway predispose to eye-specific autoimmunity in BU. The prerequisite for HLA-A29 and the enrichment for functional polymorphisms that affect the function of antigen processing enzymes ERAP1 and ERAP2 point toward a key contribution for the antigen presentation pathway in the etiology of BU. Using functional studies, we are beginning to understand how ERAPs shape the immunopeptidome of HLA-A29 and a growing body of evidence is closing in on their disease modifying effects. This will help to better predict the outcome of pharmacological interference of ERAPs activity using newly available small molecule inhibitors (140) that may soon be applied as a high precision medicine to halt autoimmunity and restore eye health in patients, while leaving immunity toward pathogens and cancerous tissues intact.
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Previous studies have shown that CD73 is pivotal in the conversion of pro-inflammatory adenosine triphosphate into anti-inflammatory adenosine and that immune cells of the same type that express different levels of CD73 are functionally distinct. In this study we show that adenosine enhances the Th17 promoting effect of dendritic cells (DCs), and DCs expressing CD73 critically augment Th17 responses. Bone marrow dendritic cells (BMDCs) do not constantly express CD73; however, a significant portion of the BMDCs expressed CD73 after exposure to Toll-like receptor ligand, leading to stronger Th17 responses by converting adenosine monophosphate to adenosine. We show that the CD73+ BMDCs play a critical role in cascading Th17 responses, and CD73+ BMDCs are functionally augmented after treatment with Toll-like receptor ligand. Splenic antigen presenting cells (DCs) of CD73−/− mouse have a poor Th17-stimulating effect, even after exposure to lipopolysaccharide (LPS) or γδ T cells, indicating that induction of CD73+ DCs is critically involved in augmented Th17 responses. We conclude that CD73+ DCs critically trigger cascading Th17 responses, and the activated Th17 cells that express CD73 further augment Th17 responses, leading to cascading exacerbation. Hence, disabling the CD73 function of DCs should block this cascading response and mitigate Th17 responses.




Keywords: autoimmunity, adenosine receptors, bone marrow dendritic cells, bone marrow culture dendritic cells, CD73, experimental autoimmune uveitis, γδ T cells, uveitis



Introduction

Under pathologic conditions, a large amount of adenosine triphosphate (ATP) is released into the extracellular compartment by injured and dying cells (1–4). The released ATP acts as an endogenous Toll-like receptor (TLR) ligand to enhance immune responses and inflammation (5–9). A combination of the ectoenzymes CD39 and CD73 degrades ATP, adenosine diphosphate (ADP), and adenosine monophosphate (AMP) to adenosine, thereby quenching the ATP-driven proinflammatory processes (10). Consequently, generated adenosine counteracts ATP-mediated immune stimulation, preventing uncontrolled inflammation and lessening the collateral damage to healthy tissues (1, 2, 11). Hence, the metabolic process of ATP conversion to adenosine has been viewed as an ‘immunological switch’ that shifts ATP-driven proinflammatory immune cell activity toward an anti-inflammatory state (12–14).

The glycosylphosphatidylinositol-linked membrane protein CD73 is the main enzyme responsible for the conversion of AMP into immunosuppressive adenosine (12, 13, 15–17). Studies have shown that CD73-deficient mice have altered inflammatory reactions (18–20). Expression of CD73 is functionally important for Foxp3+ regulatory T cells (10, 21), Myeloid-derived suppressor cells (22), and M2 macrophages (23–25), as well as for γδ T cells (26, 27); and immune cells of the same type that express different levels of CD73 are functionally distinct (24, 25). To determine whether dendritic cells (DCs) express CD73 and whether CD73 is functionally important for DCs, we examined CD73+ cells among cultured bone marrow dendritic cells (BMDCs) and splenic CD11c+ cells.

DCs are the principal antigen-presenting (AP) cells for initiating immune responses. Previous studies showed that DC differentiation and function is profoundly affected by TLR ligand (28) and adenosine (23, 29, 30). Since levels of extracellular adenosine increase greatly during inflammation (31–33), and since our previous studies showed that adenosine has an opposite effect on Th1 and Th17 pathogenic responses in experimental autoimmune uveitis, we examined whether adenosine and adenosine metabolism of DCs contribute to a biased effect of adenosine on Th1 and Th17 responses: particularly, whether CD73-expressing DCs differ in supporting Th1 vs Th17 responses. Our results show that BMDCs cultured with granulocyte–macrophage colony-stimulating factor (GM-CSF) do not express detectable levels of CD73; however, a significant portion of the BMDCs become CD73+ after exposure to TLR ligand or γδ T cells, suggesting that CD73 is not constantly expressed by BMDCs but is inducible. Functional comparison between induced CD73+ and CD73- BMDCs and between BMDCs from CD73+/+ (wt-B6 mouse) and CD73−/− (CD73−/− mouse) showed that CD73+ BMDCs are stronger stimulators for IL-17+ T cells whereas CD73− BMDCs preferentially stimulate Th1 responses. The CD73+ BMDCs produce unique patterns and amounts of cytokines as compared to CD73− DCs. Our results demonstrated that the induction of CD73+ DCs is crucially involved in cascading Th17 responses and that disabling CD73 function on DCs effectively mitigates the Th17 pathogenic responses in autoimmune diseases.



Materials and Methods


Animals and Reagents

Female C57BL/6 (B6) mice and CD73−/− and TCR-δ−/− mice were purchased from Jackson Laboratory (Bar Harbor, ME); 12- to 16-week-old mice were used in all studies. All mice were housed and maintained in the animal facilities of the University of California Los Angeles. Institutional approval (Protocol number: ARC#2014-029-03A) was obtained from the Institutional Animal Care and Use Committee of the Doheny Eye Institute, University of California Los Angeles, and institutional guidelines regarding animal experimentation were followed. Veterinary care was provided by IACUC faculty. Immunized animals that displayed swelling joints were either humanely euthanatized or administered an analgesic (buprenorphine, 0.1 mg/kg sc. twice daily or ketoprofen, 2 mg/kg sc. daily) until the swelling resolved. By the end of the study, mice were euthanized by cervical dislocation after a lethal injection of ketamine and xylazine prior to tissue collection. Recombinant murine IL-1β, IL-7, IL-12 and IL-23 were purchased from R & D (Minneapolis, MN). Fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-, or allophycocyanin (APC)-conjugated antibodies (Abs) against mouse CD4 (GK1.5), αβ T cell receptor (TCR) (H57-597), or γδ TCR (GL3) and their isotype control antibodies were purchased from Biolegend (San Diego, CA). (PE)-conjugated anti-mouse IFN-γ (XMG1.2) and IL-17 (TC11-18H10.1) monoclonal antibody was purchased from Santa Cruz Biotechnology (Dallas, Texas). The non-selective AR agonist 5’-N-ethylcarboxamidoadenosine (NECA) (34) and AMP were purchased from Sigma-Aldrich (St. Louis, MO, USA). Toll-like receptors ligand LPS was purchased from Invivogen (San Diego, CA).



Immunization and EAU Induction

EAU was induced in B6 mice by subcutaneous injection of 200 μl of emulsion containing 200 μg of human IRBP1-20 (Sigma-Aldrich, St. Louis, MO) in complete Freund’s adjuvant (CFA; Difco, Detroit) at six spots at the tail base and on the flank and intraperitoneal (i.p.) injection with 300 ng of pertussis toxin.



T Cell Preparation

All αβ T cells used were purified from the spleen or draining lymph nodes of IRBP1–20-immunized mice at day 13 post-immunization using an auto-MACS separator system, as described previously [29]. The purity of the purified cells was >95%, as determined by flow cytometric analysis using phycoerythrin-conjugated antibodies against αβ T cells. The cells were then cultured in RPMI 1640 medium containing 10% fetal calf serum (Corning).



Prepare γδ T Cells

Non-activated and activated γδ T cells were separated from either naïve B6 mice or IRBP1–20-immunized B6 mice, respectively, by positive selection using a combination of FITC-conjugated anti-TCR-δ antibody and anti-FITC antibody-coated Microbeads, followed by separation using an auto-MACS.



Generation of Bone Marrow Dendritic Cells

Bone marrow dendritic cells were generated by incubating bone marrow cells for 5 days in the presence of 10 ng/ml of recombinant murine GM-CSF and IL-4 (R&D Systems), as described previously (35). Cytokine (IL-1β, IL-6, L-12 and IL-23) levels in the culture medium were measured by ELISA.

To determine the antigen-presenting function, BMDCs were incubated in a 24-well plate with responder T cells isolated from immunized B6 mice under Th1- or Th17-polarizing conditions. Forty-eight hours after stimulation, IFN-γ and IL-17 in the culture medium were measured by ELISA. The percentage of IFN-γ+ and IL-17+ T cells among the responder T cells was determined by intracellular staining after 5 days of culture as described above.



Adenosine Assay

Adenosine in the medium of cultured cells was measured by an Adenosine Assay Kit (Fluorometric) from Biovision (CA). Briefly, 25 µl of cultured cell supernatant were mixed with assay buffer, adenosine convertor, adenosine detector, adenosine developer and adenosine probe from the kits to compose a 100 µl reaction system. Kept in room temperature for 15 min and protected from the light. Fluorescence was read in a SpectraMax iD5 multi-mode microplate reader (Molecular Devices, LLC. USA) at Ex/Em = 535/587 nm.



CFSE Assay

Purified CD3+ T cells from IRBP1–20-immunized TCR-δ−/− mice were stained with CFSE (Sigma-Aldrich) as described previously (36). Briefly, the cells were washed and suspended at 5 × 106 cells/ml in serum-free RPMI 1640 medium; cells were then incubated at 37°C for 10 min with gentle shaking with a final concentration of 5 μM CFSE before being washed twice with, and suspended in, complete medium, stimulated with anti-CD3 antibodies which were pre-coated on 24 well plate. Some 48 h later, the T cells were harvested and analyzed by flow cytometry.



Experimental Setting for Interaction of T Cells and Dendritic Cells and Measurement of Th1 and Th17 Responses

In a 6-well plate, 2 × 106/well BMDCs were co-cultured with 1 × 105/well γδ or αβ T cells for 24 h. After DCs were separated from T cells, the BMDCs were irradiated (5,000 Rad) and seeded in a 24-well plate at 3 × 104/well with CD3+ cells isolated from immunized B6 mice. Five days later, the percentage of IFN-γ+ and IL-17+ T cells among the responder T cells was determined by intracellular staining, followed by FACS analysis, as described previously (37).

αβ T cells (1.8 × 106) were collected from IRBP1-20-immunized B6 mice on day 13 post-immunization. To obtain enough cells, the cells obtained from all six mice in the same group are routinely pooled before the T cells are further enriched. The cells were co-cultured for 48 h with irradiated spleen cells (1.5 × 106/well) as APCs and IRBP1–20 (10 μg/ml) in a 24-well plate under either Th1 (culture medium supplemented with 10 ng/ml of IL-12) or Th17 polarized conditions (culture medium supplemented with 10 ng/ml of IL-23) (37, 38). Cytokine (IFN-γ and IL-17) levels in the serum and 48 h of culture supernatants were measured by ELISA (R & D Systems).



ELISA Measurement of Cytokine

ELISA kits (E-Bioscience) were used to measure serum IFN-γ and IL-17 levels on day 13 post-immunization and in the 48 h culture supernatants of responder T cells isolated on day 13 post-immunization from IRBP1–20-immunized B6 or TCR-δ−/− mice.



Statistical Analysis

The results in the figures are from a representative experiment, which was repeated 3–5 times. We used 2-way Students t-tests unless otherwise specified. Data were presented as the means with error bars for standard error of mean (SEM). Statistical analysis and graphing were performed in Excel software (Microsoft Corp). Asterisks (**) in graphs indicated p ≤0.05 representing statistical significance.




Results


Adenosine Augments DCs’ Th17 Promoting Activity

Our recent studies showed that adenosine has a distinct effect on Th17 versus Th1 responses; it tips the balance between Th1 and Th17 responses towards the latter (38, 39). To determine the contribution of DCs to such contradictory effects of adenosine on antigen-specific Th1 and Th17 responses, we examined the antigen presenting (AP) function of BMDCs, before and after exposure to NECA—a non-selective adenosine receptor agonist (34). The αβTCR+ responder T cells obtained from immunized B6 mice were stimulated in vitro with the immunizing antigen and the treated BMDCs at ratio of DC:T = 1:20 under Th1 (culture medium added with IL-12) or Th-17 (culture medium added with IL-23) polarizing conditions (39, 40). Th17 responses were assessed by evaluating numbers of IL-17+ T cells activated after a 5-day in vitro stimulation under Th17 polarizing conditions. After a 5-day in vitro stimulation by the immunizing antigen, under Th1 or Th17 polarizing conditions (27, 38), a significantly increased number of the CD3+ responder T cells became IFN-γ and IL-17 positive after stimulation by lipopolysaccharide (LPS)-treated BMDCs (Figure 1A, upper panel). The IL-17+, but not the IFN-γ+, cells further increased if BMDCs were dually treated with LPS and NECA (Figure 1A, lower panel). Cytokine tests (Figure 1B) showed that IL-17 production by responder T cells was also enhanced after stimulation by BMDCs dually treated with LPS and NECA, whereas the IFN-γ production was inhibited.




Figure 1 | Adenosine augments DCs’ Th17 promoting activity (A). Exposure of bone marrow dendritic cells (BMDCs) to a non-selective adenosine receptor agonist NECA enhanced DCs’ Th17-promoting activity. BMDCs were generated by incubation of bone marrow cells in the presence of granulocyte-macrophage colony-stimulating factor and IL-4 (35). They were treated or untreated with lipopolysaccharide (LPS, 100 ng/ml)) or LPS + NECA (100 nM). In 24 well plated, the αβ responder T cells obtained from immunized B6 mice were stimulated in vitro with the immunizing antigen and the treated BMDCs at ratio of DC:T = 1:20. The numbers of IL-17+ T cells activated after a 5-day in vitro stimulation under Th17 polarizing conditions were examined (B). ELISA assay measuring IFN-γ and IL-17 production of αβTCR+ responder T cells. IL-17 production by responder T cells were also enhanced by NECA treatment, whereas the IFN-γ production was inhibited. The data are from one single experiment and are representative of those obtained in three independent experiments. Values are expressed as mean ± SEM (n = 6). **p < 0.05. ns, not significant.





LPS Treatment Triggers BMDCs’ Response to AMP

To determine whether AMP has a similar effect on BMDCs or whether BMDCs can convert AMP to adenosine and thus augment Th17 responses, the AP function of BMDCs was examined, before and after treatment with AMP, with or without a prior LPS treatment. Results in Figure 2A (upper panels) showed that AMP enhances Th17 promoting activity in LPS-treated, but not untreated, BMDCs. The number of IL-17+ T cells among the responder T cells was higher when BMDCs were pretreated with LPS. The number was further increased when the LPS-treated BMDCs were additionally treated with AMP (Figure 2B). However, BMDCs that were not treated with LPS did not respond to AMP, suggesting that LPS-treatment enabled BMDCs to respond to AMP. The effective doses of AMP range are from 1 to 8 µM and dose dependent effect was not apparent. Therefore, in subsequent studies we used the concentration of 1 µM.




Figure 2 | Bone marrow dendritic cells acquire response to adenosine monophosphate after lipopolysaccharide treatment (A). Synergistic effect between lipopolysaccharide (LPS) and adenosine monophosphate (AMP) in enhancing bone marrow dendritic cells’ (BMDCs’) Th17 promoting activity. BMDCs from B6 (CD73+/+) (upper panels) or CD73−/− (lower panels) mouse were examined for antigen presenting function, after exposure to LPS (100 ng/ml) or LPS plus AMP (1 μM). Responder T cells obtained from immunized B6 mice. The numbers of IL-17+ T cells among responder T cells were examined after staining with anti-IL-17 and anti-αβTCR mABs, after a 5-day in vitro stimulation under Th17 polarizing conditions. The data are from one single experiment and are representative of those obtained in three independent experiments (B). Summarized data of four separate experiments showing that AMP enhanced BMDCs’ Th17 stimulating effect only after LPS treatment (left panels) and that the CD73−/− BMDCs remained unresponsive to AMP even LPS treatment (right panels). Values of relative activation of Th17+ T cells were calculated by number of IL-17+ T cells in testing group divided by number of IL-17+ T cells in the control group (in the absence of LPS and AMP) and are expressed as mean ± SEM (n = 4). **p < 0.05. ns, not significant.





AMP Augmented Th17 Response but Only in the Presence of CD73+/+, but Not CD73−/− BMDCs

CD73 is the main ecto-enzyme converting AMP to adenosine (12, 15). To test the prediction that LPS treatment enables BMDCs to express CD73, which allows BMDCs to convert AMP to adenosine, leading to augmented Th17 responses, we prepared CD73+/+ (isolated from CD73+/+ B6 mouse) and CD73−/− BMDCs (isolated from CD73−/− mouse) and compared the AP function between CD73+/+ and CD73−/− BMDCs, before and after treatment with LPS (100 ng/ml) and/or AMP (1 μM) (Figure 2A). The results show that treatment with LPS enhanced the Th17-promoting effect of both CD73+/+ and CD73−/− BMDCs; however, additional treatment of BMDCs with AMP augmented the Th17 responses presented by CD73+/+, but not by CD73−/−, BMDCs (Figure 2A, lower panels). These results indicate that CD73−/− BMDCs were unresponsive to AMP and that CD73 expressed by BMDCs may convert AMP to adenosine, which augments Th17 responses (41). We also measured IL-12/IL-23 production of BMDCs, after treatment with LPS and/or AMP. As demonstrated in Figures 3A, B, LPS exposure induced both CD73+/+ and CD73−/− BMDCs to produce increased amounts of IL-12 and IL-23. However, double exposure to LPS plus AMP enabled CD73+/+, but not CD73−/−, BMDCs to further increase IL-23 production and decrease IL-12 production.




Figure 3 | In response to AMP LPS-treated CD73+/+, but not CD73−/−, BMDCs produced greater amounts of IL-23 and acquired greater Th17 stimulating activity (A). ELISA assays for IL-12 and IL-23 production by CD73+/+ and CD73−/− BMDCs. 48h stimulated culture supernatants of CD73+/+ and CD73−/− BMDCs were assessed for IL-12 and IL-23, after being stimulated with LPS or LPS plus AMP. The control BMDCs remained untreated. The data are from one single experiment and are representative of those obtained in three independent experiments. Values are expressed as mean ± SEM (n = 6). **p <0.05. ns, not significant (B). ELISA assay test AMP doses ranging from 1 to 8 µM showed no apparent dose dependent effect. The experimental setting was the same as Figure 3A (C). ELISA assays for IL-17 production by responder T cells after 48h stimulation by the immunizing antigen and CD73+/+ or CD73−/− BMDCs. The data are from one single experiment and are representative of those obtained in three independent experiments (D). LPS exposed BMDCs expressed increased amount of CD73. BMDCs were treated (dotted line) or untreated with a small dose of LPS (50 ng/ml) before stained with anti-CD73 mAB followed by FACS analysis (E). Adenosine assay. Adenosine in the supernatants of cultured BMDCs was measured by an Adenosine Assay Kit (Fluorometric) after the CD73+/+ or CD73−/− BMDCs were treated with LPS (100 ng/ml) with or with additional treatment of AMP (1 μM). ns, not significant.



Testing of AMP function by assessing cytokine production of responder T cells showed that AMP treatment further enhanced Th17 responses presented by CD73+/+ but not CD73−/− BMDCs (Figure 3C). Phenotypic examination of BMDCs, before and after LPS treatment, showed (Figure 3D). LPS-treated BMDCs expressed significant levels of CD73, whereas the CD73 level had been undetectable before treatment. We also measured adenosine amounts in the cultured supernatants of CD73+/+ and CD73−/− BMDCs after stimulation with LPS with or without AMP treatment. The results show that the adenosine concentration was significantly increased in AMP-treated CD73+/+ but not CD73−/− BMDCs (Figure 3E).



AMP Enhances Th17 Responses Supported by CD73+/+, but Not CD73−/−, Splenic DCs

To determine whether CD73 expressed on splenic DCs is also functionally important, we examined the AP function of CD73+/+ (isolated from B6 mouse) and CD73−/− (isolated from CD73−/− mouse) splenic DCs. As demonstrated in Figure 4A, approximately one third of the splenic CD11c+ cells in wt-B6, but not the CD73−/− mouse are CD73+. αβTCR+ responder T cells separated from immunized B6 mice were stimulated for 5 days in vitro with the immunizing antigen and irradiated splenic DCs, under Th1- or Th17-polarizing conditions. Evaluating numbers of IFN-γ+ and IL-17+ T cells among responder T cells shows that AMP enhances Th17 responses (Figure 4B, left panels) stimulated by CD73+/+, but not CD73−/−, splenic DCs and it inhibits Th1 responses (Figure 4B, right panels) stimulated by CD73+/+, but not CD73−/− as well. Cytokine test (Figure 4C) showed that responder T cells produced comparable amounts of IFN-γ and IL-17 when stimulated by either CD73+/+ or CD73−/−, splenic DCs in the absence of AMP. In the presence of AMP, however, increased IL-17 production was seen in stimulation of responder T cells by CD73+/+, but not CD73−/−, splenic DCs. Also, AMP inhibits IFN-γ production of responder T cells stimulated by CD73+/+, but not CD73−/−, splenic DCs.




Figure 4 | Adenosine monophosphate enhanced Th17 responses and inhibited Th1 responses in the presence of CD73+ splenic APCs (A). Approximated one third of the splenic CD11c+ cells of B6, but not CD73−/− mouse expressed CD73. Splenic cells of B6 and CD73−/− mouse were double stained by FITC-anti-CD11c and PE-anti-mouse CD73. The staining profile of gated CD11c+ cells is shown (B). MACS column separated αβ T cells from immunized B6 mice were stimulated for 5 days with the immunizing peptide and antigen presenting cells under either Th17 (left panels) or Th1 (right panels) polarizing conditions; then the numbers of IL-17+ and IFN-γ+ cells among the TCRαβ+ responder T cells was assessed after intracellular staining with anti-IL-17 and anti-αβTCR mAbs. Upper panels are the responses stimulated by CD73+/+ splenic APCs and lower panels are responses stimulated by CD73−/− splenic APCs (C). ELISA assays for IL-17 and IFN-γ production by responder αβ T cells after 48 h stimulation by the immunizing antigen and CD73+/+ or CD73−/− splenic APCs. CD73+/+ and CD73−/− BMDCs, with or without a prior treatment of splenic APCs with adenosine monophosphate. The data are from one single experiment and are representative of those obtained in three independent experiments. ns, not significant.





CD73 Expressed by αβ T Cells Does Not Contribute to the AMP Enhancing Effect

CD73 is constantly expressed in ~80% of αβ T cells (Figure 5A). To determine whether CD73 molecules expressed on αβ T cells contribute to AMP-mediated enhancement of Th17 responses, αβTCR+ responder T cells enriched by MACS column were CFSE labeled before stimulating with plated bound anti-CD3 antibodies, in the absence or presence of AMP (1 µM), under Th17 polarizing conditions. The results show that AMP treatment does not significantly affect the Th17 responses (Figure 5B), which agreed with our previous finding that CD73 expressing αβ T cells are incapable of degrading AMP to adenosine (26). To further exclude the possibility that CD73 expressed on BMDCs but not on αβ T cells accounted for the augmented Th17 responses, we conducted a crisscross test in which responder T cells isolated from immunized CD73+/+ (B6) and CD73−/− (CD73−/− mouse) mice were stimulated by CD73+/+ and CD73−/− splenic DCs. The results showed that AMP enhancement of Th17 responses is seen only in the presence of CD73+/+ splenic DCs (Figure 5C). AMP suppressed Th1 responses, which is also seen only in the presence of CD73+/+, but not CD73−/−, splenic DCs, suggesting that CD73 expressing DCs are required in degradation of AMP to adenosine leading to inhibited Th1 and enhanced Th17 responses.




Figure 5 | Role of CD73 on splenic dendritic cells (A). CD73 is constantly expressed in >60% of αβTCR+ T cells. MACS column enriched αβ T cells were stained with anti-αβ TCR and anti-mouse CD73, followed by FACS analysis (B). CD73 expressed on αβ T cells is not responsible for adenosine monophosphate (AMP) enhancement of Th17 responses. MACS column enriched αβ T cells were CFSE (5 μM) stained. 1.5 × 106/well T cells were seeded into 24-well plate which were precoated with anti-CD3 antibodies. with or without AMP (1 µM). Some 48 h later the T cells were harvested and subjected to FACS analysis (C). CD73+/+ splenic dendritic cells (DCs), but not CD73+/+ αβ T cells are responsible for AMP enhancement of Th17 responses. Crisscross test for determination of whether AMP has a direct effect on αβ responder T cells or splenic DCs. Responder αβ T cells and splenic DCs were isolated from CD73+/+ (B6) and CD73−/− mice, respectively. The data are from one single experiment and are representative of those obtained in three independent experiments.





Requirement of CD73+/+ BMDCs in DC γδ T Cell Interaction

We have observed that mouse BMDCs acquired an increased ability to enhance Th17 responses after exposure to γδ T cells, and a significant portion of the BMDCs expressed CD73 after exposure to γδ T cells. To determine whether CD73 expression by BMDCs is required for DC-γδ interaction, we compared Th17 responses presented by CD73+/+ and CD73−/− BMDCs, after exposure to γδ T cells. Three BMDC preparations were compared for their interactive ability with γδ T cells—the CD73+/+ BMDCs with (Figure 6A, mid panels) or without (Figure 6A top panels) prior exposure to LPS and the CD73-/- BMDCs treated with LPS (Figure 6A, lower panels). The γδ T cells were separated from immunized B6 mice using a MACS column (38). BMDCs were exposed to γδ T cells at a pre-determined optimal ratio of T: DC = 1:20 for 24 h. Then, the γδ T cells were removed and the BMDCs were collected, irradiated, and seeded onto 24-well plates (5 × 105/well), followed by co-culture with responder T cells. The AP function of BMDCs was assessed by measuring IFN-γ+ and IL-17+ T cells among responder T cells and cytokine production, under Th1-, or Th17-polarizing conditions (27, 38). Results show that the LPS-treated (Figure 6A, mid panels), but not the untreated (Figure 6A, Top panels), CD73+/+ BMDCs stimulated a significantly greater number of IL-17+ cells among responder T cells, after exposure to γδ T cells. However, the CD73-/- BMDCs were unable to augment Th17 response by exposure to γδ T cells (Figure 6A, lower panels). Cytokine tests showed that the LPS-treated, but not the untreated, CD73+/+ BMDCs induced greater amounts of IL-17 production of responder T cells after interacting with γδ T cells (Figure 6B). IFN-γ production of responder T cells remained unchanged after the BMDCs were exposed to γδ T cells, further supporting the prediction that expression of CD73 by DCs crucially triggers a strong Th17 response; whereas disabling CD73 function on DCs prevents higher Th17 responses.




Figure 6 | Requirement of CD73+/+ bone marrow dendritic cells in dendritic cell γδ T cell interaction (A). Three differently prepared bone marrow dendritic cells (BMDCs) were compared for their interactive ability with γδ T cells—the BMDCs isolated from B6 mouse (CD73+/+), with (mid panels) or without (top panels) a prior exposure to lipopolysaccharide (LPS, 100 ng/ml)), and the BMDCs isolated from CD73−/− mouse treated with LPS (lower panels). The γδ T cells were separated from immunized B6 mice using MACS column (38). After incubation with γδ T cells at a ratio of T: DC = 1:20 for 24 h. The γδ T cells were removed and the BMDCs were collected, irradiated, and seeded on to 24-well plates (5 × 105/well) for AP functional test. To determine antigen presenting function, responder T cells isolated from immunized B6 mice were co-cultured with BMDCs at a ratio of T: DC = 20:1, in the presence of immunizing antigen (IRBP1–20) and under Th17 polarizing conditions. IFN-γ+ and IL-17+ T cells among responder T cells were examined after 5-day in vitro stimulation (B). ELISA assays for IL-17 and IFN-γ production by responder T cells after 48 h stimulation by the immunizing antigen and CD73+/+ or CD73−/− BMDCs. CD73+/+ and CD73−/− BMDCs, with or without a prior exposure to γδ T cells. The data are from one single experiment and are representative of those obtained in three independent experiments. ns, not significant.






Discussion

Under pathologic conditions, a large amount of ATP is released into the extracellular compartment by injured and stressed cells (3, 4). Extracellular ATP acts on many immune cells to promote inflammation (5–9). Due to the potent immune stimulatory actions of ATP, the extracellular concentrations are kept in check by enzymatic digestion of ATP. The ecto-enzyme CD73 (ecto-5’-nucleotidase), a molecule pivotally involved in converting non-immunosuppressive AMP into immunosuppressive adenosine (12, 16), is expressed by many cell types, including Treg cells (17, 21, 42, 43), B cells (44) and endothelial cells (45). Previous studies showed that myeloid cells express altered levels of CD73 depending on their activation state (46), which is closely associated with pro- and anti-inflammatory functions of myeloid cells (47–50). In addition, the function of regulatory cells relies on expression of CD39 and CD73, and generation of adenosine mediates the immunosuppressive ability of regulatory T cells (Tregs) (21).

Adenosine is an important regulatory molecule which modulates a wide range of physiological functions (51), including the immune response (51–54), by acting on T cells (16, 55), macrophages/DCs (24, 56), NK cells (57), neutrophils (58), platelets (59), and regulatory T cells (25, 60). Previous studies showed that adenosine diminishes the capacity of DCs to initiate and amplify Th1 immune responses and that CD73 expressed on DC/macrophages is anti-inflammatory. For example, M2 macrophages generate an adenosine-rich environment, which in turn can augment the anti-inflammatory and tissue remodeling activities of these cells (11, 23). Here we show that BMDCs preferentially activate Th1 responses; after treatment with TLR ligands, both Th1 and Th17 stimulating effects of BMDCs were enhanced. However, dual treatment with LPS and adenosine enabled BMDCs to acquire greatly increased Th17 promoting activity. Both Th1 and Th17 pathogenic T cells contribute to the pathogenesis of autoimmune diseases (61–63), and levels of extracellular adenosine increase greatly during inflammation (32, 33). The opposite effect of adenosine on Th1 and Th17 responses could certainly offset therapeutics targeting Th1 pathogenic reactions. As such, clarification of the conflicting effect of adenosine on Th1 and Th17 responses is of great importance.

Given the pivotal function of CD73 in adenosine-mediated immunoregulation (12, 15), and the previous finding that immune cells that express different levels of CD73 are functionally distinct (24, 25), we examined the role of CD73 on DCs and investigated whether CD73+ DCs are functionally exceptional in Th1 and Th17 responses. Studies have reported that only ~2–10% of freshly isolated human monocytes express CD73 (64). In mouse BMDCs, CD73 was easier to find in immature BMDCs than in mature BMDCs (65). M1 macrophages have been reported to exhibit a modest decrease in the expression of both CD39 and CD73, while M2 macrophages express higher levels of both (11). Our results showed that GM-CSF-cultured BMDCs do not constantly express CD73; however, after exposure to TLR ligand or interaction with (γδ) T cells, a significantly increased number expressed CD73 which was closely associated with an increased ability to promote Th17 responses. We were also able to show that only a portion of the splenic DCs express CD73 (Figure 4). Functional comparisons between CD73+ and CD73− APCs showed that while AMP has an enhancing effect on Th17 responses via splenic DCs, expression of CD73 on splenic DCs is required. Such observation agrees with previous findings that the mature mouse BMDCs and mature human monocyte derived DCs are less efficient than immature DCs in supporting Th17 differentiation (66, 67). Our observation complements the previous scenario by showing that adenosine diminishes the capacity of DCs to amplify Th1 immune responses (13, 14), we additionally show however adenosine augments Th17 responses in which CD73+ DCs play an important role. Such an observation also supports our previous observation that adenosine tips the Th1/Th17 responses towards the latter (38, 39).

The previous conclusion that CD73 is important for the anti-inflammatory immune responses has mainly been proven in Th1 responses. To determine whether such a conclusion also applies to Th17 responses we have compared functions of CD73+/+ and CD73−/− DCs in Th1 and Th17 responses. Our results showed that the CD73+/+ DCs have significantly greater Th17 enhancing effects, particularly when AMP is provided. It is likely that the CD73+ DCs have an increased ability to convert AMP to adenosine, leading to inhibited Th1 responses but enhanced Th17 responses. It is important to note, however, that CD73 molecules expressed on different immune cells are functionally different. We have previously reported that γδ T cells have a greater enhancing effect on Th17 responses when they express less CD73 (26, 27); in this study we show that BMDCs acquire a stronger Th17 stimulating activity when they express CD73. Given that Th17 cells uniquely express CD39/CD73 (42, 67, 68), it is likely that initiation of Th17 responses by CD73+ DCs may trigger cascading responses in which activated Th17 cells become CD73-providing cells in the responses which further facilitate the conversion of AMP to adenosine. Given our previous observation that CD73+ DCs have increased ability to activate γδ T cells and that CD73-expressing γδ T cells are much more potent in converting AMP to adenosine (26), we conclude that the induction of CD73+ BMDCs cells will lead to cascading Th17 responses via several pathways.

In summary, stimulation of adenosine receptors skews DC differentiation (69–71). In this study, we show that conversion of AMP into adenosine by CD73 expressing DCs is an important pathway in triggering cascading T17 responses.
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The diseases affecting the retina or uvea (iris, ciliary body, or choroid) generate changes in the biochemical or protein composition of ocular fluids/tissues due to disruption of blood-retinal barrier. Ocular infections and inflammations are sight-threatening diseases associated with various infectious and non-infectious etiologies. Several etiological entities cause uveitis, a complex intraocular inflammatory disease. These causes of uveitis differ in different populations due to geographical, racial, and socioeconomic variations. While clinical appearance is sufficiently diagnostic in many diseases, some of the uveitic entities manifest nonspecific or atypical clinical presentation. Identification of biomarkers in such diseases is an important aid in their diagnostic armamentarium. Different diseases and their different severity states release varying concentrations of proteins, which can serve as biomarkers. Proteomics is a high throughput technology and a powerful screening tool for serum biomarkers in various diseases that identifies proteins by mass spectrometry and helps to improve the understanding of pathogenesis of a disease. Proteins determine the biological state of a cell. Once identified as biomarkers, they serve as future diagnostic and pharmaceutical targets. With a potential to redirect the diagnosis of idiopathic uveitis, ocular proteomics provide a new insight into the pathophysiology and therapeutics of various ocular inflammatory diseases. Tears, aqueous and vitreous humor represent potential repositories for proteomic biomarkers discovery in uveitis. With an extensive proteomics work done on animal models of uveitis, various types of human uveitis are being subjected to proteome analysis for biomarker discovery in different ocular fluids (vitreous, aqueous, or tears).
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Introduction

Different diseases and their different severity states release varying concentrations of proteins, which can serve as biomarkers. Proteomics is a high throughput technology and a powerful screening tool for serum biomarkers in various diseases that identifies proteins by mass spectrometry and helps to improve the understanding of pathogenesis of a disease. Proteins determine the biological state of a cell. Once identified as biomarkers, they serve as future diagnostic and pharmaceutical targets. While serum, plasma, urine, or sputum samples have been utilized for identifying disease biomarkers, vitreous proteomics is emerging rapidly in ocular diseases (1–3).

Ocular proteomics is a promising field aimed at the advancement of diagnostics and therapeutics of many debilitating ocular diseases (4–6). The enormous protein profile of the intraocular structures, including the intraocular fluids (vitreous and aqueous humor), forms the basis of research into ocular proteomics. Several attempts have been made to characterize the proteome of the vitreous, both in animal models and humans, including healthy and diseased states. Insights into various aspects of an ocular disease have been provided by identification of individual proteins and networks of functionally related proteins with signaling pathways. As a component of the Biology/Disease-driven Human Proteome Project (B/D-HPP), which supports the broad application of state-of-the-art measurements of proteins/proteomes in human diseases, the Human Eye Proteome Project (HEPP) was officially initiated in 2012 to facilitate proteomic studies of the eye (7, 8).

The diseases affecting the retina or uvea (iris, ciliary body, or choroid) generate changes in the biochemical or protein composition of ocular fluids/tissues due to disruption of blood-retinal barrier. Ocular infections and inflammations are sight-threatening diseases associated with various infectious and non-infectious etiologies. Intraocular inflammations (infectious or non-infectious) account for 5%–20% of blindness in the developed world and 25% in the developing world (9, 10). Several etiological entities cause uveitis, a complex intraocular inflammatory disease. These causes of uveitis differ in different populations due to geographical, racial, and socioeconomic variations (10). While clinical appearance is sufficiently diagnostic in many diseases, some of the uveitic entities manifest nonspecific or atypical clinical presentation. Identification of biomarkers in such diseases is an important aid in their diagnostic armamentarium. This review highlights the developments and advances in proteomics of intraocular inflammation or uveitis.



Human Ocular Proteome and Advancements in Proteomic Tools


Vitreous Humor

Proteomic analysis of human vitreous humor has revealed a large profile of intracellular and extracellular proteins (11–15). Nourishment of the vitreous humor from the blood vessels of the retina (and ciliary body) and a close proximity to the retina induces several biochemical changes on protein dynamics of the vitreous, which can be detected by a comprehensive proteomic profiling. A number of vitreous fluid proteins have been linked to the etiology of ocular and vitreo-retinal disorders (16, 17). The main components of proteomic studies involve separation of proteins from complex mixtures (fractionation), and their identification by mass spectrometry and data analysis. Proteomic methodologies have evolved from gel electrophoresis (in-gel digestion of proteins) to shotgun proteomics (in-solution digestion of proteins) (18, 19). The diversity present in the ocular cells, tissues, and fluids warrants an adequate sample preparation to produce reliable results from ocular proteomics (20).

Using sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), Gao et al. employed liquid chromatography mass spectrometry (LC-MS/MS) and identified 252 proteins in the vitreous of non-diabetic controls (21). Using different prefractionation techniques like one-dimensional (1D) SDS-PAGE or liquid-phase isoelectric focusing (IEF), Aretz et al. identified 1111 proteins (12). The presence of 262 unique proteins in all three patient samples probably represented the constitutive protein pattern of human vitreous. They found striking differences between the vitreous and plasma proteome. Only 27% of their 1111 vitreous proteins were listed as plasma proteins. Contrary to the assumption that most vitreous proteins originate from the plasma, they suggested that the crystalline lens, retina and retinal pigment epithelium (RPE) contribute to the vitreous proteome. The authors also suggested similarities between aqueous and vitreous proteome due to the continuous exchange between the two body fluids.

Presence of high abundant proteins in the vitreous, 80% of which is comprised by albumin and immunoglobulin, limits the detection of low abundant proteins, which is a major challenge with 2D-PAGE experiments. This is partly overcome by employing affinity chromatography for proteomics of body fluids, which improves the detection of low abundant protein detection by depleting the high abundant proteins (22). Kim et al. identified 346 proteins using immunoaffinity depletion and liquid chromatography-Matrix assisted laser desorption and ionization (LC-MALDI-MS/MS) (23). Murthy et al. identified 1,205 proteins in the normal human vitreous humor using LC-MS/MS, of which 682 proteins were reported for the first time (11). Skeie et al. performed a proteomic analysis of four vitreous substructures (anterior hyaloid, vitreous cortex, vitreous core and vitreous base) in three non-diseased human eyes, using multidimensional LC-MS/MS (24). They identified a mean of 2,062 proteins, for each substructure, with 278 proteins being unique to anterior hyaloid, 322 to vitreous cortex, 136 to vitreous core, and 128 to vitreous base. They found many of the vitreous proteins to be originating from the retina, such as rhodopsin and phosphodiesterase, suggesting retina as a potential source of inflammatory mediators. Key pathways and networks were represented, including complement pathway, and damage-associated molecular patterns (DAMPs). Presence of antimicrobial proteins, oxidative stress regulation and energy metabolism proteins distributed throughout the vitreous indicated it to be highly active biologically with dynamic interactions with the surrounding tissues. Further, the various intraocular tissues were protected from infection and oxidative stress by the proteins localized to distinct substructures.



Aqueous Humor

The human aqueous humor contains about 676 nonredundant proteins, and 328 cytokines, chemokines, and receptors (25). Majority of the proteins have catalytic and enzymatic activity. The proteins are low in concentration (0.1–0.5 mg/ml), and arise from plasma as filtrates, and ciliary body. Richardson et al. used an advanced proteomic approach to characterize the aqueous humor proteome by depleting abundant (albumin) proteins and employing multidimensional protein identification technology (MudPIT) (26). They identified anti-angiogenic, anti-oxidant, and immunoregulatory proteins in the aqueous, with a possible role in supporting avascular tissues.



Tears

The advancements in MS tools and separation methods have led to an increase in the number of proteins identified in human tears from about 500 to about 1,466 non-redundant proteins, which are secreted by lacrimal glands and epithelial cells of the ocular surface (27). The proteins in high abundance [albumin, lysozyme (LYZ), lactoferrin, and secretory IgA] mask the detection of lower abundant proteins in proteomic studies. Several factors can cause variations in protein profile of tears, such as closed or open eyes, and method of collection (capillary tubes versus Schirmer strips). However, day-to-day variations or fellow eye variations are minimal in tear protein profiles (28).



Cornea

The involvement of individual layers often in many corneal diseases emphasizes the need for a separate proteomic analysis of different layers of the cornea. Dyrlund et al. identified 3,250 unique Swiss-Prot proteins in human corneas, by using various methods like SDS-PAGE, in-solution digestion, cation exchange chromatography and LC-MS/MS (29). Of these, 2,737 proteins belonged to the epithelium, 1,679 to stroma, and 880 to the endothelium. Of these, 609 (19%) proteins were common to all three layers, with C-reactive protein being one of them. The most abundant proteins included immunoglobulins, albumin, alpha-1-antitrypsin, haptoglobin, complement component 3 and 9, and serotransferrin. Several of the cornea proteins were common to human tears or human aqueous humor, and many are plasma proteins. The study of human corneal proteome has been limited to Fuch’s dystrophy, keratoconus lattice and granular corneal dystrophies. Proteomic investigations of majority of the ocular surface diseases have been performed on tears. In Fusarium keratitis, the tear protein profile revealed several differentially expressed proteins (DEPs) in different stages of the infection (early, intermediate and late) (30). Pooled tear samples (five from each group, and from controls) were subjected to DIGE for protein separation, DeCyder software analysis for quantitation, followed by LC-MS/MS. Functional enrichment analysis of DEPs was done by DAVID software.



Lens

The human lens have the highest protein content in the body. Majority are structural proteins (90%), the crystallins, occurring in three distinct families (α-, β-, and γ-crystallin). Due to their long life and minimal protein turnover, the crystallins provide ideal targets to study post-translational modifications (31, 32).



Ciliary Body

An in-depth proteomic analysis of human ciliary body using LC/MS/MS identified 2815 proteins (33). While many were plasma proteins, 896 proteins were unique to the ciliary body. Pathway analysis showed expression of glycolysis and gluconeogenesis, EIF2 signaling and ubiquitin pathway.



Retina

About 5042 non-redundant proteins have been identified in the vascular endothelial cells of human retina and/or choroid (34). Of 3,454 proteins that were quantifiable, 498 (14.4%) were differentially expressed among the two cell populations. Angiogenic proteins were identified in both cells, and immunologic proteins were additionally found in retinal cells.



Retinal Pigment Epithelium

Lipopolysaccharide (LPS) is known to trigger inflammation in the RPE cells. Song et al. used the latest tandem-mass tags (TMTs) label-based approach with high-resolution MS to compare the proteome and phosphoproteome of the LPS-challenged RPE cell line ARPE-19 (human-derived) versus control cells (unexposed) (35). Among the DEPs, the upregulated proteins include those related to amino acid and lipid metabolism, endoplasmic reticulum stress and cell-matrix adhesion. Proteins associated with mitochondrial respiration and cell cycle checkpoint were downregulated. Pathway analysis revealed MAPKK and Wnt/β-catenin signalings. The study demonstrated signals expressed by inflamed RPE, providing insight into various RPE- related disorders.

Table 1 summarizes the proteomics of human ocular tissues.


Table 1 | Proteomics of human ocular tissues.






Proteomic Characterization of Uveitis in Animal Models


Experimental Autoimmune Uveitis or EAU

Animal models of experimental autoimmune uveitis (EAU), a model of non-infectious T-cell mediated autoimmune uveitis, have been used extensively to conduct vitreous proteome studies to explore the immune mechanisms associated with intraocular inflammation. The damage done by oxidative stress induces pathological changes in the retina much before the damage by the infiltrating inflammatory cells, as evident by the mitochondrial retinal DNA damage in early phases of uveitis (36–38). In a mouse model of early EAU, proteomics approach was used to study the mitochondrial protein alterations, using 2D-DIGE and MALDI-TOF MS, followed by validation with Western Blot analysis and real-time PCR (36). Thirteen proteins were differentially expressed in the early EAU mitochondria, as compared to controls, of which nine were upregulated and four were downregulated. The upregulation of crystallins (αA and βB2) and manganese-SOD (MnSOD) indicated their ability to respond to oxidative stress, also offering a protective effect against it. A high metabolic demand and an increased density of mitochondria in the photoreceptors make them susceptible to oxidative stress, which induces an increased expression of αA crystallins. αA crystallin prevents the release of cytochrome c into the cytosol by binding with it, and, hence, prevents damage by inhibiting subsequent photoreceptor apoptosis (39). This study demonstrated for the first time the presence of βB2 crystallins in the photoreceptor mitochondria, where they maintain calcium homeostasis and help stabilize mitochondrial proteins. The early molecular damage in mitochondria was evident by the downregulation of ATP synthase, malate dehydrogenase, calretinin, and guanine nucleotide-binding proteins. The morphology and membrane potential of mitochondria are maintained by ATP synthases. Loss of their activity and reduced cellular ATP levels reflect early pathological changes in EAU. The authors concluded that the alterations in mitochondrial protein expression were induced by mitochondrial oxidative stress in the retina during early phases of uveitis.

Subsequently, the authors demonstrated posttranslational modifications in nine out of the 13 DEPs in the retinal mitochondria during early EAU by using MALDI-TOF (38). These modifications included oxidation (ATP synthase, MnSOD), carbamidomethylation (mtHsp 70, laminin, syntaxin-binding protein, and AT synthase), and pyro-glu modification (αA crystallin). Mitochondrial dysfunction is integral to various pathological diseases, and is caused by altered proteins expression and their posttranslational modification. The latter is associated with events like unfolding, degradation, or aggregation of proteins.

Okuniki et al. used proteomic approach to study the role of retinal autoantigens in spreading the ocular inflammation in human endogenous uveoretinitis (40). After inducing EAU in mice, they detected the presence of autoantibodies against the retinal proteins (antigens) by 2D electrophoresis and western blotting. They identified six new candidate autoantigens in the murine model as the retinal proteins targeted by the autoantibodies using MS, as β-actin (bAct), esterase D (EsteD), tubulin β-2, brain-type creatine kinase (BB-CK), voltage-dependent anion-selective channel protein, and aspartate aminotransferase. They further examined immunoreactivity by ELISA against bAct, EsteD, and BB-CK in human endogenous uveitis [36 Behcet’s disease (BD), 16 Vogt-Koyanagi-Harada (VKH) disease and 17 sarcoidosis patients]. Of these, EstD and BB-CK reacted with sera from BD (25% and 5.6%, respectively), VKH (25% each), and sarcoidosis (17.6% and 38.4%, respectively), suggestive of autoantigenicity in both EAU and human endogenous uveitis. Despite being a melanocyte-specific autoimmune disease, they demonstrated the additional role of autoimmunity to retinal antigens in VKH disease. This study was the first to identify the role of EstD in autoimmunity in human uveitis. The authors believed that the generation of EstD and BB-CK as retinal autoantigens was secondary to the retinal destruction induced by uveitis, which possibly extended the ocular inflammation in endogenous autoimmune uveitis.

To test the hypothesis that different proteins are expressed in different forms of uveitis, Pepple et al. compared the inflamed aqueous humor of two uveitis models of acute inflammation in Lewis rats [EAU-2 weeks, and primed mycobacterial uveitis (PMU)-2 days] with the naïve aqueous humor by proteomics approach using 2D gel electrophoresis and MALDI-TOF (41). A larger amount of ocular fluid is available in rat than mouse. Innate immunity plays a significant role in an animal model of PMU, as the killed mycobacteria are introduced into the vitreous cavity. They found the total protein concentration to be increased in the inflamed aqueous of both uveitis models, as compared to the naïve aqueous, including calprotectin (a heterodimer of S100A8 and S100A9) and apolipoprotein E. Apolipoprotein E had higher levels in EAU than PMU in the aqueous. The vitreous also showed increased levels of S100A8 in both uveitis models, higher in PMU than EAU. Beta-B2-crystallin was markedly decreased in EAU as compared to PMU and naïve eyes, both in the aqueous and vitreous. This finding was in contrast to the previous reports of upregulation of mitochondrial crystallins (both αA and βB2) during early EAU (36). The authors attributed this to the temporal association of βB2 crystallin changes in EAU. The widespread retinal necrosis during “early” EAU caused an increased expression of βB2 crystallin (36), which could not be detected during peak inflammation at “two weeks” owing to retinal cell destruction causing background loss of proteins (41). They found that the overall complexity of the protein constituents was decreased in the inflamed aqueous and increased in the inflamed vitreous (as compared to naïve vitreous) due to breakdown of blood-retinal barrier leading to exudation of serum major proteins into the vitreous.

The patterns of EAU induced by opsin or rhodopsin involve dense cellular infiltration in both retinochoroid and anterior uvea, with rhodopsin being more pathogenic than opsin (42–44). Schalken et al. provided the first evidence of EAU induced by purified rhodopsin in monkeys (44). A dense cellular and humoral response occurred before the onset of EAU, indicating the role of cellular immunity in the pathogenesis of EAU.



Endotoxin-Induced Uveitis

In an acute ocular inflammation model of an animal (endotoxin-induced uveitis or EIU), Bahk et al. used proteomic approach (2D gel electrophoresis and micro LC/LC-MS/MS) to compare the protein infiltration in the vitreous of EIU rats with vitreous of normal rats (45). They found crystallins in intact form in EIU rat vitreous, and truncated βA4- and βB2-crystallin in normal vitreous. They suggested that the crystallins were the predominant proteins involved in EIU, and the specific modifications in crystallin family proteins (such as truncation of C-terminal of β-crystallins) caused progression of EIU-related disease.



Equine Recurrent Uveitis

Equine recurrent uveitis (ERU), a spontaneous model for human autoimmune uveitis, is a blinding, recurrent, lymphocyte-driven, autoimmune disease occurring in horses (46). Proteomic studies of vitreous and retinal samples from ERU eyes versus healthy controls have revealed a list of DEPs, which are associated with maintenance of blood-retinal barrier and immune system (47). In a study by Hauck et al., which compared the retinal proteome of ERU horses with controls (48), glial fibrillary acidic protein (GFAP) was among the several upregulated proteins, which suggested the involvement of retinal Mueller glial cells (RMG) in uveitis. Screening for RMG-specific markers revealed an upregulation of vimentin and GFAP, and downregulation of glutamine synthetase. The subsequent downregulation of pigment epithelium-derived factor (PDEF) by the activated RMGs and expression of pro-inflammatory interferon-gamma indicated a significant role of RMGs in progression of uveitis by triggering interferon-gamma release. Degroote et al. identified 362 spots in the equine lymphocyte proteome by 2D SDS-PAGE (49). When compared with healthy horses, seven DEPs were detected by 2D-DIGE technique, and identified by MS. One (lactotransferrin) was upregulated in ERU lymphocytes while six (voltage-dependent anion-selective channel protein 2, programmed cell death 6-interacting protein, protein tyrosine phosphatase non-receptor type6, glyceraldehyde-3-phosphate dehydrogenase, ezrin and septin 7) were downregulated. A decreased expression of septin 7 in both CD4+ and CD8+ lymphocytes of ERU, with no expression difference in B cells, suggested that the predominant cell types in ERU were the T cells. Septin 7 inhibits cellular proliferation. Its downregulation in ERU activates T cells and promotes inflammation.

Two novel retinal autoantigens were detected in ERU cases by proteomic approach, namely cellular retinaldehyde-binding protein (CRALBP) and malate dehydrogenase (MDH), both with B- and T- cell autoreactivity (50). While MDH induces uveitis only in Lewis rats (and not in horses), CRALBP is uveitogenic in both rats and horses.

Table 2 summarizes the proteomic characterization of uveitis in animal models.


Table 2 | Proteomic Characterization of uveitis in animal models.






Human Proteomics in Uveitis


Vitreous and Autoimmune Posterior Uveitis

Though vitreous proteomics in humans has evolved extensively over the last two decades in healthy eyes as well as in various vitreoretinal disorders, it is still in its infancy in uveitis. Most of the proteomics studies on vitreous samples in uveitis so far have been done in animal models, with only a few studies addressing the proteome of human vitreous in uveitis (51–56).

Several vitreous proteins have been reported to be associated with autoimmune uveitis (51). Kasudhan et al. compared the vitreous fluid proteome of infectious (34 samples) and noninfectious (56 samples) uveitis by using SDS-PAGE (which identified 25 different proteins), 2D electrophoresis (which identified 22 proteins), and matrix-assisted laser desorption and ionization- time of flight mass spectrometry (MALDI-TOF MS) (51). Among the proteins identified by SDS-PAGE, half revealed association with heterotrimeric G-Protein signaling pathway-rod outer segment phototransduction, and the other half were associated with de novo purine biosynthesis. Of the proteins identified by 2D electrophoresis, 20% showed association with de novo purine biosynthesis. The proteins that were common in both analyses included carbonic anhydrase1 and serpin B3, both of which are associated with acute anterior uveitis (AAU) and autoimmunity (57, 58). About 40% of the proteins were associated with glycolytic pathway. Five of the proteins identified in their study had associations with uveitis: alpha-1-acid glycoprotein (α1-AGP) with acute idiopathic anterior uveitis (59), recoverin with autoimmune uveitis (60), selenium-binding protein 1 with BD (61), perforin with viral uveitis (62, 63), and carbonic anhydrase 1 with AAU (64).

Velez et al. reported the use of proteomics in diagnosing a case of idiopathic uveitis as autoimmune retinopathy by profiling the vitreous fluid biopsy for cytokine expression (52). Seventeen upregulated and 12 downregulated cytokine signals were detected, following which the diagnosis was confirmed by the presence of antibodies against S-arrestin. Administration of targeted therapy led to reversal of visual loss, demonstrating the use of proteomics in personalized medicine. They performed cytokine profiling of vitreous fluid in 15 cases of posterior uveitis and five normal controls. Uveitic vitreous had 60 DEPs, of which insulin like growth factor–binding protein 2 (IGFBP-2), platelet-derived growth factor receptor β polypeptide (PDGFRb), interleukin 23 (IL-23), IL-17R, IL-1 receptor I (IL-1RI), nerve growth factor (b-NGF), bone morphogenic protein 4 (BMP-4), tissue inhibitors of metalloproteinase 1 and 2 (TIMP-1 and TIMP-2), and stem cell factor (SCF) were expressed in vitreous of all uveitis cases.

Characterization of uveitis proteome has translational significance and relevance for personalized proteomics (53). Beyond their diagnostic indications, the use of proteomics of ocular fluids is extending into the clinics for personalized management of patients. Detection of a cytokine signature common to all 15 cases with different forms of uveitis [idiopathic posterior uveitis, viral endophthalmitis, autoimmune retinopathy, HLA-B27 uveitis, multifocal choroiditis, and neovascular inflammatory vitreoretinopathy (NIV)] opened the possibility of targeting different diseases with the same therapy (52). In eyes with NIV, an autoinflammatory, hereditary disease with blinding outcome despite intensive therapy, real time proteomics of liquid biopsies in various stages of the disease enabled detection of dynamic events during intraocular inflammation (54). Vitreous profiling was done to analyze 200 cytokine-signaling proteins by an antibody array by comparing NIV (8 eyes) and non-NIV (4 eyes) control eyes. By cytokine array, 64 DEPs were detected (61 upregulated and 3 downregulated). The TNF-α levels were found normal in all NIV eyes. This explained the failure of these eyes to respond to previous treatment with conventional immunosuppression with an anti–TNF-α agent (infliximab). Detection of elevated levels of vascular endothelial growth factor (VEGF) by proteomic analysis guided the anti-VEGF therapy in NIV eyes with successful outcomes, without the need for vitreous surgery for hemorrhagic complications. Pathway analysis revealed significant representation of the mTOR and class I PI3K signaling pathways. Considering the mTOR effectors present in NIV vitreous, the authors redirected the previous ineffective oral methotrexate therapy to intravitreal methotrexate therapy to target NIV-specific T cells. A dramatic reduction in anterior chamber inflammation led to the use of intravitreal methotrexate in routine clinics as an adjunct for perioperative management of NIV patients, also avoiding the corticosteroid-related side effects. Recurrent fibrosis could be prevented by anti-IL-6 therapy.

Velez et al. utilized vitreous proteomic strategy to personalized medicine, emphasizing protein biomarkers for a therapeutic potential, rather than as diagnostic biomarkers (52). They recommend the vitreous protein profiling for a therapeutic approach, to identify the best therapy by targeting proteins that are present in the vitreous, and avoiding the ones that are not found in the vitreous.



Intermediate Uveitis

Sepah et al. recently reported proteomics screening of vitreous samples of three patients (four eyes) with intermediate uveitis (IU) to discover biomarkers and therapeutic targets, suggesting the role of both innate and adaptive immunity in IU (56). The LC-MS/MS approach identified 233 DEPs (103 proteins upregulated 130 downregulated) among IU and control samples. Fibronectin (FN) was among the proteins with highest expression and glutathione synthetase (GSS) among the least expression in IU samples. Known for organizing collagen and extracellular matrix components, an upregulated FN in IU may be responsible for snowballs formation, a finding typical of IU. The downregulated GSS in IU indicates a reduced regulation of oxidative stress. Ingenuity Pathway Analysis (IPA) revealed complement system, coagulation system, glycolysis and IL-12 (with 22 inflammatory mediators) signaling in macrophages among the most represented pathways. The most significantly activated regulators of these pathways were myeloid differentiation primary response protein (MYD88) and IL-23. As both promote myeloid cell recruitment and differentiation, myeloid cell recruitment was found to be an upstream pathway in IU pathogenesis. The upregulated IL-23 in IU vitreous helped CD4+ T cells to differentiate into IL-17 helper T cells, which promote the release of pro-inflammatory mediators. The IL-23/IL-17 pathway is integral to many systemic autoimmune diseases, and its expression in IU suggests the autoimmune pathologic drive in IU. Also, it offers the potential to be a therapeutic target in IU by the biologics.



Juvenile Idiopathic Arthritis–Associated Uveitis

Several biomarkers (S100, S100A8, S100A9, and S100A12 proteins) have been associated with various aspects of systemic manifestations of Juvenile Idiopathic Arthritis (JIA), in predicting the phenotype, severity, and progression of the disease, for predicting flare of the disease, higher risk of poor response to methotrexate treatment (two single nucleotide polymorphisms or SNPs in the ATIC gene and one SNP in ITPA gene), predicting response to treatment (S100), and disease relapse (high S100A12 and MRP8/14) with six months of discontinuing treatment (65). Similar challenges occur in uveitis associated with JIA, prompting the need for biomarker discovery from ocular fluids.

In the first study of proteomics of aqueous humor of children with uveitis, Ayuso et al. investigated the aqueous and serum samples (paired) of patients with JIA-associated uveitis (62 patients), using SELDI-TOF MS, and compared with silent chronic anterior uveitis (non-infectious) (7 patients), other uveitis entities (27 patients), and non-inflammatory controls (15 patients; pediatric cataract or glaucoma) (66). They found significant differences in the protein profile of JIA-associated uveitis, when compared to other uveitis entities and non-inflammatory controls, but similar protein compositions in aqueous humor of patients with silent chronic AU and JIA-associated uveitis. They hypothesized that patients with chronic silent AU were a subset of JIA, primarily manifesting with uveitis, but without rheumatological signs. A significantly higher concentration of transthyretin (TTT) in aqueous humor of patients with silent chronic AU and JIA-associated uveitis as compared to other groups led to its identification as a potential intraocular biomarker of JIA-associated uveitis. In human eye, TTR is produced by the RPE, and plays a role in the transport of thyroid hormones and retinol-binding protein (RBP). Further, TTT was reported as one of the proteins upregulated in synovial fluid of rheumatoid arthritis patients (67). Subsequently, Clement et al. used biochemical and proteomic approaches to demonstrate an autoimmune response to TTT in JIA, suggesting its role in the pathogenesis of JIA as an autoantigen (68).

This was followed by a pilot study of tears to evaluate for biomarkers in children with chronic non-infectious AU, using LC-MS/MS (69). Tears were collected from seven patients using Schirmer strips: three with JIA-associated uveitis (JIA-U), and four with idiopathic chronic anterior uveitis (I-CAU). Various cytokines (S100A8, S100A9, TTR, sCD14, LAP3, and SAA1) that are present in aqueous humor of JIA-U, were detected in tears of all JIA-U and I-CAU children, with a higher expression of S100A8, sCD14, and SAA1 in JIA-U tears, and a lower expression of S100A9, TTR, LAP3, and MIF in JIA-U tears, as compared to I-CAU tears. The authors demonstrated a similar cytokine profile of tears and aqueous in children with CAU. The differential expression of several proteins in tears of JIA-U and I-CAU reflected intrinsic differences between the two phenotypically similar entities.

To study the autoimmune target structures in JIA-associated uveitis, Busch et al. employed 2D-PAGE, western blotting and MS to analyze the binding patterns of serum autoantibodies to proteomes isolated from porcine ocular tissues (iris, ciliary body, and retina) (70). A broad range of serum antibodies were found in JIA-U, mostly directed against iris antigens (vimentin, tubulin beta chain, ATP synthase subunit beta, actin, and L-lactate dehydrogenase B chain. With iris being the major site of inflammation in JIA-U, these findings support the role of autoantibodies in immunopathology of JIA-associated uveitis.



Behcet’s Disease

BD is a chronic, autoinflammatory disease with multisystem involvement. Uveitis is chronic, recurrent, bilateral, and sight-threatening. The lack of clinical or diagnostic biomarkers makes it imperative to explore prognostic biomarkers to predict the disease progression and response to therapy. Hu et al. identified CTDP1 (RNA polymerase II subunit A C-terminal domain phosphatase) as a novel BD autoantigen using HuProt arrays (71).

In BD patients with active uveitis, serum samples were subjected to proteomic analysis using magnetic beads, MALDI-TOF-MS, and bioinformatics tool, and compared with non-BD patients (VKH disease and healthy controls) (72). Thirty-nine DEPs were detected, which indicated the involvement of unidentified proteins, and a broad change in complemented immunoglobulins and autoantibodies in progression of BD. This differential serum proteomic profile of BD (with 39 differential m/z peaks) was used to construct a classification algorithm, based on which BD could be successfully distinguished from VKH and controls using a panel of six m/z peaks. This diagnostic model had a sensitivity of 84.62% and specificity of 90.48% in diagnosing BD, and a sensitivity of 90% and specificity of 100% in diagnosing VKH disease. The discovered biomarkers also aided in determining the stages of BD.

The most recent breakthrough in proteomics of uveitis was reported in tears of BD patients with unilateral relapse of uveitis (73). Fifteen patients with unilateral relapse of BD-associated uveitis (BDU) were enrolled. Tears were collected from both eyes (the diseased eye with relapse of uveitis and fellow quiescent eye), and subjected to data-independent acquisition (DIA) proteomics for protein profiling. Of 1,797 proteins detected, 51 were differentially expressed in uveitic and quiescent eyes, some of which were related to inflammation or immunity. In uveitis-relapsed eyes, α1-AGP, an immunomodulatory protein, was increased. Annexin A1 (ANXA1), an anti-inflammatory protein, and LYZ were decreased. The role of ANXA1 in innate and adaptive immunity is multifunctional and involves resolution of inflammation. This study strengthened the role of tear proteomics as potential sources of biomarkers for uveitis and established α1-AGP and ANXA1 as potential biomarkers for monitoring of uveitis in BD.




Ankylosing Spondylitis

Sera from ankylosing spondylitis (AS) or other autoimmune disease patients were subjected to human protein microarray analysis (74). A significantly higher level of anti-prefoldin subunit 5 (PFDN5) antibodies were found in sera of AS patients with uveitis, as compared to AS without uveitis. To further assess the pathogenic role of this biomarker identified in AS with uveitis, the authors conducted an animal study involving curdlan-induced SKG mice model, which developed uveitis and peripheral arthritis, compared to PBS-treated SKG mice. Half of them developed anterior uveitis at week 8, while all developed uveitis (histologically confirmed) at week 16. The ocular lesions demonstrated apoptosis and an increased PFDN5 expression, and the sera showed increasing levels of anti-PFDN5 antibodies over time. PFDN5 also revealed a protective role against apoptosis of retinal cells, preventing cell death in uveitis.


Acute Anterior Uveitis

Tear samples from five patients with unilateral AAU were subjected to proteomics using LC-MS/MS to detect any ipsilateral changes in tear proteome, with fellow unaffected eyes serving as controls (75). Of 242 identified proteins in both groups of eyes, 32 tear proteins were detected in all five patients. Nine proteins were upregulated and eight downregulated in uveitis eyes as compared to normal eye. The diseased eyes showed a significant increase in Apolipoprotein B mRNA editing enzyme catalytic subunit 3A (APOBEC3A), and a significant decrease in transglutaminase 2 (TGM2). The top canonical pathways identified by IPA to be affected in tears included the liver X receptor/retinoid X receptor (LXR/RXR) and the farsenoid X receptor/retinoid X receptor (FXR/RXR). IL-6 and tumor necrosis factor (TNF) were identified as possible upstream regulators. The study showed that the tears expressed ipsilateral proteomic changes in unilateral AAU, which were detectable by MS.



Human Uveitis Associated With Oral Moxifloxacin Therapy

Oral moxifloxacin therapy is associated with bilateral panuveitis with anterior chamber pigment dispersion (76, 77). In a case report by Hinkle et al., aqueous humor samples were obtained from both eyes of a patient with bilateral uveitis-like syndrome with pigment dispersion during acute phase, and one eye of a normal subject who consented for aqueous harvest prior to cataract surgery. Moxifloxacin concentration was tested by multiple reaction monitoring (MRM) MS. Proteomic analysis was done using shotgun approach via LC-MS/MS (78). Eighteen days after completion of oral intake, aqueous humor demonstrated higher than expected levels of moxifloxacin. The aqueous of affected eyes revealed 33 proteins, and that of unaffected (control) eye showed 32 proteins. Ten proteins were significantly downregulated in uveitis eyes.



VKH Disease

The role of CD4+ T cells in autoimmune diseases including VKH disease is well known. Mao et al. used label-free quantitative proteomic strategy to detect DEPs between VKH patients and healthy controls (79). They tested blood samples of five active VKH patients and five healthy controls. Three hundred fifty-four peptides were differentially expressed between the two groups, of which 102 could be sequenced, corresponding to 64 proteins. A difference of at least 1.5-fold was seen in 30 proteins between VKH patients and normal controls. Among these, the expression of two proteins, CD18 and AKNA, was more than three-fold lower in active VKH patients compared to controls. These proteins were further validated in other five active VKH patients and six normal subjects by Western blot assay. As CD18 induces apoptosis of human T cells, its reduction in active VKH disease suggests a reduced inhibition of CD4+ T cell apoptosis. The observations of this study open the research on the role of these proteins in influencing apoptosis of CD4+ T cells and cytokine expression.



Human Autoimmune Uveitis and CRALBP

The role of CRALBP as an autoantigen is well known in ERU. Its role in human autoimmune uveitis was tested by Deeg et al., using 2D western blotting, followed by SDS-PAGE and MS for identification of immunoreactive proteins (80). Sera from 56 uveitis patients and 23 healthy subjects (controls) were used. The normal equine retinal proteome was used as a source of antigen in 2D Western blots, where human uveitis sera were made to react with CRALBP. CRALBP expression pattern in normal eyes was evaluated by using six human donor eyes (normal with no signs of uveitis), displaying a strong CRALBP expression in Mueller glial cells. Anti-CRALBP autoantibodies were found in 30 (54%) out of 56 uveitis sera, and in four (17.4%) out of 23 control sera (p < 0.01), suggesting the role of CRALBP as a potential autoantigen in human autoimmune uveitis.

Table 3 summarizes the proteomics of various types of human uveitis.


Table 3 | Proteomic studies in various types of human uveitis.






Ocular Sampling Techniques for Proteomics

Procurement of surgical specimens is critical for proteomic analysis, along with their handling and storage. The invasive nature of vitreous and aqueous sampling restricted the research in human subjects till few decades ago. Skeie et al. reported comparable yields of vitreous needle biopsies and vitrectomy (cutter) biopsies (81). They compared 23-gauge needle method with 23-gauge vitreous cutter method performed sequentially for vitreous biopsy in 10 eyes. The UV absorbance spectroscopy revealed equivalent protein concentrations in paired samples. The SDS-PAGE revealed similar molecular weight protein profiles, and LC-MS/MS identified equivalent peptides in paired samples, with only a few proteins and peptides differing in concentration. The aspiration method has the advantages of being safe and reproducible, yields undiluted vitreous and can be performed in an office-based setting under local anesthesia (82, 83). However, the limited sample volume is a major limitation for performing large-scale proteomic studies. On the other hand, vitreous biopsy cutter method yields adequate volume of sample and reduces the chances of hypotony. It is, however, more invasive and requires vitreous surgery in the form of pars plana vitrectomy (PPV) in an operating room. Vitreous needle biopsy by a fine needle aspiration was the least complex and most followed method, until the advent of microincision vitreous surgery (MIVS). The liquid vitreous specimens transported to the laboratory are centrifuged to separate the cellular debris (pellet) and supernatant. While pellet is subjected to DNA-based molecular tests, the supernatant is cryopreserved at −80°C for future research studies, including proteomics. Though the safety and efficacy of PPV is now well established in uveitis in the era of MIVS (84, 85), their contribution toward proteomic quality of vitreous samples is yet to be addressed.

Sampling of aqueous humor in uveitis is indicated in anterior uveitis, or in cases where PPV is not indicated. The human aqueous humor of healthy controls is typically sampled during cataract surgery. The study eye with uveitis usually undergoes an aqueous biopsy or an anterior chamber tap in an operating room (25, 86). A 25- or 26- or 30- gauge needle is inserted in to the anterior chamber at the limbus through the peripheral cornea through a paracentesis tract, and about 100 µl of the aqueous fluid can be aspirated until the shallowing of anterior chamber starts to occur.

Tear protein profiles have been characterized in several inflammatory and non-inflammatory ocular disorders, using MALDI-TOF, surface-enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF-MS) and LC-MS. A relatively high concentration of proteins in the tears along with the non-invasive nature of tear sample collection make tears a potential source for biomarker discovery in proteomic studies (87–89).



Clinical Applications and Future Directions in Proteomics of Uveitis

The discovery of biomarkers in uveitis is showing a promising role in clinical practice. The diagnosis of autoimmune retinopathy, a rare uveitis entity with a diagnostic and therapeutic challenge, was made possible in a case of idiopathic uveitis by cytokine profiling of the vitreous, which demonstrated the presence of antibodies against S-arrestin (52). Normal levels of TNF-α in the vitreous of NIV eyes explained the reason for failure of NIV eyes to respond to treatment with anti–TNF-α agent (54). In the absence of clinical or diagnostic biomarkers, the identification of protein biomarkers in serum and tears of BD patients provided valuable clues in differentiating this disease from another autoimmune disease (VKH disease), helped in staging the disease based on serum biomarkers, and guided in monitoring therapy for uveitis based on tear biomarkers (72, 73). Different forms of autoimmune uveitis can be targeted with the same therapy with the identification of a protein/cytokine signature common to all of them (52).

A differential protein expression in the intraocular fluids of patients with two phenotypically similar entities has significant clinical implications. Transthyretin (TTT), a potential intraocular biomarker, found in the aqueous humor of silent chronic AU and JIA-associated uveitis patients, provided a common underlying etiology between the two conditions (66).

Tubercular uveitis, a common uveitis entity in endemic countries, poses several clinical and diagnostic challenges, leading to a delay in initiating targeted therapy. The use of proteomics to provide biomarkers in differentiating this disease from other forms of infective and non-infective uveitis is strongly indicated and is a subject of concern.

With the major goal of identifying biomarkers of a disease, proteomics provides information about the changes in protein expression levels between the diseased and normal states, posttranslational modifications, and response to treatment. A new insight into the pathogenesis and course of the disease is obtained by identification of DEPs, and their pathway analysis. The protein constituents identified in a diseased eye can serve as potential targets for therapeutic intervention by the drugs that are available and accessible. Also, proteomics provides information about the drugs to be avoided. Besides their impact on diagnosis and treatment of a disease, proteomics may also have implications in gene therapy trials.



Summary

Considering the various EAU and EIU studies, crystallins may serve as suitable targets for adjunctive therapy in acute phases of uveitis, as also seen by their role in apoptosis and neuroprotection. The ocular proteome in acute uveitis is likely to differ considerably from that of chronic uveitis, addressing the need for exploring and targeting different proteins in different stages of uveitis. With a potential to redirect the diagnosis of idiopathic uveitis, ocular proteomics provide a new insight into the pathophysiology and therapeutics of various ocular inflammatory diseases. Tears, aqueous, and vitreous humor represent potential repositories for proteomic biomarkers discovery in uveitis. Determining the molecular pathways enriched in uveitis helps in considering the drugs that are available and could readily target the pathways, rather than finding new drugs.
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The term ocular microbiota refers to all types of commensal and pathogenic microorganisms present on or in the eye. The ocular surface is continuously exposed to the environment and harbors various commensals. Commensal microbes have been demonstrated to regulate host metabolism, development of immune system, and host defense against pathogen invasion. An unbalanced microbiota could lead to pathogenic microbial overgrowth and cause local or systemic inflammation. The specific antigens that irritate the deleterious immune responses in various inflammatory eye diseases remain obscure, while recent evidence implies a microbial etiology of these illnesses. The purpose of this review is to provide an overview of the literature on ocular microbiota and the role of commensal microbes in several eye diseases. In addition, this review will also discuss the interaction between microbial pathogens and host factors involved in intraocular inflammation, and evaluate therapeutic potential of targeting ocular microbiota to treat intraocular inflammation.




Keywords: ocular microbiota, ocular surface microbiome, intraocular inflammation, eye, ocular inflammatory disease



Introduction

As the term microbiota refers to all types of microorganisms present in or on human body, the term ocular microbiota refers to all types of microorganisms present in or on the eyes. Ever since the launch of the Human Microbiome Project, our understanding toward the diversity and composition of commensal microbiota has been expanding. It has been evidenced that commensal microbiota plays fundamental roles in regulating host physiology, induction and development of immune system, as well as host defense against pathogen invasion, albeit dysbiosis (unbalanced microbiota) could lead to pathogenic microbial overgrowth and cause local or systemic inflammation (1). The ocular surface is directly exposed to the external environment and endangered by various pathogenic microorganisms. These facts combined with our recent findings of intraocular microbes raise intense research interest in clarifying the role of ocular microbiota in ocular health and diseases.

The ocular immune system is composed of a complex network of innate and adaptive components. Infection or autoimmunity could lead to intraocular inflammation which is associated with a multitude of sight-threatening diseases, which include but may not be limited to endophthalmitis, uveitis, age-related macular degeneration (AMD), glaucoma, and diabetic retinopathy (DR). Intraocular inflammation exerts deleterious effects on vision integrity since the delicate ocular components, such as the retina and the cornea, are unable to regenerate. The eye is an immunologically privileged organ. Up to date, the specific antigens that irritate the deleterious immune responses in the immune privileged site in those diseases remain obscure. A growing body of research has shown that commensal microbes might be the trigger of intraocular inflammation. Here, we discuss evidence for the relationship between microbes and ocular diseases, discuss microbial pathogen and host factors, including the molecular and cellular interactions, involved in non-infectious intraocular inflammation, and evaluate therapeutic potential of targeting ocular microbiota to treat intraocular inflammation.



The Ocular Microbiota

The ocular surface is the interface between the eye and the environment which comprises the cornea, the conjunctiva, the tear film, and the eyelids. It has been much debated whether the microorganisms in our environment are able to adhere to and colonize the ocular surface, because during eye blinking, tears secreted from the lacrimal gland of the eyes contain lysozyme that could kill bacteria and wash the ocular surface (1). Supporting evidence for the existence of ocular surface microorganisms arises from microbial cultivation studies documented first in 1930 (2). Many subsequent results from similar studies are in line with the first discovery. Swabs from different parts of the ocular surface were incubated in bacteria growth media (mostly blood and chocolate agar). The incubations occur in aerobic, anaerobic, or 5% CO2 for up to 14 days at body temperature (3). These culture-based methods are invaluable in a historical perspective in confirming the existence of a microbiota and identifying microorganisms. The common bacteria isolated from these sites of the eye are Gram-positive genera, including coagulase-negative Staphylococcus, Streptococcus, Propionibacterium, Diphtheroid bacteria and Micrococcus (4). Some genera that are abundant in the gut flora, such as Escherichia, Enterococcus, Lactobacillus, and Bacillus are less common on the normal ocular surface (4). Gram-negative genera, such as Haemophilus, Neisseria, Pseudomonas, and fungal isolates are even rarer but can also be isolated and cultured from the surface of eyes without obvious signs of inflammation or infection (4, 5). The most common ocular surface bacteria are coagulase-negative Staphylococci which present in 20–80% of the swabs from the conjunctiva and 30–100% of the swabs from the lids (4). The density of microbes recovered are usually lowest from tears while higher from conjunctiva and eye lid (3). Types of the ocular surface microbes identified are consistent with results from studies of cultivable microbiota from contact lenses, which also suggest that coagulase-negative Staphylococcus is the most common genera, and less commonly Bacillus, Micrococcus, and fungi (3).

The ocular surface and the sclera enwrap the interior ocular cavity. The cavity enclosed by the ocular outer compartments mainly consists of the anterior chamber, the posterior chamber, the ciliary body, and the vitreous body (Figure 1). Historically, the intraocular environment has been deemed sterile on account of its closed anatomical structure as well as protection provided by the tight and restrictive blood-retina barrier unless it is invaded by pathogens due to unnatural circumstances. Contamination could occur when the outer ocular compartments are damaged during an intraocular surgical procedure or following an injury caused by a penetrating foreign object (6, 7). For example, post-operative infectious endophthalmitis is a rare but serious vision-threatening complication of ocular surgery (e.g., cataract extraction) which involves inflammation of both the anterior and posterior segments of the eye. Post-operative endophthalmitis is presumably attributed to the diffusion of microorganisms from the patient’s conjunctival or skin flora into the sterile intraocular compartments of the eye during surgery and cause overwhelming inflammation (8). Besides, diseased conditions that are associated with retinal vascular lesions could introduce microbial invasions from the circulating blood as normal human blood contains appreciable numbers of microorganisms (9–12). For example, one of the early pathological features of DR, a common diabetes complication in the eye, is retinal vascular leakage (13). Coincidently, DR has been demonstrated to be affected by microbiome (14, 15). Furthermore, some microbes (mainly viruses) could spread along the nerves. Cases of infections occurred in the central nervous system (CNS) by neurological spread are not sparse. Ocular infection could be secondary to a CNS infection. For instance, it has been reported that rabies virus infected in the hind limbs of mice could travel along the peripheral nerve and the axon to the brain and then spread to the eye through the optic nerve where it infects the retinal ganglion cell (RGC) but not the photoreceptors (16).




Figure 1 | Anatomy of the eye.



The vitreous humor and aqueous humor contain a variety of organic and anorganic components that form an excellent cultivating medium for microorganisms (17, 18). In the late 19th century, researchers found that microorganisms, such as Bacillus Subtilis and Bacillus Megaterium grew extremely well in the aqueous humor withdrawn from living body (18). In some studies by others, Propionibacterium acnes (P. acnes) was detected in the granuloma of the retina in patients with ocular sarcoidosis where accumulated CD4+ cells and CD68+ cells were also nearby, suggesting that P. acnes could be associated with sarcoid uveitis (19, 20). In line with their findings, we were able to detect the expression of P. acnes mRNA in most aqueous humor specimens we collected from patients undergoing cataract surgeries who were free of active or history of intraocular inflammation and infection, raising the question of whether P. acnes is a benign resident or a pathogenic intraocular microorganism and whether there is a community of microorganisms living inside the human eye. So far, there is no direct documentation of the existence of intraocular microbiome. This is possibly because the intraocular materials from healthy human eye are difficult to acquire. In our preliminary study, the intraocular microbial communities were significantly different among patients with distinct ocular diseases. Whether the intraocular microbiome lives in symbiosis with the host just as the intestinal microbiome and whether alteration of intraocular microbiome contributes to the ocular health and the etiology of ocular diseases in general remain to be examined.



Defining The Ocular Microbiota

Methods to define a microbiota can be generally divided into culture-based techniques and non-culture-based techniques. The culture-based techniques depend on phenotypic characteristics of microbes to estimate the microbial load, for example, the ability of microbes in a sample to proliferate in or on a specified growth medium under a specified growth condition (21, 22). Although it provides a rough evaluation of microbial density and diversity in specimens, these measures are often inaccurate and biased. The cultivable species may only represent a small proportion of the real microbial populations in the samples which are prone to grow under the applied cultivation conditions (23, 24). In addition, the estimation of microbial density in a certain sample also varies according to a wide range of factors that may affect the proliferation ability of microbes. Some microbes are even uncultivable on traditional laboratory medium. Currently, only half of the bacterial phyla have cultivated representatives (25). Indeed, variations in types and density of microorganisms that can be cultured from the ocular surface exist in many published studies (23, 26).

The more advanced non-culture diagnostic methods are immunoassays, which target microbe-secreted peptides or microbial antigen, and metagenomic sequencing, which target microbial RNA or DNA. Both methods allow study of the community of the microbes present without obtaining pure cultures. Methods targeting microbial nucleic acids do not require specific antibodies making them more readily available for laboratory study. 16S ribosomal RNA (rRNA) is commonly used for taxonomic purposes for bacteria, while 18S rRNA and internal transcribed spacer (ITS) are used for fungi. To define microbial species, the 16S/18S/ITS gene amplicons are usually sequenced and the sequence will be matched with the repository of existing sequence to yield taxonomic information. Nowadays, more than 9,000 16S rRNA gene sequences have been deposited in GenBank, rendering 16S rRNA gene sequence analysis a better tool to identify those rarely isolated, poorly described, and uncultivable bacteria (27). Another sequencing method called shotgun metagenomics can achieve species- and strain-level resolution. It examines the entire genome as opposed to only the 16S/18S/ITS amplicons, but its high costs and heavy demands on bioinformatic analyses precluded its extensive use for microbiome study (28).

The first high-throughput study to explore the diversity of healthy human ocular surface microbiome was published in 2007 by Graham et al. in which they identified Staphylococcus, Rhodococcus, Corynebacterium, Propionibacterium, Klebsiella, Bacillus, and Erwinia as the main bacterial genera on healthy human ocular surface (2). However, the composition of the “core ocular surface microbiota” has been highly contested. Dong et al. proposed that 12 genera—Pseudomonas, Propionibacterium, Bradyrhizobium, Corynebacterium, Acinetobacter, Brevundimonas, Staphylococcus, Aquabacterium, Sphingomonas, Streptococcus, Streptophyta, and Methylobacterium—represented the putative “core” of conjunctival microbiota (29). Another study claimed that Corynebacterium, Streptococcus, Propionibacterium, Bacillus, Staphylococcus, and Ralsontia were detected in 80% of the 105 samples tested and together accounted for more than a third of the entire bacterial community characterized (30). The core conjunctival microbial communities were later shown to be composed of Corynebacterium, Pseudomonas, Staphylococcus, Acinetobacter, Streptococcus, Millisia, Anaerococcus, Finegoldia, Simonsiella, and Veillonella (31). Doan et al. applied three different techniques to explore the healthy human conjunctiva microbiome: bacterial culture, 16S rDNA gene deep sequencing, and biome representational in silico karyotyping. They found that Corynebacteria, Propionibacterium, and coagulase-negative Staphylococcus were the predominant organisms (32). A study by Ozkan et al. reported that Corynebacterium, Acinetobacteria, Pseudomonas, Sphingomonas, Streptococcus, Massilia, and Rothia accounted for 80% of the operational taxanomic units (OTUs) and microbial genera on the ocular surface (24). The metagenomic data collected from our laboratory revealed that Propionibacterium, Staphylococcus, Escherichia, and Micrococcus were the most abundant ocular surface microbial genera in healthy humans (33). Li et al. found the predominant genera to be Pseudomonas, Acinetobacter, Bacillus, Chryseobacterium, and Corynebacterium (34). The more recent study carried out by Suzuki et al. demonstrated that the ocular surface was typically dominated by Propionibacterium in the young subjects and by Corynebacterium or Neisseriaceae in the elderly subjects (35).

Although metagenomic sequencing offers substantial information about the diversity of the ocular microbiome and reveal previously unidentified microbial species by the traditional culture-based methods, inconsistency remains between several studies using similar sequencing techniques (Table 1). Therefore, culture-based methods are sometimes combined with non-culture-based methods to prove the existence of a microbe. Most of the metagenomic sequencing results support Corynebacterium, Propionibacterium, and Staphylococcus as the dominant taxons of healthy ocular surface. This expands the list of the most common genera recovered by culture-based methods, i.e. the coagulase-negative Staphylococcus. Noteworthy, metagenomic sequencing results could also be complicated by several factors, such as small sample size (36), depth of swabs (37, 38), and contaminations from DNA extraction kit and PCR reagents (39, 40) and so forth. Nonetheless, it remains the best state-of-the-art tool for in situ profiling of a microbiota. Utilizing this powerful metagenomic sequencing tool, we have also characterized the intraocular microbiota of the aqueous humor from patients with ocular diseases that required surgical intervention. We found that each disease has a unique intraocular microbial signature, suggesting a potential link between intraocular microbiota and ocular health and diseases.


Table 1 | Core ocular surface microbiome in healthy adults.





Factors Changing The Ocular Microbiota

The ocular surface microbiota can be influenced by environmental conditions, age, gender, personal habits, contact lens wear, disease states, antibiotics, and infection etc (41). Understanding toward the factors that alter the intraocular microbiota is still in its infancy. As the intraocular space is relatively separated from the outer environment, it is reasonable to speculate that the intraocular microbiota is more imaginably associated with host factors.

Age and sex hormone have significant impacts on immune regulation and ocular health (33). Our study showed that age groups differs significantly in bacterial composition and metabolic functions, and that gender factor only affects β but not α diversity of bacterial composition. Our data suggest that age and gender can collectively shape the ocular surface microbiome, while age appears to be a stronger factor in reshaping the ocular surface microbiome (33). However, some earlier studies showed contradictory findings: Ozkan et al (24). found no effect of age on the microbial a diversity and a higher Shannon diversity index in males; Zhou et al. found no effect of sex on the microbial diversity and a higher richness and Shannon diversity index in children less than 10 years old (30). This inconsistency may be explained by the fact that the techniques used were different in these studies. We used metagenomic sequencing approach which may detect a much broader range of microbes (33).

Dry eye syndrome is a multi-pathogenic factorial disease of the ocular surface characterized by loss of homeostasis of the tear film which results in excessive evaporation of tears in most of the cases. Meibomian glands located in the eyelids are responsible for the secretion of oily components for the tear film to protect the ocular surface from overt dryness, discomfort, or damage. Meibomian gland dysfunction often leads to evaporative dry eye syndrome. Inconsistencies in the microbial species that changed by dry eye syndrome and meibomian gland dysfunction remain in several studies (34, 42, 43). This may again be explained by sample size, sequencing approach, and different diagnostic criteria. For example, it has been reported that some cases of meibomian gland dysfunction overlap with not only dry eye syndrome but also blepharitis (44). No conclusive results have been achieved by these analyses, yet the results hinted that the ocular surface “resident microbiota”, Corynebacterium, is likely associated with these diseases. However, it is still unclear that whether the change of the ocular surface microbiota is a cause or a consequence of the ocular surface disorders.

Patients with other diseases such as diabetes, high cholesterol and triglycerides, conjunctivitis, autoimmune diseases like Behcet’s disease (BD), rheumatoid arthritis, and Sjögren’s syndrome, which are linked with meibomian gland dysfunction and dry eye syndrome have also been reported with altered ocular surface microbiota (45–53). These suggest that endogenous host factors other than age and gender may be equally important in shaping the ocular surface microbiome, or the change of ocular surface microbiome may be secondary to meibomian gland dysfunction or dry eye syndrome. Further investigations are needed to dissociate data of patients with meibomian gland dysfunction or dry eye syndrome from those without in order to provide insights into finding the endogenous host factors that alter ocular surface microbiome.



Intraocular Inflammation

Intraocular inflammation has two types: acute and chronic. The acute intraocular inflammation as observed in post-operative or post-traumatic endophthalmitis is normally caused by pathogenic microbes and is capable of inducing robust changes in blood-retina barrier permeability and subsequent infiltration of non-resident immune cells, such as polymorphonuclear leukocytes (PMNs) and macrophages (Figure 2) (54). The chronic form accounting for most intraocular inflammation appears to arise from a combination of predisposing genetic and environmental factors. A break of immune tolerance against endogenous antigens, followed by autoantibody production, dysregulation of effector and regulatory T cells, and infiltration of T lymphocytes and macrophages, is usually the mechanistic basis for chronic intraocular inflammation associated with inflammatory ocular diseases, particularly uveitis.




Figure 2 | Potential mechanisms of intraocular microbiome-mediated intraocular inflammation. Unbalanced intraocular microbiota can lead to overgrowth of pathogenic microbes which are surveyed by resident ocular APCs, such as ocular DCs. Immature APCs take up either the microbe as a whole or the microbial antigens in the eye to become mature. Through afferent lymphatic vessels, mature APCs migrate to the closest draining lymph nodes where they are recognized by CD4+ T cells. Activated retina-specific T cells migrate into the eyes to secret proinflammatory cytokines and chemokines which may disrupt the blood-retina barrier and recruit additional inflammatory cells and mediators to the eyes to cause intraocular inflammation.



The eye is an immunologically privileged organ. The anterior chamber, the vitreous cavity, and the subretinal space of the eyes, are immune privileged sites where multiple mechanisms work together to inhibit overt immune responses (55). The conjunctiva and the interior of the eye are highly vascularized and home to many immune cells, suggesting that the eyes are under sophisticated regulation by immune system. Presumably due to an evolutionary adaption, our immune system uses several strategies to avoid intraocular inflammation, for example, immunological ignorance of eye-derived antigens, immune tolerance, and a local immunosuppressive or anti-inflammatory microenvironment created by blood-retina barriers and immunosuppressive/anti-inflammatory molecules in ocular fluids or constitutively expressed by ocular parenchymal cells (55). These strategies are collectively known as ocular immune privilege. By virtue of ocular immune privilege, transplants into the eyes are not subjected to sight-destroying immune responses and inflammation. Antigen injected into these places induces peripheral tolerance to that antigen (56). A classic phenomenon is the anterior chamber-associated immune deviation (ACAID) in which injection of an antigen to the anterior chamber of the eye induces systemic immunoregulatory responses that are believed to protect the eye from future immune-mediated damage (57). Similarly, adeno-associated virus delivery to the subretinal space elicits only limited immune response (58, 59). However, in the face of antigen overload, the mechanisms of immune privilege cannot always effectively restrain the immune cells from infiltrating and responding. The C56BL/6 mice eyes intravitreally injected with 500 colony-forming unit (cfu) of Staphylococcus aureus were observed to reach 107 cfu 24 hours post injection and eventually reduced the number to 5×103 cfu by 72 hours. During the 3 day course, mice had few infiltrating inflammatory cells and no microscopic retinal damage. By contrast, eyes intravitreally injected with 5,000 cfu of the same microbes resulted in massive infiltration and severe damage to ocular structures (60).



Ocular Inflammatory Diseases are Associated with Non-Ocular Microbiota

The microbiota was once considered to be inert in immune homeostasis. However, over the past decades, pivotal roles of dysbiosis (changes in the gut commensal microbiota) in human health have been established. Dysbiosis has been implicated in various diseases associated with systemic inflammation, including rheumatoid arthritis, multiple sclerosis, inflammatory bowel disease, and type 1 diabetes (61–67). In recent years, gut commensals have also been involved in the pathogenesis of several non-infectious eye diseases like autoimmune uveitis, AMD, and glaucoma.

The eye is protected by a prompt immune response to clear pathogens or antigens. However, inappropriate intraocular inflammation, such as those occurs in various forms of uveitis could be fatal to the eye and its visual function. Uveitis is a group of eye diseases characterized by acute or chronic intraocular inflammation of infectious or non-infectious origin. Autoimmune uveitis arises without known infectious stimuli. In humans, uveitis has been associated with human leukocyte antigen-B27 (HLA-B27), a prominent major histocompatibility complex (MHC) class I‐allele expressed on the white blood cell surface, suggesting innate etiology (68). Patients with acute anterior uveitis have distinct intestinal microbial signature (69). Animal models have provided tremendous insights into its mechanistic basis. HLA-B27 transgenic rats exhibited altered cecal microbiota compared to healthy controls (70). Other mouse models of induced or spontaneous uveitis also showed ameliorated inflammation when commensals were removed or reduced. A classic mouse model of autoimmune uveitis is the experimental autoimmune uveitis (EAU) in which interphotoreceptor retinoid binding protein (IRBP) and heat-killed Mycobacterium tuberculosis are co-administered in complete Freund’s adjuvant and ocular inflammation begins around day 10. Fecal microbiota transplantation with feces from BD patients significantly exacerbated EAU and increased the production of inflammatory cytokines (71). In EAU, an intestinal dysbiosis accompanies a disruption in intestinal homeostasis was demonstrated (72). Microbial ablation by raising mice in germ-free environment or microbial reduction by the treatment of a combination of broad-spectrum antibiotics in EAU reduce the severity of ocular inflammation (73). The direct connection between intestinal microbiota and the eye was confirmed in a spontaneous uveitis mouse model in R161H mice which are engineered to express a transgene for T cell receptor (TCR) specific for IRBP. In these mice, retina-specific T cells are first activated by intestinal commensals in the gut through the autoreactive TCR and then trigger inflammation in the retina, implying that a commensal microbial antigen may mimic a retinal antigen to trigger autoimmune uveitis (Figure 2) (74). In line with this evidence, another study demonstrated that broad-spectrum oral antibiotics could attenuate EAU by increasing Tregs and decreasing effector T cells in the gut and extraintestinal tissues (75).

AMD is a progressive retinal degeneration and often associated with chronic low-grade intraocular inflammation. A substantial genome-wide association studies revealed that genetic variants in complement and various inflammatory pathway such as complement factor (CF) H, CFI, age-related maculopathy susceptibility 2 (ARMS2), tissue inhibitor of metalloproteinases-3 (TIMP3), and matrix metallopeptidase 9 (MMP9), as well as in lipid pathway such as apolipoprotein E (APOE), lipase C (LIPC), cholesteryl ester transfer protein (CETP), and ATP-binding cassette transporter (ABCA1) were associated with the disease (76, 77). The identified variants, however, explain only 46–71% of the genomic heritability of AMD (78). This may be attributed to additional variation not identified, or to genetic interaction with environmental factors such as smoking, diet or sunlight exposure (76). Commensal bacteria as one potential environmental influence could play a role in AMD development. There are several reasons for such presumption: (i) Microbes are involved in the regulation of host immunity and lipid metabolism both of which have profound effects on chronic low-grade inflammation and are important in the pathogenesis of AMD. (ii) Drusen in AMD eyes contain anti-infectious components such as complement components, apolipoprotein E, amyloid β, vitronectin, immunoglobulins and C1Q (79). (iii) As discussed earlier, gut microorganisms could send signals that exert distal effects on a remote organ like the eye. Indeed, several studies have linked commensal microbiota to AMD pathogenesis. Patients with AMD have shown distinct intestinal, oral, nasal, and pharyngeal microbial communities, highlighting potential role of mucosal surface microbes in the pathogenesis of AMD (80–82). Mice fed a high-glycemic diet developed hallmarks of AMD, such as retinal pigment epithelium (RPE) hypopigmentation and atrophy, lipofuscin accumulation, and photoreceptor degeneration, whereas mice fed the lower-glycemia diet did no (83, 84). High-fat diet feeding in mice significantly influenced gut microbiota composition and exacerbated laser-induced model of neovascular AMD, also known as choroidal neovascularization (85). In our preliminary study, we observed that several intraocular bacteria were associated specifically with AMD and significantly enriched in soft drusen from AMD patients implying that bacterial infection may be a previously unappreciated etiology of early AMD.

Gut and oral commensals have been implicated in glaucoma which involves local inflammatory response. Astafurov et al. demonstrated that patients with glaucoma had higher oral bacterial load than patients without glaucoma, and that low-dose subcutaneous lipopolysaccharide (LPS) in two separate animal models of glaucoma resulted in enhanced glaucomatous neural degeneration (86). DBA/2J mice, which spontaneously develop high intraocular pressure, mild intraocular inflammation and glaucoma by 6–8 months of age, have been frequently used as a murine model for glaucoma (87). Interestingly, DBA/2J mice raised in germ-free environment do not display typical axonal degeneration and neuronal loss at 12 months of age (88). The study demonstrated that T cells at least partially mediated the glaucomatous pathology in DBA/2J mice raised under specific-pathogen-free conditions (88). A more recent study found that compared to healthy subjects, the gut microbiota of patients with primary open-angle glaucoma had a different gut microbiota profile (89).

The molecular mechanisms underlying the altered gut microbiota and the progression of these ocular inflammatory diseases remain obscure. Further investigations are required to elucidate whether translocation of microbes and/or microbial products (e.g., LPS, peptidoglycan, short-chain fatty acids, and microbial DNA) from the gastrointestinal tract or other mucosal surfaces to the eye through blood circulation or ocular lymphatics occurs during the progression of diseases.



Microbial Pathogens and Host Factors in Intraocular Inflammation

During an event of intraocular inflammation, the immunosuppressive environment of the eye is compromised when pathogens or antigens are detected by local immune surveillance. An immune response is usually initiated by innate receptors, such as Toll-like receptors (TLRs), located in the retina. TLRs generally recognize pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). The former comprise microbial structures/nucleic acid sequences, while the latter are usually molecules released from host cells following tissue injury or damage. The complex interactions between PAMPs/DAMPs and host immune system are mediated through multiple host factors including antigen presenting cells (APCs), MHCs, and inflammatory mediators (Figure 2).


Toll-Like Receptors

The activation of an innate immune response is followed by the recognition of PAMPs on the surface of microbes by a group of receptors called pattern recognition receptors (PRRs). Of the several different families of PRRs which includes TLRs, NOD-like receptors, and mannose receptors, TLRs are the most important members and have been extensively researched in the field of intraocular inflammation. The TLRs are type 1 integral membrane receptors with an N-terminal extracellular domain for ligand binding composed of leucine rich repeats and a C-terminal cytoplasmic Toll/IL-1 receptor (TIR) domain for intracellular signaling (90). Bacterial structural components such as LPS, peptidoglycan, lipids, and lipoproteins can be detected by TLRs on RPE cells, retinal microglia, astrocytes, and Müller cells. As of today, 10 functional TLRs have been identified in humans, while 12 TLRs have been identified in mice (91). TLR1, 2, 4, 5 and 6 are expressed on the cell surface and mainly recognize PAMPs derived from bacteria, fungi and protozoa. In contrast, TLR3, 7, 8 and 9 are expressed in the cytoplasmic compartment and primarily recognize nucleic acids derived from virus and bacteria (91). Upon ligand-receptor interactions, TLRs recruit adaptor molecules including Myeloid differentiating factor 88 (MyD88) and TIR domain containing adaptor inducing interferon β (TRIF), TIR domain-containing adaptor protein (TIRAP) and TRIF-related adaptor molecule (TRAM). Stimulation of TLR signaling further induces nuclear factor kappa-B (NF-κB) nuclear translocation, or activation of interferon regulatory factors (IRFs), or mitogen-activate protein kinases (MAPKs) pathways to promote the expression of inflammatory mediators (92).

Previous studies have linked TLR signaling to inflammatory eye diseases (93–96). Significantly higher expression of TLR 2, 3, 4, and 8 has been observed in BD patients as compared with healthy controls (93). A selective perturbation in the expression and function of TLR2 and 4 was observed on the neutrophils and monocytes of patients with acute anterior uveitis (AAU) (96), suggestive of microbial triggers and TLRs in the pathogenesis of AAU, as TLR2 or TLR4 stimulation by their ligands results in internalization of the cell surface receptors (97, 98). The activation of TLR4 by endotoxin induces a standard model of uveitis in rats, referred to as endotoxin-induced uveitis (99), although the molecular mechanisms by which endotoxin induces uveitis remain unknown. Injection of different TLR agonists into iris/ciliary body explants increased production of inflammatory cytokines TNF-α, IL-6, IP-10/CXCL10, MCP-1. Intraocular injection of TLR agonist increased leukocyte interactions with the endothelium of the iris vasculature and chemotaxis into the iris tissue (100). Contradictorily, studies utilizing genetic mouse models demonstrated that TLR2, 3, 4, and 9 are highly redundant in the adjuvant effect needed to induce EAU and that diverse microbial infections may contribute to the pathogenesis of uveitis (101). TLRs may partially explain the experimental and clinical manifestations of immune-mediated uveitis implicating microbial triggers (102, 103).



Antigen-Presenting Cells

Professional APCs include dendritic cells (DCs), macrophages and B cells. APCs express and use antigen-specific surface receptors, such as PRRs, to recognize and bind their targets, such as PAMPs or DAMPs. Binding of surface PRRs to microbial PAMPs or whole bacteria induces phagocytosis of microbial pathogens by DCs or macrophages. A previous study demonstrated that the protein expression of functional endotoxin receptor TLR4 and its associated LPS receptor complex (CD14 and MD-2) was restricted to resident APCs in the normal human uvea, consisting mainly of HLA-DR+ DCs. These APCs appeared to be strategically located in perivascular and subepithelial sites to detect and respond to blood-borne or intraocular LPS of Gram-negative bacteria (104). These observations were confirmed by another study showing the expression of the functional TLR4 and CD14 in human ciliary body and TLR4 in human iris endothelial cells (105), supporting the notion that microbial triggers, in particular LPS of Gram-negative bacteria may trigger AAU by activating TLR4-expressing resident uveal APCs. RPE cells in vitro display many characteristics typical of APC yet are poor inducers of lymphocyte proliferation (106). RPE cells express proteins for TLR1-6 and 9, and are capable of secreting IL-8 after stimulation by PAMPs (107). APCs themselves may release cytokines to directly influence the development of uveitis (108) or may pathogenically link to uveitis through regulating the function of T cells (109, 110).



Major Histocompatibility Complexes

After binding to respective PRR ligands, APCs internalize and degrade their targets by initiating phagocytosis or clathrin-mediated endocytosis, and then display the epitope by MHCs for recognition by immunologic structures like TCRs on appropriate T cells. MHCs are cell surface proteins essential for adaptive immune response. Two types of MHCs display antigens: class I MHCs and class II MHCs. Class I MHC receptors are produced by all nucleated cells and display endogenous antigens to activate CD8+ cytotoxic T cells. Class II MHC receptors normally express only on professional APCs (111). HLA-B27 is present in about 50% of all patients with AAU and is the strongest genetic factor for AAU. Both HLA-B27 transgenic Lewis rats and HLA-B27 transgenic Fischer rats developed gut inflammation (112). The rats develop diarrhea, peripheral arthritis, and spondylitis, while removal of microbiota significantly reduces the symptoms, however, these rats do not develop uveitis (68, 113). Similarly, in humans, the majority of individuals who are HLA-B27-positive do not develop AAU or other autoimmune diseases, implying the involvement of other genes or environmental factors in the development of uveitis. Some literature suggests the involvement of microbial triggers in disease development, in particular Gram-negative bacteria (114, 115).



Inflammatory Mediators

Proinflammatory mediators released by retinal microglia, endothelial, or Müller cells are critical for recruiting PMNs and macrophages to sites of inflammation or infection. In addition to pathogen clearance, PMNs and macrophages produce cytokines and chemokines to increase blood-retinal barrier permeability, facilitate migration of cells, and recruit additional inflammatory cells and mediators to the inflammatory sites. Many of the proinflammatory mediators increased in experimental animal models of intraocular inflammation are also diagnosed with increased levels in the aqueous and vitreous humor of humans with inflammatory eye diseases (116). Several inflammatory mediators play essential roles in mounting an inflammatory response. TNFα is a pleiotropic cytokine that rapidly upregulates following tissue injury and can be produced by activated macrophages, T cells, and natural killer cells (117). In the eye, TNFα appears to mediate the pathogenesis of intraocular inflammation, neovascular and retinal degeneration by stimulating other retinal cells to produce cytokines, such as interferon γ, IL-1β, IL-2, IL-4, IL-6, IL-8, and IL-10, and other proinflammatory molecules, such as vascular cell adhesion molecule-1 (VCAM-1), intercellular cell adhesion molecule-1 (ICAM-1), and macrophage inflammatory protein (MIP)-1α, MIP-2, monocyte chemotactic protein-1 (MCP-1), and CXCL1 (117–120). During an intraocular inflammation, elevated levels of TNFα correlated with worsen visual acuity (120). TNFα-/- mice were subjected to greater bacterial growth, intraocular inflammation, and ocular structural damage after an infection (121). While bacterial growth was similar between wild-type controls and IL-6-/- and CXCL1-/- mice, the intraocular inflammation was attenuated in mice lacking CXCL-1, but not IL-6 (122).




Targeting Ocular Microbiota as Novel Therapies for Intraocular Inflammation

Current treatment for intraocular inflammation includes steroids, anti-cytokine biologics, and non-biologic immunosuppressive agents therapies. While corticosteroids remain the most potent and efficacious drug for treating intraocular inflammation, results from the corticosteroids use are not optimal and poor control in some cases (123). Patients diagnosed with uveitis require prolonged repeated intravitreal injections which usually leads to many side effects, such as hyperglycemia and dysregulated bone metabolic homeostasis (124). The drugs most commonly used in replacement of corticosteroids are non-biologic immunosuppressive agents including azathioprine, methotrexate, mycophenolate and cyclosporine, all of which have been reported with potentials for significant side effects (123). The more recent anti-cytokine biologics have greatly changed the therapeutic options for non-infectious uveitis. In 2016, adalimumab as the first anti-TNFα biologic, was approved by the FDA in the treatment of non-infectious intermedia uveitis, posterior uveitis, and panuveitis. Similar anti-TNFα biologics, such as infliximab and golimumab, could also exert significant anti-inflammatory effects. In TNFα-/- mice, the intraocular inflammation and cytokine production was dramatically reduced in the experimental model of endophthalmitis. Unfortunately, TNFα-/- mice displayed poor retinal function retention, presumably due to increased bacterial load (121), providing rationale for the development of novel and more targeted therapies.

R161H mice which spontaneously developed uveitis or EAU mouse models are devoid of disease phenotypes when raised in germ-free environment or treated with broad-spectrum antibiotics (73, 74). Mechanistic basis to these phenomena has been proven by Horai et al. to be originated from gut microbe-activated T cells (74). Our recent findings of the existence of intraocular microbes imply that intraocular commensals might also contribute to the pathogenesis of uveitis, as germ-free environment and antibiotics theoretically also remove intraocular commensals, although direct evidence for this notion is still lacking. Therapies manipulating commensal microbiome have been emerged as a novel strategy to prime the host immune system to counteract several inflammatory diseases, such as inflammatory bowel disease, graft-vs.-host disease, HIV infection, and psychological-stress-induced inflammation (125–127). This is presumably due to the reason that host microbiota could shape the host immune system to dictate the proinflammatory effects of other proinflammatory stimuli (128). A recent study demonstrated that the combination of remodeling of gut microbiome and microglia inhibition significantly attenuate the progression of EAU after inflammation onset (129). A potential explanation is that antigens from commensals reprogram naïve CD4+ T cells to the regulatory T cells lineage to restrain lymphocyte response (130). Nonetheless, it remains to be determined whether the clinical intervention targeting gut microbiome is efficacious in improving uveitis humans.



Conclusion

Commensals are a large source of intrinsic antigens that are continuously sensed by the immune system but typically do not elicit inflammation. Since the discovery of ocular surface microbiota, their interactions with the innate immunity of the ocular surface have been explored by many researchers. Up to date, the intraocular microbiota could be considered a black box. The interior of the eye is highly vascularized and contains miscellaneous types of immune cells or immune mediators. How the intraocular microbiota and intraocular immune environment interplay to modulate inflammatory eye diseases, such as uveitis, remains an open question. Most of the microorganisms that constitute the intraocular microbiome are sparse in number, anaerobic, and extremely difficult to culture. Our laboratory has employed state-of-the-art metagenomic sequencing, combined with cultural technique and micrographical analysis to unveil the mask of intraocular microbiota, which may advance our understanding toward the mechanisms of intraocular inflammation. However, puzzles as to how commensals occupy the inside of the eye, whether the intestinal microbiota contribute to or modulate the intraocular commensals, and how intraocular commensals regulate the innate and adaptive ocular immune responses await to be answered. This process is most likely involved roles of TLRs, APCs, MHCs, and many inflammatory mediators. Further delineation of the commensal types that altered in ocular inflammatory diseases, and clarification of the question that whether the commensals as a whole or specific commensal epitopes are mainly responsible for disease progression are of significant importance to expand our knowledge of the ocular immune system and intraocular inflammation.
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There has been steady progress in understanding the pathogenesis, clinical features, and effective treatment of acute anterior uveitis (AU) over the past 5 years. Large gene wide association studies have confirmed that AU is a polygenic disease, with overlaps with the seronegative arthropathies and inflammatory bowel diseases, associations that have been repeatedly confirmed in clinical studies. The role of the microbiome in AU has received increased research attention, with recent evidence indicating that human leukocyte antigen B27 (HLA B27) may influence the composition of the gut microbiome in experimental animals. Extensive clinical investigations have confirmed the typical features of acute AU (AAU) and its response to topical, regional and systemic immunosuppressive treatment. Increased understanding of the role of cytokines has resulted in studies confirming the value of anti-cytokine therapy [anti–tumor necrosis factor (anti-TNF) and interleukin 6 (IL-6) therapy] in severe and recurrent cases of AAU, particularly in subjects with an associated spondyloarthopathy (SpA) and in juvenile idiopathic arthritis (JIA)–associated AAU.
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Introduction

Uveitis is a common vision threatening inflammatory eye disease with a reported annual incidence of between 17 and 52 per 100,000 and prevalence of between 38 and 370 per 100,000 of the population (1–4). The disease is most common in children, young and middle-aged adults. Uveitis and its complications account for up to 10% of those with severe vision impairment and blindness (5). Anterior uveitis (AU) is present in up to 90% of cases of uveitis and approximately 50% of all patients with acute AU (AAU) are human leukocyte antigen B27 (HLA B27) positive. HLA B27 is also strongly associated with ankylosing spondylitis (AS), reactive arthritis (ReA), and other spondyloarthropathies (SpA) (6). These associations are among the strongest of any HLA antigen to a human disease, although the pathogenetic mechanism(s) involved remain unknown (7). There has been relatively little research devoted to the immunopathogenesis of HLA B27 AAU, compared with the numerous studies of the immunopathogenesis of the SpA’s.

Evidence that HLA B27 is directly involved in the pathogenesis of this group of diseases is supported by the fact that HLA B27 is associated with AAU and SpA in many populations and ethnic groups, in the context of over 140 haplotypes (the HLA B2705 subtype is the most common in Caucasians). Secondly, some HLA B27 subtypes are not associated to AAU or SpA, suggesting that subtype polymorphism modulate disease susceptibility, and thirdly, HLA B27 transgenic rats and mice develop a disease that strongly resembles human SpA, although these animals do not spontaneously develop AAU (8).



Clinical Features of HLA B27 Anterior Uveitis

In a large study of over 2000 patients with axial SpA from 83 rheumatology centers in the United Kingdom 23.5% of the patients in the cohort reported at least 1 episode of AAU. The mean age of patients was 51 years with a male to female ratio of 2:1. The factors associated with increased prevalence of AAU in this cohort were HLA B27 positivity, university education, age, and the presence and duration of axial spondylo-arthritis (9). There is a well-defined clinical phenotype for patients with AAU associated with spondyloarthritis which was confirmed in a study by Peizeng et al. in a large Chinese population (10). Typical symptoms include: acute onset of blurred vision, ocular redness, pain and photophobia. Important clinical descriptors include: unilateral episodes, alternation between eyes, sudden onset and limited duration. HLA B27 AAU is non-granulomatous and characterized by flare and cells in the anterior chamber that commonly spills over into the anterior vitreous. Other clinical features such as hypopyon and posterior synechiae may occur. HLA B27 associated uveitis is nearly always confined to the anterior uvea as AAU, although uncommonly there can be prominent intermediate uveitis and involvement of the posterior segment (11). A Chinese study also found that asymptomatic previously unrecognized, retinal vascular involvement often involving the peripheral retina is not uncommon (10). HLA B27 associated AAU is further characterized by recurrences, which are more frequent early in the course of the disease and become less frequent with the duration of disease (12).

Severe and/or recurrent episodes of AAU may result in structural complications such as cataract, elevated intraocular pressure, glaucoma and cystoid macular oedema, which become increasingly common with multiple episodes of uveitis (13). Some patients develop chronic AU following very severe attacks or frequent recurrences. D’Ambrosia and colleagues performed a literature-based meta-analysis to characterize the clinical features and complications associated with HLA B27 AU. The results confirmed the strong association of AU with AS, increased male prevalence, unilateral alternating episodes of uveitis often characterized by a fibrinous inflammatory reaction with or without hypopyon, and occasionally optic disc swelling. The prevalence of raised intraocular pressure and glaucoma were more common in the HLA B27 negative cases of AAU. Interestingly, they concluded that there is no significant difference between HLA B27 positive and HLA B27 negative AAU with regard to final visual acuity and structural complications, such as posterior synechiae, cataract, and macular oedema (14).



Genetics and Anterior Uveitis

The heritability of HLA B27 AAU has a strong association with the major histocombatibility complex (MHC) type 1 allele which over 50% of those with primary AAU possess (7). In an examination of 152 first degree relatives of 42 randomly selected HLA B27 AAU patients, 6% were found to develop the condition (15). The same Dutch study also identified that there may be other genetic factors influencing inheritance, with higher rates of proband first degree relatives developing AAU than in the normal HLA B27 population (15). Recent genotyping studies have supported this observation with several non MHC loci demonstrating genome wide association significance. In one study comparing AAU subjects to healthy controls using the Illumina Immunochip, associations were established with ERAP1, IL23R, and the intergenic region 2p15 (16).

The first genome wide association study (GWAS) of patients with AAU with or without AS identified new susceptibility genes and confirmed the strong association of HLA B27 AAU with SpA (17). Gene associations were observed for 11 loci, including the previously reported ERAP1 and NOS2. Associations were also found at previously unrecognized sites for AS and AU including MERTK, KIFAP3, CLCN 7, ACAA2, and five intergenic loci (17). A number of genetic factors critical to the immune response to microorganisms, such as IL10, IL18R1-IL1R1, IL6R, and KIF21B, were previously reported in a GWAS study of patients with AS and AAU (16).

Despite the association of the ERAP1 gene with HLA B27 SpA and AAU the role of this gene in peptide selection and processing in the pathogenesis of these diseases has not been defined. Barnea et al. examined the effect of ERAP1 deletion in HLA B27 transgenic rats. The male HLA B27 transgenic rats develop a spondylo-arthritic type of disease, but not AU, and have been used as a model of spondylo-arthritis. Deletion of the ERAP1 gene did not affect the development of SpA (18). Interestingly, examination of the peptidomes of rats susceptible to arthritis was similar to those of non-susceptible rats and no peptides were found to be uniquely associated with arthritis.

Using next generation sequencing to identify T-cell receptor beta motifs and amino acid sequences specific to HLA B27 positive patients with AS. Faham et al. recently reported sequences specific to AS, indicating that specific antigens possibly related to the pathogenesis of AS may be identifiable using such an approach (19). Such studies have not been reported in patients with HLA B27 associated AAU but could yield results strengthening the argument that CD8 positive T cells are pivotal in the pathogenesis of this disease.



Infection and HLA B27 AAU

There is considerable epidemiological, clinical, and experimental evidence in patients with AU implicating the role of microbial infections as part of the molecular mimicry or arthritogenic peptide hypothesis. In particular, infection with Chlamydia Trachomatis and gram negative bacteria including Klebsiella, Salmonella, Yersinia, Shigella species, and Campylobacter jejuni, has been reported to trigger AU and SpA (20–22). Furthermore, there is compelling evidence implicating Chlamydia trachomatis in the pathogenesis of ReA and undifferentiated spondylarthroses (19, 20, 22–24). More recently, epidemiological evidence has emerged implicating Ureaplasma Urealyticum (25) and a yet to be identified fungus (26) with the occurrence of uveitis. We have previously provided evidence for the role of microbial triggers in the pathogenesis of HLA B27 AAU, by demonstrating humoral and cellular immune responses to C. trachomatis and Yersinia (26, 27).

Schofield et al. have delineated potential inciting peptide sequences common between enteric bacteria capsules and the third hypervariable region of the HLA B27 molecule (28). Further studies in this vein have found that Klebsiella nitrogenase shares six consecutive amino-acids with HLA B27 (29) and surface proteins of Salmonella, Yersinia, and Shigella have homologous sequences (30). Investigating mice models of disease Horai and colleagues demonstrated that the presence of enteric bacteria triggers retinal specific auto reactive T cells and subsequently spontaneous uveitis (31). Unfortunately, attempts to further localize the effect to self-peptides or self-antigens have thus far failed.

Schittenhelm and colleagues have searched for the existence of disease inducing peptides, the so-called arthrogenic or uveitic peptide(s) proposed to be important in the pathogenesis of HLA B27 related diseases (32). Using sophisticated Mass Spectroscopy they examined 1,500 epitopes across several different HLA class I allotypes (HLA B27:02- HLA B27:09). Analysis of this large data set identified 26 peptides, which were present in lower abundance by non-disease-related HLA B27 allotypes compared with the disease associated HLA B27 subtypes. It is yet to be ascertained whether these peptides represent the arthrogenic peptide proposed to cause SpA’s. The high amount of overlap found in the absolute peptide binding preferences of the HLA B27 allotypes (:02 to :09) has shifted the focus of the arthritogenic peptide hypothesis to quantitative analysis of peptide binding conformation, self-peptide presentation and T cell activation (33). It would be of great interest to use similar technology to identify potential peptides related to HLA B27 AU.



The Role of the Microbiome

There is considerable recent interest in the role of the microbiome in influencing immune responses and susceptibility to diseases such as Crohn’s disease, ulcerative colitis, SpA’s, and uveitis (34–36). Studies in HLA B27 transgenic rats demonstrate an altered microbiome compared to non-transgenic animals (37). The mechanisms by which the microbiome may influence immune responses are poorly understood. One theory is that gut microbes or their products may alter the permeability of the gut wall allowing translocation of bacteria and/or microbial products to regional lymph nodes, which generate a systemic immune response. Such increased gut permeability has been described in patients with AS and inflammatory bowel disease. Patient with ReA have had microbial antigens detected in joint fluid and subsequently been shown to have a clinical response to antibiotic therapy (38). Additionally, endotoxin, which is a component of Gram negative bacteria cell-walls has been shown in experimental animals to induce AU when injected into the foot pad of rodents (39). Similarly, we have shown that patients with active AU have increased expression of Toll like receptors 4 (which binds endotoxin) in the peripheral blood during acute attacks of AU (40). An alternative theory holds that there is molecular mimicry between microbial and self-antigens. Such micro-organisms and their associated antigens may generate an immune response whereby antibodies or T cells cross-reacts with self-antigens as is known to occur in diseases such as rheumatic fever and post-infection Gilliam Barré syndrome (41). Thirdly, it has been shown that the microbiome may affect the immune response by influencing T cells to synthesize increased amounts of IL-17 and the number of regulatory T cells that express the transcription factor fox P3 (42). Furthermore, it has been shown that a large number of microbial peptides bind the HLA B27 molecule and such microbial peptides may induce an immune response in certain target organs such as the eye and joint (43). We have recently shown, for example, that peptides derived from Chlamydia trachomatis bind the HLA B27 molecule and when such peptides are injected with adjuvant into experimental animals they induce an arthritis and less frequently AU (27).

An immune response to peptides derived from gut microorganisms (microbiome) could cross-react with endogenous peptides leading to the development of AU (34). This concept is strengthened by the results of the recent studies indicating that a large number of peptides derived from microorganisms bind to the HLA B27 molecule as well as our studies showing increased affinity of chlamydia and derived peptides for the HLA B27 molecule (27, 28, 44–46). We have also shown that immunizing rats with chlamydia derived peptides leads to a polyarthritis and occasional uveitis in these animals (47). Furthermore, a peptide (C34) derived from type VI collagen was shown to be recognized by CD8+ T cells from patients with AS (48). Additionally, cross-reactivity between chlamydial peptides and homologous peptides from the heart muscle-specific protein -myosin was shown to be involved in the pathogenesis of autoimmune myocarditis in mice (49).

The microbiome of the aqueous humor has not been examined in patients with acute and recurrent AU. The anterior chamber of the eye is usually considered to be sterile, although a recent study indicated that in fact the aqueous humor may have a microbiome that was previously unrecognized (50). Examination of the aqueous humor for evidence of microorganisms during acute attacks of AU could reveal valuable information with regard to the microbial and immunological mechanisms underlying this common inflammatory disease. If the gut microbiome does play a key role in diseases induction, a variety of therapeutic strategies could be developed to alter the microbiome or the immune response to particular microorganisms implicated to prevent or ameliorate the development of immune mediated diseases such as AAU and SpAs.



Immune Mechanisms and Anterior Uveitis

Immune mechanisms involved in the pathogenesis of AU have been investigated in human and animal studies. It was recently reported that in patients with HLA B27 AAU the aqueous humor concentration of CC chemokines, including CCL8, CCL13, and CCL20, were upregulated, compared with patients with granulomatous uveitis and control subjects (51). Such chemokines play a key role in attracting inflammatory cells to the eye during attacks of uveitis and may represent potential therapeutic targets.

The pro-inflammatory cytokine IL-6 has previously been shown to be produced by ocular parenchymal cells and to promote the differentiation of B cells to plasma cells (52). Recently Kumar et al. demonstrated that tear levels of IL-6 and IL-10 are elevated during acute and multiple episodes of uveitis (53) building on previous work identifying elevated IL-6 levels in human aqueous (54), vitreous and monocyte culture supernatant (55). In a study examining cytokine profiles of specific uveitic entities Abu El-Asrar et al. discovered elevated GM-CSF, IL-11, and IL-35 levels in HLA B27 AAU (56). IL-11 is classed within the IL-6 family, based on its shared use of the glycoprotein-130 receptor β-subunit (57) and in the study had a particularly strong association with disease activity. The coupled elevation of inhibitory cytokines IL-35 and IL-10 with IL-6 and IL-ll may represent an immunoregulatory response in uveitis (53, 56).

A recent study by Zhao et al. reported increased levels of IL37 mRNA and protein expression by peripheral blood mononuclear cells from patients with active AAU compared with control (58). There was no difference between HLA B27 positive and negative patients with AAU. Interestingly IL37 was shown to inhibit the production of pro-inflammatory cytokines, including IL-1, IL-6, IL-10, IL-21, IL-23, TNF, and gamma interferon in the supernatant of dendritic cells (58). Thus, IL37 may inhibit pro-inflammatory cytokines in patients with AAU and may be a new therapeutic approach to treating this disease.

It has previously been demonstrated that HLA B27 homodimers on the surface of T-cells, monocytes and natural killer cells may trigger innate immune mechanisms through binding to killer immunoglobulin-like receptors (KIR) (59). Specifically, KIR3DL2 receptor expression has been found to be increased on NK cells in the peripheral blood of patients with HLA B27 AAU, associated with higher active numbers and increased cytotoxicity (60). Using flow cytometric methods Huang et al. have now also implicated mucosa associated innate lymphoid (MAIT) cells, which in the study produced more IL-17A than controls (61), an important proinflammatory cytokine seen in HLA B27 AAU (62, 63).

In a comparison of peripheral monocytes in patients with idiopathic uveitis against those with HLA B27 AAU using ELISA methods, increased expression of S100A8/A9 was found in patients with HLA B27 AAU outside of uveitis episodes accompanied by heightened numbers and activity of monocytes and T cells (64).



New Developments in the Treatment of HLA B27 Anterior Uveitis

A better understanding of the pathogenesis of AAU will provide new avenues for management of uveitis with the possibility of specific therapy that can alter the natural history or even cure uveitis. At present, treatment options consist of local or systemic anti-inflammatory or immunosuppressive drugs, which may be associated with treatment limiting side effects.

Current first line therapy for acute episodes of HLA B27 AAU is a cycloplegic, typically atropine 1%, and very frequent administration of potent topical corticosteroids (1–2 hourly) which are then slowly tapered over 8–10 weeks (65). The so called “steroid response” leads to elevated intraocular pressure in up to 30% of patients using topical corticosteroids, often requiring the addition of pressure lowering medication and requiring cessation of topical corticosteroid therapy in some patients. Corticosteroid therapy is also associated with increased rates of posterior subcapsular cataract (66). Although a large randomized clinical trial of 193 subjects failed to achieve non-inferiority of iontophoresis as a method to increase anterior chamber corticosteroid levels compared to topical therapy, there was a promising signal that should be tested using larger data sets (67).

In patients with vision threatening uveitis, periocular corticosteroid injections are safe and efficacious, either alone or as adjuncts to systemic therapies (68). Peri- and intra-ocular injections reduce macular oedema which is the major inflammatory mediated cause of visual loss in uveitis patients (69). Regional corticosteroid therapies have a relatively short duration of effect necessitating 3 to 6 monthly injections. The development of both bioerodible (Iluvien) and non-biodegradable (Retisert) intravitreal implants of polymers allow the controlled release of fluocinolone acetate into the vitreous for up to 3 years. Both the multicenter uveitis steroid treatment (MUST) study and a recent Cochrane review that compared Retisert implants to systemic combination immunosuppressive therapy, showed that systemic therapy resulted in superior visual outcomes and lower rates of raised intraocular pressure, cataract formation, retinal detachment and endophthalmitis (70). There was no difference in systemic side effects such as weight gain, diabetes and hypertension in the two groups and the only significant adverse outcome was increased use of antibiotics for infections in those on systemic therapy (71). Nearly two thirds of the patients in the systemic therapy arm of the MUST study required intermittent local corticosteroids.

The systemic treatment for eye diseases (SITE) cohort study retrospectively examined the efficacy of systemic therapies in 7,957 patients across five centers from 1979 to 2005 who had non-infectious ocular inflammatory disease. For patients with AU corticosteroid sparing success (tapering to 10 mg or less) was achieved over a 6-month period in 47.2% with mycophenolate mofetil, 16.6% with azathioprine, 28.5% with cyclosporine, and 46.1% with methotrexate (72–75). The role of disease modifying agents (DMARDS) have now been examined specifically in HLA B27 AAU with methotrexate and sulfasalazine both shown to reduce relapse rates and methotrexate additionally proven to reduce AU related macular oedema (76).

There is significant evidence that anti-TNF alpha therapy is of benefit in patients with HLA B27 uveitis (77–80). In a retrospective analysis of 717 patients with SpA those who were treated with either infliximab or etanercept had 6.8 AAU recurrences per hundred patient years versus 15.6 in the placebo group (81). Data from the use of adalimumab in another cohort of 1,250 patients with SpA demonstrated an overall 51% reduction in uveitis recurrence rate (82). Further analysis of these cohorts showed that of the anti-TNF therapies available, anti-TNF antibodies appear to have greater efficacy than soluble TNF receptor blockers (83). Adding weight to this preference is a collection of case reports and new data from a large Swedish rheumatology study suggesting that in AS etanercept may induce new uveitis (84, 85). Prospective studies of anti-TNF antibodies have now been performed on small cohorts of patients with frequent and/or refractory AAU. The use of infliximab led to the complete resolution of HLA B27 AAU in 6 of 7 patients following an average of 8 days (86). The new anti-TNF alpha agent golimumab induced the remission of uveitis in 12 of 15 eyes with significant improvements in visual acuity (87). Certolizumab pegol has been used in AAU cases refractory to even previous biologic therapy and achieved quiescence in 5 of 7 patients (88).

The success of the antibiotic sulfasalazine as a DMARD in HLA B27 AAU adds weight to the prospect of targeting the microbiome for disease control. Clinical studies are currently underway evaluating faecal microbial transplants in AS and it will be interesting to see whether this influences rates of uveitis in these patients (89). If the gut microbiome does play a key role in diseases induction, a variety of therapeutic strategies could be developed to alter the microbiome or the immune response to particular microorganisms implicated to prevent or ameliorate the development of immune mediated diseases such as AAU and SpA’s.



Advantages in Studying HLA B27 Acute Anterior Uveitis

There are significant advantages in studying the immunopathogenesis of AAU as a pathophysiological model for HLA B27 related disease. AAU is well defined disorder, that is readily and reliably diagnosed clinically by slit lamp bio-microscopy. Importantly there are agreed objective grading systems to determine the severity and changes in the grade of the protein exudation and cellular infiltration in the anterior chamber that characterize AU (90). Additionally, aqueous humor can be easily sampled for analysis. The natural history of AAU has been extensively studied and has a recurrent, relapsing and remitting course. Importantly, there is a group of subjects with a similar clinical phenotype, who are HLA B27 negative and form a relevant critical disease control group. The recurrent nature of the disease also has advantages for investigators studying environmental factors, such as the gut microbiome, that may trigger relapses of uveitis. There is a large number of patients with recurrent AAU, not on systemic therapy or immunosuppressive medication, which can influence immunological and bio-molecular investigations. As 50%–70% with HLA B27 AU have an associated systemic disease, usually a SpA or inflammatory bowel disease, subjects without confounding systemic disease can be studied and compared with subjects with systemic disease (91, 92).



Conclusion

AU is a relatively common polygenic disease, strongly associated with HLA B27 and a number of other inflammatory diseases that share a common gene pool. The function of HLA B27 and the other recently described genes predisposing to AAU is poorly understood. The role of infection and in particular the microbiome remain active areas of research, as does the importance of innate immunity in the pathogenesis of this disease. New insights into genetic, microbial, and immune mechanisms has the potential to lead to more effective preventative and suppressive forms of therapy.
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Horses worldwide suffer from equine recurrent uveitis (ERU), an organ-specific, immune-mediated disease with painful, remitting-relapsing inflammatory attacks alternating with periods of quiescence, which ultimately leads to blindness. In course of disease, both eyes can eventually be affected and since blind horses pose a threat to themselves and their surroundings, these animals have to be killed. Therefore, this disease is highly relevant for veterinary medicine. Additionally, ERU shows strong clinical and pathological resemblance to autoimmune uveitis in man. The exact cause for the onset of ERU is unclear to date. T cells are believed to be the main effector cells in this disease, as they overcome the blood retinal barrier to invade the eye, an organ physiologically devoid of peripheral immune cells. These cells cause severe intraocular inflammation, especially in their primary target, the retina. With every inflammatory episode, retinal degeneration increases until eyesight is completely lost. In ERU, T cells show an activated phenotype, with enhanced deformability and migration ability, which is reflected in the composition of their proteome and downstream interaction pathways even in quiescent stage of disease. Besides the dysregulation of adaptive immune cells, emerging evidence suggests that cells of the innate immune system may also directly contribute to ERU pathogenesis. As investigations in both the target organ and the periphery have rapidly evolved in recent years, giving new insights on pathogenesis-associated processes on cellular and molecular level, this review summarizes latest developments in ERU research.
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Introduction

Insights in the pathogenesis of equine recurrent uveitis (ERU) have grown in recent years, especially on cellular and molecular level in periphery and in the eye itself. ERU is an organ-specific, immune-mediated disease, which is predominantly driven by CD4+ T cells (1–3). These are somehow activated in periphery and then manage to overcome the blood retinal barrier (BRB), entering the eye and causing intraocular inflammation (4). Since ERU has a remitting-relapsing character (2), increasing numbers of immune cells invade and accumulate in the eye with every inflammatory attack, gradually destroying their main target, the retina. These acute phases alternate with periods of quiescence and increase in severity as the disease progresses (5). Factors associating to ERU onset are still discussed and an exact cause is elusive to date. A genome-wide association study suggested a correlation of genetic variants influencing the expression of IL-17A and IL-17F with the development of ERU (6). This study also substantiated previous reports linking ERU to MHC class I haplotype ELA-A9 in warmblood horses (7). Direct evidence for a genetic component in ERU of warmblood horses, however, is still lacking. Disease prevalence among the horse population is high, ranging from 2%–25% in the US and 8%–10% in Europe (5, 8). ERU often affects both eyes and eventually leads to blindness if left untreated (9). These two factors, high prevalence and loss of sight, explain its importance for veterinary medicine, since blind horses have to be killed due to the threat they pose to their surroundings and themselves, which has a great personal but also economic impact on horse owners. Moreover, ERU has great potential to serve as a valuable spontaneous model for autoimmune uveitis in man, due to strong clinical and pathological similarities (3, 4, 10, 11).

In the past, several studies could show that the dysregulated immune response in ERU is directed against retinal autoantigens such as interphotoreceptor retinoid-binding protein (IRBP) and cellular retinaldehyde-binding protein (CRALBP) (4, 12), which, along with other factors, suggests presence of autoimmune reactions in ERU. These autoantigens not only remain stably expressed in advanced stages of ERU, when retinal architecture is drastically destructed (13), IRBP can also induce experimental uveitis in the horse itself, which shows close similarity to the spontaneous disease on clinical, cellular and molecular level (4, 14). Moreover, studies on ERU horses firstly provided CRALBP as novel autoantigen (12), which was subsequently proven to also have high prevalence in human patients with autoimmune uveitis (15). As shown in previous studies, the recognition of these autoantigens and the subsequent spreading of epitope recognition to a new determinant may be the cause for the relapsing character of ERU (12, 16). This process known as epitope spreading describes the reaction of immune cells against the initial epitope of an ERU autoantigen, which then redirects against a different, but structurally similar epitope, re-initializing an inflammatory response after the initial inflammation has subsided (17, 18).

In addition to the retinal-autoantigen specific T cells driving ERU from periphery, further studies suggested that the retina itself promotes the intraocular inflammatory processes through active abundance downscaling of proteins which protect the maintenance of the blood-retina-barrier (19) and through secretion of the pro inflammatory cytokine interferon gamma (IFNγ) by retinal Mueller glial cells (20). Since then, research has advanced on the target organ of ERU as well as the cellular and molecular components in periphery. This review summarizes the latest immunological insights in ERU pathogenesis.



Periphery


Adaptive Immune System

Although the concept of immune privilege is increasingly discussed since its initial description (21, 22), the eye is considered to be an immune privileged organ (23, 24), and is therefore usually devoid of immune cells form peripheral blood stream. In ERU, however, we find major cell infiltrates in the eye (2, 3, 25–27), which mainly consist of CD4+ lymphocytes (2, 27). To date, the exact mechanisms enabling these autoreactive cells to overcome the BRB in ERU are still elusive. Experimental autoimmune uveitis (EAU) is a valuable tool to investigate these mechanisms, not only in common rodent models (28–31), but to a certain extent also in the horse (4). Immunization of healthy horses with the retinal autoantigen IRBP mimics the spontaneous disease through the formation of auto-aggressive, IRBP specific T cells, which leave the peripheral blood stream to invade the eye directly prior to a uveitic attack (4). These cells show distinct protein changes before immunization, during the inflammatory phase and in quiescent episodes (14), which points to a highly dynamic functional phenotype depending on the stage of disease. During quiescence of this IRBP induced equine EAU, protein abundance changes in immune cells show many similarities to those observed in freshly obtained cells from horses in quiescent stage of ERU (14), underlining the close resemblance of the spontaneous and the induced disease in the horse. Although this type of induced horse model may allow more in depth investigations on ERU pathomechanisms, which is especially interesting for assessment of protein and cellular dynamics throughout the different stages of ERU, it is less suitable for large-scale experiments comparable to those performed on the several existing rodent models for autoimmune uveitis.

Analysis of primary T cells from horses with spontaneously occurring ERU revealed distinct proteome changes, mainly of proteins with a role in cell adhesion, cell migration and regulation of cell shape (32–34). In transmigration experiments, CD4+ T cells from ERU horses showed increased migration rates, which was linked to increased expression of the protein formin-like 1 (FMNL1) in the membranes of these cells (33). As shown in a new FMNL1 knock-out mouse model, FMNL1 deficiency impedes extravasation and trafficking of T cells to sites of inflammation (35), further undermining the importance of this protein and its functional effects in ERU pathogenesis. Furthermore, lymphocytes from ERU horses displayed significantly higher cell motility, cell speed and directness toward selected chemoattractants, especially IFNγ, and toward the ERU autoantigen CRALBP, in live-cell imaging experiments (36), which was associated to lower abundance of the protein septin 7 in these cells (32, 36). Previous studies on septin 7-depleted murine CD4+ T cells (clone D10.G4, as well as primary T cells from DO11.10 TCR transgenic mice), showed less rigidity and aberrant cell morphology in these depleted cells, resulting in the ability to migrate through narrow pores (37), which was also hypothesized for ERU (32), but never directly proven. Identification of interactors of septin 7, most importantly dedicator of cytokinesis 8 (DOCK8), which was decreased in ERU (34), pointed to impaired immunity and increased risk for recurrent inflammation, as suggested in studies on human cells from patients with DOCK8 deficiency (38). Furthermore, increased expression of DOCK8 interacting protein integrin-linked kinase (ILK) was functionally associated to a decreased apoptosis rate in ERU cells (34). Combined results from these in vitro experiments - increased life span, increased migratory reactivity toward chemokines and autoantigens and enhanced migration ability of ERU lymphocytes - underlines the dysregulated nature of these cells in ERU. Although the transfer of these interpretations from in vitro experiments to in vivo mechanisms needs to be assessed with care, these insights further support the role of CD4+ T cells as key players in ERU pathogenesis.

Recent studies showed that, although percentage of CD3+, CD8+, and CD4+ lymphocytes does not differ between healthy horses and those with ERU, only the disease-driving CD4+ T cells have an activated phenotype in ERU horses (39). These cells show significantly increased expression levels of IFNγ and decreased expression of IL‐10, indicating Th1 immune response (39). This supports previous findings of increased levels of IFNγ as well as cytokine Interferon gamma-induced protein 10 (IP-10) in serum of ERU horses (40). A further known immune response in autoimmune uveitis in man as well as EAU in rodents is mediated through Th17 cells (41). In ERU, the exact role of Th17 cells has not been established to date, however, detection of cytokines IL‐6, IL‐17, and IL‐23 via crossreactive anti-human antibodies in histological sections of the iris and the ciliary body of ERU horses provide first indications pointing toward a contribution of these cells to ERU pathogenesis (42). Similar conclusions could be drawn from M. tuberculosis (strain H37Ra) induced experimental uveitis in horses, where high levels of IL-17 were detected in aqueous humor and vitreous via Enzyme-linked Immunosorbent Assay (ELISA) (43).

Contrary to the Th1 and/or Th17 immune response inducing and maintaining inflammation in the uveitic eye, remission of each inflammatory bout in autoimmune uveitis and EAU can be associated to T regulatory cells (Treg) (44–46). During an acute inflammatory uveitic attack, these cells show decreased abundance in peripheral blood as opposed to phases of quiescence, suggesting a crucial role in the remitting-relapsing character of autoimmune uveitis (47, 48). These differences, however, could not be detected in peripheral blood of ERU horses compared to healthy controls (39). To date, no direct evidence for Tregs in the equine eye could be found. Nevertheless, the role of Treg in periodic remission of ERU is highly probable and thus merits further investigations.

Although an autoreactive Th1 response against retinal antigens is widely supported as the key process in ERU pathogenesis, one pivotal question remains: how can peripheral T cells be primed against tissue specific self-antigens which are “hidden” in an immune privileged organ? Emerging investigations on autoimmune uveitis suggest that commensal microbiota, if dysregulated (dysbiosis), may show sequence similarities with self-antigens (49, 50). This in turn may induce T cell cross-activation and priming against retina-specific antigens, triggering autoimmune reactions (49, 50). Other studies suggest, that a healthy gut microbiome is needed for prevention of autoimmunity through Treg homeostasis and that dysbiosis leads to changed or insufficiently effective Treg populations (51, 52). In ERU, the involvement of commensal microbiota has not been proven to date, however it is highly likely to play a possible role.

Equine T cell activation can be markedly reduced by co-incubation with adipose‐derived equine mesenchymal stem cells (MSC) in vitro, resulting in downscaling of CD25 as well as intracellular IFNγ, IL-10, and FoxP3 (39). This feature of MSC might be useful for the development of new therapeutic approaches in ERU (53), as suggested by in equine immune-mediated keratitis, where subconjunctival injection of autologous MSCs improved clinical signs of disease (54). Although clinical application of this therapeutic strategy needs more in-depth validation, it might have the potential of broadening the currently applied methods of medical and surgical therapy, which classically comprise the systemical and topical application of immunosuppressive and anti-inflammatory medication, placement of a suprachoroidal cyclosporine sustainded-release device or pars plana vitrectomy (9, 55, 56).



Innate Immune System

The role of innate immune cells in autoimmune uveitis has been intensely investigated in the eyes of rodent EAU models (57–60) and infiltration of these cells in eyes of ERU horses, although to a lesser extent, has also been observed (3). The involvement of monocytes, which might promote pro-inflammatory behavior, as well as destruction of the targeted retinal cells in ERU could be shown by expression of CD68 on infiltrating peripheral immune cells in the diseased retina (61). Monocytes are major mediators of tissue damage in EAU (62, 63) and are potent antigen-presenting cells (64), which makes their role in ERU especially interesting, particularly in regard to their interaction with specific retinal cells (65). Further indication of participation of innate immune cells in ERU was proven by identification of decreased talin 1 abundance, a key integrin regulator in leukocytes, and its interacting proteins in low-density-neutrophils which were obtained as byproduct of lymphocyte isolation (25, 66). Targeted investigations of pure granulocyte fractions of healthy and ERU horses revealed significant proteome changes in diseased state, which associated to MHC-I-mediated antigen presentation, RAF/MAP kinase cascade, and neutrophil degranulation (67). Interestingly, increased neutrophil degranulation was also described in other T-cell driven autoimmune diseases, such as multiple sclerosis, where it is linked to a generally pre-activated state of these cells (68). Moreover, neutrophil degranulation relates to deviant equine granulocyte proteome after in vitro stimulation (69), underlining a latent state of activation of granulocytes in ERU, even in quiescent stage of disease (67). The fact that neutrophils from ERU horses more readily perform NETosis supports these findings (70). The exact role of innate immune cells and their timing in and impact on ERU pathogenesis, however, is still not completely understood to date and needs more in-depth investigation.

Implication of a role of the complement system was shown by the identification of several complement factors and split factors and their increased expression in ERU sera and eyes (19, 61, 71). Namely complement factor B, as well as C3 derived split products C3d and iC3b showed highly increased abundance, indicating strong activation of the complement system not only in the peripheral blood stream but also locally in the eye itself (61, 71). Although the exact source of these complement components in ERU eyes is still unclear, they might be macrophage-derived, as suggested by studies on human retinas from patients with age-related macular degeneration (AMD) and in vivo retina analyses of rodent models for AMD (72). Other studies on C57BL/6 mice showed that complement factor B is constitutively expressed by RPE cells and this expression is positively regulated by inflammatory cytokines in the human RPE cell line ARPE19 (73), a process which might also apply to the increased occurrence in ERU eyes. Deviant regulation of the complement system is involved in the pathogenesis of various ocular diseases, including autoimmune uveitis (74, 75) and the severity of experimental autoimmune uveitis drastically decreases in complement-receptor deficient rodent models (76–78). Moreover, EAU can be effectively suppressed in C57BL/6 mice when activation of complement via the alternative pathway is blocked through complement receptor CRIg-Fc. Since complement factor B is exclusive to the alternative pathway, increased intraocular levels in EAU suggest a role of this pathway in disease pathogenesis (79). Despite the high abundance of complement factor B in uveitic horse eyes, indicating a possible contribution of the alternative pathway to ERU pathogenesis, this correlation has not yet been assessed.



Serum Proteins

In the last decade, proteomic studies on sera of ERU diseased horses revealed substantial differences compared to sera of healthy horses (80). Due to breakdown of the BRB in course of multiple uveitic attacks, several of these proteins can also be detected inside the eye (3, 71, 81, 82).

Among these differentially expressed proteins, kininogen was identified with decreased abundance in sera of ERU horses (71). Contrary to this, kininogen showed increased levels in vitreous and retina in ERU, whereas it was not detectable in healthy eyes (71). Kininogen promotes angiogenesis and neovascularization (83), a process that plays a significant role in the pathogenesis of autoimmune uveitis (71). It is also a part of the kallikrein-kinin system, which promotes integrity loss of barrier systems, such as the blood-brain-barrier in a mouse model of multiple sclerosis (84). Increased vitreal and retinal kininogen levels combined with a decrease in serum of ERU horses therefore points to disruption of the BRB in course of disease. IgM levels were also increased in ERU sera compared to healthy horses, suggesting a recent immune response pattern prior to blood sampling (71).

Decreased levels of pigment epithelium derived factor (PEDF) could be shown in sera of ERU horses (82), which was also observed in the retina and the vitreous of these animals in earlier studies (19, 20). PEDF was also decreased in plasma and retina from rats with endotoxin-induced uveitis, describing PEDF as a negative acute-phase protein (85). Furthermore, PEDF plays an important role in the viability of rat and mouse retinal cells (86, 87), the protection of human retinal pigment epithelium cells (ARPE-19 cell line) against oxidative stress (88) and the protection of tight junction proteins in rat eyes (85). Therefore, the decrease of PEDF in periphery as well as the target organ suggests increased permeability of the blood retinal-barrier.




Target Organ


Retinal Pigment Epithelium

Increased BRB permeability in ERU is supported by studies on the outer BRB, which physiologically maintains ocular immune privilege through disconnection of the inner eye from peripheral blood-derived immune cells (24). The outer BRB is formed by retinal pigment epithelium (RPE) cells, which play a crucial role in the mainly avascular retina of the horse, since they maintain homeostasis of retinal cells (89). This is also reflected in the RPE surface proteome, which strongly associates to transport processes (90). Furthermore, horses with ERU display a distinctly changed RPE membrane protein repertoire in ERU (91). A significant decrease of peripherin 2, a protein that is associated with membrane fusion processes, in RPE cells of ERU horses is thought to provoke disruption of the cell-to-cell junctions which are physiolocically maintained through these cells (92), which in turn points to increased permeability of the outer BRB. As also hypothesized for PEDF (19, 20, 82), this might promote integrity loss of the BRB. Although loss of barrier function of the BRB and leukocyte infiltration in course of ERU is evident (4, 27, 91, 92), the exact chronological order of these events is still not completely clear. Integrity loss of the BRB may occur either as an initial process which subsequently facilitates migration of peripheral immune cells into the eye, or as a secondary effect in response to leukocyte recruitment. The latter could be shown in an IRBP-induced B10.RIII mouse EAU model, where Evans blue dye, which was injected shortly before killing of the mice, could be observed leaking into the retinal parenchyma only after intravascular sticking and extravasation of blood-derived leukocytes from retinal venules took place (93). Further studies on murine EAU models implied that BRB breakdown might be a result of several consecutive steps, actively triggered by intravascular adherence of primed lymphocytes, followed by changed expression of adhesion molecules and chemokine receptors in the vascular epithelium and reduced shear stress in retinal veins prior to infiltration (93–97). Interestingly, adoptive transfer of EAU in lewis rats could show that antigen specificity for retinal antigens is not a prerequisite for migration of activated T cells through the BRB, however, for the induction of actual intraocular inflammation, it is indispensable (98).



Retina and Vitreous

After infiltrating the eye, peripheral immune cells accumulate in the iris, ciliary body and retina of horses with ERU (4, 27). Although the vast majority of the infiltrating cells were identified as CD4+ T cells (2, 27), pure granulocyte infiltrates can be observed in few spontaneous ERU and IRBP induced cases (3, 4). This is in stark contrast to the composition of the cellular infiltrate in IRBP-induced murine EAU models, where a more heterogeneous cell infiltrate can be observed, containing around 30% CD4+ T cells and a high percentage of macrophages (99, 100). This points to different molecular pathways and cellular processes in EAU and ERU, underlining the great variability of disease pathogenesis between species, which needs to be kept in mind while interpreting associated data. In the base of the ciliary body and the iris of ERU horses, the infiltrated cells organize into lymphoid follicle nodules, which predominantly comprise CD3+ T cells (26, 27). In the retina, we mostly see scattered areas of T cell infiltration, especially near the ora ciliaris retinae and the optic disc, but occasional lymphoid follicle formation is also observed (27). Interestingly, the majority of infiltrated CD4+ lymphocytes in the ERU retina also show surface expression of CD166, a molecule associated with activation and transmigration of T cells into inflamed tissues (26). Presence of phosphorylated signal transducer and activator of transcription (STAT) proteins 1 and 5 in these cells underline the role of activated Th1 cells in ERU but also indirectly point toward inhibition of the Th17 pathway (26). Detection of IL‐6, IL‐17, and IL‐23 in cell infiltrates of the ciliary body and iris, on the other hand, indirectly suggests that a Th17 mediated immune reaction might also present in ERU eyes (42). In rodent models, EAU can develop either as a Th1 or a Th17 response depending on the model and the antigen used for induction, showing the importance of both T cell subpopulations in disease pathogenesis (41, 101–104). In ERU, on the other hand, the important role of Th1 lymphocytes as effector cells is well known (2, 3, 36), the exact impact of Th17 cells on disease pathogenesis, however, merits further investigations.

Through membrane proteome analyses of equine retinae, numerous differentially expressed proteins were identified in ERU, several of which were associated to retinal Mueller glia cell derived proteins (105). Retinal Mueller glia cells, the main macroglial cells of the retina, are indispensable for the maintenance of retinal function and integrity (106). Apart from their proinflammatory role in ERU (20) and in murine EAU (65), these cells display a gliotic phenotype, which presents with morphological changes and impaired functionality in diseased retinae (12, 20, 105, 107). One of the important functions of these cells is the regulation of potassium and water homeostasis in the retina (108, 109), which shows severe misbalance in ERU (105, 107). This is mirrored in changed abundance and distribution pattern of potassium channels Kir4.1 and Kir2.1 as well as water channels AQP4, AQP5, and AQP11 which is hypothesized to contribute to impaired Mueller cell function and intracellular fluid regulation and, subsequently, retinal edema (105, 107, 110), a severe complication of ERU (27). Furthermore, in ERU, dysfunctional RMG are connected to decreased secretion of Wnt signaling inhibitors DKK3 and SFRP2, which point to a regulatory role of Wnt signaling in ERU (111), similar to other autoimmune diseases (112, 113). These insights on RMG support the role of these cells as prime responders to autoimmune triggers in ERU, promoting inflammatory processes and increasing severity of disease pathogenesis.

Additionally, severe extracellular matrix (ECM) remodeling in ERU was suggested through the identification of the proteins fibronectin and osteopontin (OPN) (105, 114). Fibronectin is an important constituent of the vertebrate ECM, mediates cell-ECM interactions (115) and also plays a role in adhesion and migration of cultured rat Mueller cells (116). Since fibronectin expression in Mueller cell endfeet might contribute to the attachment of the retina to the vitreous body, the changed distribution of fibronectin in ERU retinae points to impaired Mueller cell adhesion (114). OPN is a multifunctional protein with pro-inflammatory as well as neuroprotective properties (117, 118). In EAU mice, an increased abundance of OPN correlates with severity of inflammation (119), whereas Mueller glia-derived OPN promotes photoreceptor survival in the Pde6brd1 mouse model of retinal degeneration (120). OPN also shows neuroprotective properties in porcine Mueller glia cells in vitro (121). Decreased expression of OPN in vitreous and retina might therefore point to reduced neuroprotection in ERU retinae (114). ERU-associated lack of neuroprotection in the retina was underlined by the identification of decreased levels and decreased activity of tissue inhibitor of metalloproteinases (TIMP)-2 in retina and vitreous (122). TIMP2 influences the activity of metalloproteinases (MMP) (123), which modulate cell-cell and cell-ECM interactions (124). It also has neuroprotective properties (125) and can inhibit migration of cells over physiological barriers (126). Hence, decrease in TIMP2 activity might promote the inflammatory responses in ERU. It has been shown that migrating immune cells, especially Th1 cells, increase their MMP2 and MMP9 expression to overcome blood-tissue barriers (127) and that inhibition of these MMPs ameliorates experimental autoimmune uveitis in rodent models (128, 129). Interestingly, infiltrating cells in ERU retinae stained highly positive for MMP9 (122).

Apart from high levels of IgG in eyes of ERU horses (3), ERU vitreous also contains various immunoglobulins of the subclass M (IgM), which show a broad reaction pattern against retinal proteins (81), whereas healthy eyes contain no IgM (or IgG). Since IgM is an activator of the complement system and complement has been proven to be highly present in the inner eye of ERU horses (61, 111), the presence of IgM in the ERU vitreous further implies involvement of innate immune system components in this T cell driven autoimmune disease. Further screening of retinal protein with vitreous from ERU horses provided potential retinal autoantigens which are targeted by IgM autoantibodies (81). One of these IgM targets was identified as neurofilament medium (NF-M) (81, 130). Interestingly, IgG response to NF-M was merely detectable, supporting the presence of a thymus-independent immune reaction with prolonged persistence of IgM response toward NF-M and lack of IgM/IgG switch (130). In the retina, on the other hand, NF-M showed decreased expression (130). The combination of active downscaling in damaged RMG and release of NF-M fragments into the adjacent vitreous might cause this combination of high vitreal occurrence and low retinal levels of NF-M (130). A further novel membrane-bound autoantigen, synaptotagmin-1, was identified with decreased expression in ERU (131), which might be a result of active downscaling of this protein in the retina through impaired neurotransmitter release in ERU. Since Synaptotagmin-1 is also expressed in the pineal gland, and pinealitis is known to concurrently develop in ERU horses (132), synaptotagmin-1 might play a role in pineal immunopathology in ERU (131). Whether these IgM-targeted retinal antigens qualify as autoantigen targets for ERU, however, remains to be proven in further studies.




Conclusions

Overall, these novel immunological insights in ERU pathogenesis point to a complex interplay of several dysregulated mechanisms, which, on the one hand, can be linked to changes in cellular and humoral components of the immune system, such as a deviant functional phenotype of T cells with increased migratory ability and a decreased apoptosis rate, latently activated granulocytes and involvement of the alternative pathway of the complement system. On the other hand, this dysregulation points to a pivotal pro-inflammatory role of retinal cells with critically impaired function in the target organ itself. Although these findings shed more light on disease mechanisms, the interaction of these dysfunctional molecular mechanisms driving ERU as well as their exact individual role and timing in ERU pathogenesis needs further assessment. Establishment of a Mueller glia cell line (133) and characterization of cultured RPE cells (90) provide valuable tools for more in depth functional examinations of ERU pathology. Additionally, the possibility of commensal microbiota involvement in ERU onset needs to be addressed.
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Immune privilege (IP), a term introduced to explain the unpredicted acceptance of allogeneic grafts by the eye and the brain, is considered a unique property of these tissues. However, immune responses are modified by the tissue in which they occur, most of which possess IP to some degree. The eye therefore displays a spectrum of IP because it comprises several tissues. IP as originally conceived can only apply to the retina as it contains few tissue-resident bone-marrow derived myeloid cells and is immunologically shielded by a sophisticated barrier – an inner vascular and an outer epithelial barrier at the retinal pigment epithelium. The vascular barrier comprises the vascular endothelium and the glia limitans. Immune cells do not cross the blood-retinal barrier (BRB) despite two-way transport of interstitial fluid, governed by tissue oncotic pressure. The BRB, and the blood-brain barrier (BBB) mature in the neonatal period under signals from the expanding microbiome and by 18 months are fully established. However, the adult eye is susceptible to intraocular inflammation (uveitis; frequency ~200/100,000 population). Uveitis involving the retinal parenchyma (posterior uveitis, PU) breaches IP, while IP is essentially irrelevant in inflammation involving the ocular chambers, uveal tract and ocular coats (anterior/intermediate uveitis/sclerouveitis, AU). Infections cause ~50% cases of AU and PU but infection may also underlie the pathogenesis of immune-mediated “non-infectious” uveitis. Dysbiosis accompanies the commonest form, HLA-B27–associated AU, while latent infections underlie BRB breakdown in PU. This review considers the pathogenesis of uveitis in the context of IP, infection, environment, and the microbiome.
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Introduction

Immune privilege (IP) was conceived as a protective response to immune challenge by tissues with limited capacity for renewal such as the eye and the brain [reviewed in (1)]. Matzinger and Kamala have suggested that all tissues modulate the immune response including frontline tissues such as skin and mucosa (2). If this is valid, then the eye (and the brain) which are composites of several types of tissue, can be considered to express various levels of “privilege.” Thus, the level of IP for each component of the eye and the brain would match the level of IP of corresponding tissues: in the case of the eye, composed as it is of vascular and avascular connective tissues forming a barrier-lined case around neural tissue, several levels of IP probably hold sway, with the retina at the top of the scale (Figure 1).




Figure 1 | Hierarchy of levels of Immune Privilege (IP). IP may be considered as a property of all tissues with varying degrees of ability to influence the outcome of immune responses played out within their own microenvironment. Thus, tissues such as the skin and mucosal surfaces generate strong immune reactions to pathogens, experience extensive tissue damage and have considerable capacity for repair, while at the other extreme neural tissue (brain parenchyma, retina) temper or even prevent immune responses, induce latency rather than replication in pathogens [reviewed in (3).] but have limited ability for repair if severely damaged. Between these two extremes, different tissues have different levels of “privilege.” The outcome of pathogen challenge to any tissue depends on the level of privilege which is determined by the nature, integrity and strength of that tissue’s barrier to pathogen invasion. Barriers are complex entities comprising physical, chemical, molecular, cellular, and immunological components and are specific to each tissue. The figure illustrates what happens under normal circumstances in the top panel: here the balance of IP is set toward strong immune and repair processes in the skin at one end of the spectrum but a weak immune response in the CNS at the other end of the spectrum risks uncontrolled infection. In contrast, when this balance is shifted as shown in the lower panel, outcomes tend to reverse: in the skin, a weaker immune response might fail to clear infections or fail to promote repair while in the CNS better control of infection might be possible but still does not clear pathogens, instead promoting latent infections.



However, it has been observed in several previous reviews that despite high levels of IP, ocular tissues are susceptible to inflammation and infection (1, 4–9). For instance, the long-held reputation for corneal allograft success only truly applies to specific conditions such as keratoconus and certain dystrophies. Once inflamed the cornea loses its IP and becomes “high risk” for rejection with an allograft success rate possibly less than other vascularized solid organs (10). Similarly, the uveal tract and meninges display levels of IP little different from other vascular tissues [reviewed in (11)], and so it is no surprise that the anterior segment is susceptible to inflammation and that anterior uveitis (AU) is the most common brand of uveitis (12). Probably IP in the eye, if it exists as originally conceived, can be applied only to the retina (11). This is not to diminish in any way the unique immunological properties of the retina and the brain parenchyma which are based on physical, cellular, molecular and immunological features setting them apart from other tissues. Nor does it gainsay the influence all tissues have on the immune response (2). Context is everything and a review of these aspects is presented here.

A new facet to immune processes has emerged based on our rapidly evolving appreciation of the influence of the microbiome on development of immunity. The acquisition and maturation of a healthy microbiome during the post-natal period and early infancy shapes the development of the blood-central nervous system (CNS) barrier (13–15) and so the proper establishment of a healthy microbiome is critically linked to the development of a mature immune system which determines susceptibility to CNS infection during this time. This applies not only to the CNS but also to other systems such as the musculoskeletal system. The long-recognized relationship between inflammatory bowel disease (IBD), the spondylo-arthropathies (SpA) and ocular inflammatory disease is now being re-appraised in terms of a dysregulated microbiome (dysbiosis) (16) which in the context of IP raises many questions. This is also discussed.



Immune Privilege: How the Concept Arose and How it has Blurred Our Vision Concerning the Regulation of the Immune Response

The concept of IP stems back to the nineteenth century [reviewed in (17)] but the term was coined and popularized by Medawar whose experiments showing acceptance of skin allografts in the anterior chamber of the eye supported the notion (18, 19). In essence, IP was considered a special feature of tissues such as the eye and the brain in which the default immune rejection of allografts and alloantigens failed to occur unless the non-rejected tissue developed connecting blood vessels (20). IP has been attributed to sequestration of tissue self-antigens from the immune system behind blood-tissue barriers, due to lack of blood vessels, lack of lymphatic drainage, absence of MHC Class II antigen presenting cells (APC), high concentrations of immunosuppressive tissue immunomodulators, and more recently, the activity of regulatory T cells (Treg) (21). Several reviews of proposed mechanisms underlying IP have been published (5, 7–9, 21–26).

A second phenomenon linked to IP has also been described namely anterior chamber-associated immune deviation (ACAID) (27–29) as has a similar phenomenon in the brain (brain-associated immune deviation, BRAID) (30). Immune deviation is a recognized immunological phenomenon in which antigen-specific immunity, usually in the form of cell-mediated delayed-type hypersensitivity (DTH), is suppressed while being “deviated” toward humoral immunity, usually the generation of IgG2 antibodies. Antigens inoculated into the anterior chamber of experimental animals generated an ACAID response which usually took the form of a reduced DTH response, but an intact complement-fixing IgG2 B cell response, when re-challenged with the same antigen in the skin. As new discoveries in T cell biology were made, ACAID was relabeled to show that the immune deviation was based on a shift from an antigen-specific Th1 response to Th2 (31). However, it was later shown that systemic Th2 responses were also down-regulated after antigen inoculation into the anterior chamber of the eye (32).

How ACAID, and immune deviation more broadly, was induced became a major research focus in the latter half of the twentieth century. Some form of regulatory cell suppressing DTH T effector cells (Teff) had been assumed and CD4+ T cells, CD4+ Treg, natural killer (NK) cells and B cells as well as other thymus-derived cells such as regulatory NK-T cells have all been shown to be involved [reviewed in (11)]. Perhaps the most detailed mechanism described has been the induction of alloantigen specific CD8+ suppressor cells in the spleen through interaction of invariant NK cells with F4/80+ macrophages (7). This is a complex process and the details remain obscure. For instance, it is clear that the spleen is undoubtedly involved since splenectomy abrogates ACAID (33, 34). However, there is a three day window before splenectomy becomes ineffective in preventing ACAID and much has been going on in that interval since signals to immune and trafficking cells are of the order of minutes to hours (35–37). In addition, since there are no lymphatics to the spleen but there are well defined lymphatic channels from the anterior chamber to the eye-draining lymph node (38), the precise trafficking of signals and cells between the anterior chamber, the draining lymph node, the blood circulation, the thymus and eventually the spleen are not clear.

There is no denying that ACAID occurs. However, its physiological relevance is less clear. ACAID is an experimental phenomenon and is often equated with IP, but this is not a safe assumption. IP refers to the reduced or modified immune response by tissues due to the properties of that tissue and, as detailed above, is best exhibited by the retina and parenchymal tissue of the brain. ACAID in contrast is a systemic response involving the induction of suppressor/regulatory cells in the periphery, which is revealed by inoculating antigen into the anterior chamber. There is evidence that this systemic phenomenon may be active during homeostasis. Although it has been suggested that CNS parenchymal and retinal antigens are sequestered behind the blood retinal and blood brain barriers (BRB, BBB) (39), i.e. they are “ignored,” recent studies have shown that CNS-specific antigens are recognized by T cells in the periphery but such T cells do not have access to the CNS unless they are activated and do not cause damage except when there is recognition of cognate antigen, e.g. in the context of inflammation with cross-reacting antigens (40, 41). In addition, the BRB (and the BBB) is not only a physical barrier of contiguous endothelial cells bound together by tight junctions, but includes the immunomodulatory pericyte, the resident perivascular macrophage, and the glia limitans composed of the foot processes of glia/Müller cells, with contributions from regulatory microglial cells and neuronal dendrites, all of which comprises the neurovascular unit (NVU) (Figure 2). However, the NVU and the BRB/BBB are also presided over by Treg [reviewed in (9, 42)] which theoretically could be the equivalent of ACAID-inducing T suppressor cells and in some sense at least should be specific for CNS antigens, i.e. they should be “educated” by CNS antigen in the way described above.




Figure 2 | The Retinal Neurovascular Unit. The retinal neurovascular unit (NVU) is the seat of the blood retinal barrier (BRB), situated at the capillary/venous side of the retinal circulation. Two levels of “barrier” exist: a) at the endothelial tight junctions (1), supported by pericytes and under immunological surveillance by perivascular macrophages; and b) at the glia limitans (2), constructed by astrocyte glial cell and Müller glial cell foot processes, with contributions to the continuous membranous structure form microglial cells and neuronal dendritic processes.



Whether Treg, which some authors envisage as contributing to the immunological component of the BRB/BBB (43, 44), are physiologically equivalent to the T suppressors and Treg of ACAID may be a question which remains unanswered. More important perhaps is understanding why the BRB and the BBB which normally exclude Teff cells, can be breached if the conditions are right (45). This seems to involve innate immune cells which act as escorts in assisting passage of T cells and further activate T cells when they are in situ [reviewed in (46)].

There is considerable evidence that immune protection of the retina (aka IP) involves regulatory immune cells of which there are several types. Treg have a prominent place in overall immune tolerance and are also active in retinal homeostasis. Whether this amounts to a specialized form of immune protection or “privilege” or is a variation on the theme of immunological tolerance (depending on the tissue) may be a fine point. The important issue is to understand how this protection might be lost, particularly if the target of attack is self-antigen. These processes are discussed in the following sections.



Immune Defense, Immune Privilege, and Tissue Barriers: Internal and External Barriers

Defense against pathogen/antigen invasion is initially about barriers. Once the barrier is breached defense becomes a question of how quickly and effectively the pathogen can be cleared. The strength of the immune response is then the deciding factor and can be insufficient, sufficient, or exaggerated. In IP-high tissues, the barrier may be effective initially but under the right conditions, can be broken as in the classic model of experimental autoimmune uveoretinitis (EAU) (47, 48) (Figures 3 and 4). Damage can then be extensive and, in the case of the brain, life-threatening. However, many factors modify both the risk of BRB breakdown and the level of damage, particularly genetic factors; for instance, only a restricted number of rodent strains are susceptible to EAU (50, 51). Similar genetic susceptibility to BRB breakdown, as in uveoretinitis, occurs in humans (52, 53) (see below).




Figure 3 | Experimental Autoimmune Uveoretinitis (EAU): a model for sight-threatening posterior uveitis. Clinical and histological signs of EAU in mice. EAU may be induced by subcutaneous injection of interphotoreceptor retinol binding protein (IRBP) peptide 161–180 in B10.RIII mice or peptide 1–20 in C57BL/6 mice with Complete Freund’s Adjuvant (CFA) and pertussis toxin (Ptx). Disease is mediated by a Th1/IL12 and/or a Th17/IL23 mechanism with dominant effect being Th17 mediated disease. The images are from the C57/BL6 mouse model. Clinical images are shown: (A) early focal chorioretinal infiltrate (arrowhead); (B) developing retinal vasculitis shown as focal perivascular “sheathing” (arrows); (C) extensive retinal vasculitis and large granulomatous infiltrate; (D) severe retinal inflammation, damage and atrophy; (E) Section of normal mouse retina; (F) EAU showing severe inflammation with large central area of retinal necrosis and loss of photoreceptors. Modified from (48) under copyright agreement with Elsevier Publishing license number 4887001207791.






Figure 4 | Experimental Autoimmune Uveoretinitis (EAU) in the rat model. EAU was induced in Lewis rats using retinal S antigen as described in (49). The image is a toluidine blue-stained thin section of the inner retina showing perivascular inflammatory cells (large arrows, black) retained within the glia limitans (arrow heads, red). Cells which have entered the retinal parenchyma have pyknotic nuclei and appear to be undergoing apoptosis (small arrows, yellow). Image provided by permission of the authors.



The skin and mucosal surfaces are probably the strongest barriers to pathogen invasion. However, these are not simply physical barriers but contain a wide array of immune cells and molecules which can kill or disable pathogens (54, 55). These entities include myeloid cells like Langerhans cells, dendritic cells (DC) and macrophages, a rich variety of T cells such as intraepithelial and dermal/stromal Teff and tissue resident memory (TRM) cells, mucosa-associated invariant T cells (MAIT), Treg, γδT cells, innate lymphocytes (ILC 1, 2, and 3) and NKT cells (56). Immune-modulating molecules include those constitutively present during homeostasis (defensins, neuropeptides, TGFβ, thrombospondin, and connective tissue activating factor/CTAF) (57) and cell associated ligand/receptor pairs such as Fas/FasL, Trail/DR5, CD47/SIRP-α, ICOS/ICOSL, and more (58, 59), as well as inducible molecules such as cytokines and chemokines. These activate resident immune cells as well as initiate a systemic immune response with recruitment of bone marrow derived cells to wall off and insulate against pathogen spread.

These external barriers are strong and display a level of IP whereby they quench potentially damaging immune responses (60). This is particularly important for the skin and mucosal surfaces, specifically the gut mucosa, since they are exposed to a vast panoply (trillions) of commensal microorganisms in the microbiome. This includes bacteria, viruses, fungi, archaea, and protozoa. In the gut, the microbiome actively participates in barrier homeostasis by secreting anti-inflammatory molecules such as short-chain fatty acids (SCFA), small molecules which can pass through the gut barrier into the system and influence immune cell function (61). In this regard, the intestinal and presumably other mucosal barriers share properties with CNS barriers which promote T cell tolerance and the generation of Treg cells (see below) [reviewed in (60)]. The function of the microbiome is not only to suppress settlement of pathogenic entities, but also to harvest and generate nutrients/metabolites (e.g. folate) and energy (e.g. SCFA) from nutritional sources which the host has to provide (62). SCFA have direct stabilizing effects on intestinal integrity (63) as well as priming effects on antigen APC and Treg (64–66) and appear to harness the protective function of gut ILC3 cells through free fatty acid receptor 2 (FFAR2) and the production of IL22 (67).

The skin and mucosal barriers to the external world thus have similarities to the internal barriers between solid organs and the blood. These barriers are variably complete, being easily permeated in tissues with “leaky” blood vessels such as liver and spleen, choroid plexus and uveal tract, and highly restrictive in the CNS. Here the NVU provides a complex physical, molecular, cellular and immunological barrier, in which pericytes, glia, perivascular macrophages and microglia collaborate (Figure 2). The microbiome has a significant role to play in the development of the BBB and perhaps also in the BRB [discussed in (68)]. Mice reared in germ-free conditions have increased permeability of the BBB, continuing on into adult life and appear to have reductions in tight junction proteins including occludin and claudin 5 (13), indicating a role for the microbiome in maturation of the endothelial tight junctions. Similar control may also be exerted by the microbiome over the development of the blood-testis barrier (69). We have mentioned that maturation of CNS barriers occurs during the first months/year of life under the control of the developing microbiome and disruption of this critical process in the neonatal period renders infants susceptible to infections, particularly common viral infections such as herpes simplex (HSV) and cytomegalovirus (CMV). It is at this time that lifelong viral latency is frequently established [for review see (11)]. Remarkably, these effects can be modified in utero since stabilizing the maternal microbiome can have beneficial effects on weanling BBB tight junction formation promoting reduced permeability (70). It is clear therefore that the founding of a healthy microbiome in the early neonatal period is necessary for the establishment of the IP status of the CNS in adulthood. There are many factors which influence the establishment of a healthy microbiome in this critical perinatal period such as the type of delivery, the use of antibiotics, and breast- vs. bottle feeding, the significance of which is now being fully appreciated (71).

Interestingly, at the opposite end of the aging spectrum, defects in the integrity of the NVU of the BBB are considered to underly neurodegenerative disease (72) and may be linked to conditions such as diabetes (73). Similar defects in the BRB are linked to age-related disease in the eye which have an underlying inflammatory pathogenesis (74, 75). Some of these conditions are proposed to be driven via a gut-CNS axis such as Alzheimer’s disease (76). The nature of the CNS immune response (“privilege”) may make it more susceptible to latent infections (see Figure 1) with pathogens such as CMV acquired in childhood and prions acquired in adulthood liable to reactivation as immune defenses weaken in old age [reviewed in (11)].



Uveitis, Immune Privilege, and the Blood Retinal Barrier

The above considerations allow an interpretation of ocular inflammation, in particular uveitis, in the context of IP. Uveitis has been classified anatomically (anterior vs. posterior), etiologically (infectious vs. non-infections) and pathogenetically (autoimmune vs. autoinflammatory), most recently as part of the standardization of uveitis nomenclature (SUN) project (77) and has been reviewed elsewhere (68, 77, 78). Since the eye is composed of a range of discrete tissue types, inflammation may involve one or more of these tissues individually or together and “uveitis” (i.e. swelling and leakage of uveal blood vessels) is necessarily part of these. Thus, inflammation of the parenchyma of the ocular coats (scleritis, keratitis, iritis, cyclitis, and choroiditis) always involves inflammation of the uveal tract and its blood vessels. Inflammation at these sites does not usually involve the retinal vasculature. In contrast, inflammation of the retina (retinitis, retinal vasculitis) almost always involves uveal vessels. Acute AU is a self-limiting disease in which the retina is not usually involved. Anterior and intermediate uveitis may be complicated by cytokine-mediated secondary macular edema (swelling of the retina at its thinnest central region) in a bystander fashion if these conditions persist and become chronic but the retina is not usually directly under attack.

Thus, one can view AU, and associated conditions such as keratouveitis and sclerouveitis as ocular inflammatory conditions which do not break high level-IP since they do not breach the BRB. In this sense, the level of IP (see above comments on relative IP) expressed by tissues such as the cornea and sclera is not significantly different from other tissues which sit behind the external barriers of the skin and mucosa but outside the highly developed CNS barriers. Similar considerations apply to the coverings/surrounding tissues of the brain, i.e. the meninges. A possible “protective” role for IP can thus be considered specifically for CNS neural tissue (retina and brain parenchyma) but much less so for ocular and brain tissues outside the CNS barrier such as the uvea and meninges, and this is reflected in the much greater frequency of AU over PU (posterior uveitis) and meningitis over encephalomyelitis (11).

When IP is lost and the BRB and the BBB are breached, the outcome is sight-threatening and life-threatening, respectively. The most dangerous time is during development of the BBB and BRB in the prenatal and neonatal periods and in early infancy/childhood (see above section). Many infections acquired at this time are cleared only partially by the developing immune system; where tissues have lower levels of IP, infections are cleared quite efficiently and completely e.g. from the gut and its secondary lymphoid organs. However, from areas with higher levels of IP such as the CNS, the testes/ovaries and stem cell niches in the bone marrow, organisms which have made it through both the external and internal barriers, may further respond to the unfavorable CNS environment by becoming latent [reviewed in (11)]. Here, the immunological component of the IP-dependent CNS barrier comes into play in which Treg sustain latency by suppressing potential Teff and TRM cells, thereby preventing damaging immune responses in essential tissues and organs. The strongest evidence that this mechanism is functioning in immune defense is the “experiment of nature” brought on by the AIDS epidemic. Only when the global circulating T cell numbers, which includes Teff, TRM and Treg cells decline below 200 cells/ml and especially when they are less than 50 cells/ml, do latent infections, including those acquired in early life, become active infections and spread through the tissues (79, 80). This is particularly so for viral infections, such as CMV, HSV and varicella zoster virus (VZV) but also for infections acquired in adulthood which were held in check by the immune system such as Mycobacterium tuberculosis (Mtb) and Toxoplasma gondii (81–83). Even more convincing is that opportunistic infections by pathogens which would normally present no threat to the host, and in many cases would be regarded as “commensals,” come to the fore, particularly as brain and retinal infections, when T cell immunity in particular is compromised (e.g. pneumocystis) (84).

IP, therefore, as it affects the eye, is retina-centric and is primarily an immunological device whereby Treg and other immune regulatory cells, as major components of the BRB, control the activity of Teff cells. If engaged in clearing infection, Teff would generate excessive tissue damage. The gut microbiome not only plays a major role in development and maintenance of the physical BRB and its tight junctions but is central to the generation of the all-important Treg which underpin IP. When retina-centric IP breaks down retina-damaging sight-threatening uveoretinitis takes place.

In contrast, IP is relatively less important in non-retinal forms of ocular inflammation including autoimmune anterior uveitis (AAU) and corneal inflammation. Inflammation of the anterior segment is managed by the host in much the same way as inflammation at other sites including joints, muscle, and connective tissues generally. Indeed, the most common form of AAU is that associated with SpA and its etiology is similar (16, 56). Many cases of presumed non-infectious uveitis have recently been shown to be linked to infection and may in fact be due to persistent/latent infections delivered to the eye and other tissues via latently infected bone marrow precursors (85–88).



Pathogenesis of Uveitis

The pathogenesis of uveitis can be considered by defining the conditions in which the disease occurs. Firstly, uveitis is a blanket term which applies to all forms of ocular inflammation involving any of the coats of the eye (Table 1). In infectious uveitis, where a replicating pathogen has been identified, the etiology is quite clear. In this context, endophthalmitis, including post-surgical endophthalmitis caused by bacterial or fungal infection is a particular form of uveitis. HSV stromal keratitis (HSK) is another characteristic and relatively common form of inflammation in which significant cell infiltration in the anterior chamber of the eye can be observed and indeed the entire uveal tract may be involved as has been observed in mouse models (46, 89). Scleritis caused by infection, such as Mtb produces a sclero-choroiditis which similarly involves the uveal tract, preferentially locating in the choroid (90, 91). As indicated in the section above, infectious retinitis in immunocompromised individuals invariably involves the uveal tract but the reverse is much less common, i.e. most forms of uveitis do not involve the retina. Infectious AU and PU can thus be defined quite clearly by the BRB.


Table 1 | Terminology of ocular inflammation in uveitis.




Terminology of Ocular inflammation (Uveitis)

In the absence of infection, the etiology of ocular inflammation is less clear. Autoimmunity as a mechanism has been championed for many decades of the 20th century, initially focusing on the uveal tract as a source of antigen [reviewed in (92, 93)]. The discovery of retinal antigens as potent inducers of PU (uveoretintitis, EAU) (94, 95) in animal models, similar in pathogenesis to other models of autoimmunity (experimental autoimmune encephalomyelitis, EAE; experimental autoimmune thyroiditis, EAT) (96–98) opened the door to a rich field of discovery relating to the pathogenic antigen-specific T cells (Th1, Th17), antigen presenting DC, effector macrophages and other myeloid cells as well as pro-inflammatory cytokines (TNFα, IL1, IL12, IL23) all participating one way or another with the mechanism of uveitis [reviewed in (99)]. Autoantigens in AU have been much more difficult to identify: perhaps the best model is the proteoglycan transgenic mouse in which there is a predominance of T cells expressing a T cell receptor (TCR) specific for the arthritogenic epitope of the G1 domain of the proteoglycan aggrecan (100). These mice develop a joint disease resembling spondylo-arthritis. A proportion of the mice also develop AU but, importantly, the uveitis does not involve the retina, once more emphasizing the divide between AU and PU, buttressed by the BRB.

However, evidence for autoimmunity in human uveitis, either anterior or posterior, is thin. While adaptive immune B and T cell reactivity to ocular antigens has been amply documented in patients with uveitis, similar activity has been reported in healthy individuals without disease [reviewed in (68)], and pathogenicity has been impossible to prove so far. Probably the best evidence might come from interventions such as cellular therapies (antigen-primed DC or Treg cell therapy) to demonstrate antigen specificity conclusively [reviewed in (101)].

Dysregulated innate immunity, or autoinflammatory disease, has more recently been proposed as a mechanism for many forms of uveitis. Endotoxic uveitis is a standard model in which local or systemic inoculation of endotoxin induces a short-lived ocular inflammation [reviewed in (102)]. Peptidoglycan and other pathogen-associated molecular patterns (PAMPs) such as CpG induce a similar type of inflammation, acting through pathogen recognition receptors including toll-like receptors (TLR) and C-type lectins and are mediated by downstream signaling pathways such as PI3 Kinase/Akt/NFkB, Syk-CARD9, and the Asc/NLRP3/inflammasome pathways (103–106). Most of these models resemble AU and do not involve the retina except in a bystander fashion. Similarly, uveitis associated with many of the human autoinflammatory syndromes and proposed autoinflammatory diseases such as SpA, is almost exclusively restricted to AU [reviewed in (68)]. The main exception to this is Behçet’s disease (BD), which can include AU, PU or panuveitis in its manifestations, as well as neuro-Behçet’s symptoms (cerebral vasculitis) (107–110).

Interestingly, recent studies have linked EAU, a recognized experimental autoimmune disease induced by specific antigen (50, 95), with gut microbiota. IRBP-TCR transgenic B10.RIII mice with a high precursor frequency (~25%) of T cells specific for peptide IRBP161–180 of the retinal antigen interphotoreceptor retinol binding protein (IRBP) develop spontaneous uveoretinitis gradually from p20 (post-natal day 20) and reaching an incidence of 100% by 2 months of age (111). However, disease severity is reduced if the mice are reared in a germ free environment (112). Similarly, C57BL/6 mice immunized with IRBP peptide IRBP1–20 emulsified in Complete Freund’s adjuvant (CFA) develop EAU but not in a germ free environment (113). Furthermore, treatment of mice with antibiotics prior to induction of EAU prevents disease but cannot stop disease once it has been induced (113). These data indicate that the microbiome strongly influences the risk of BRB breakdown and the immunological component of so-called IP depends on the condition of the microbiome. The question which remains is whether particular microbiota/commensals which constitute the microbiome specifically annul the protection of CNS IP. Studies in humans indicate that certain diseases such as BD and ankylosing spondylitis (AS) are associated with specific microbiome composition (16, 109, 110), although, if the above dependence of IP on the BRB is to hold true, retinal vasculitis in BD but not AU in AS might expect to be covered by IP.

A case has been made that retinal antigens are sequestered behind the BRB (114) and are not recognized by the peripheral immune system (immunological ignorance). In this scenario, a healthy BRB prevents access by autoreactive T cells to the retina and so, retinal inflammation is prevented. However, in the presence of dysbiosis commensal antigen-specific T cells are activated and circulate systemically. It is suggested that such T cells are cross-reactive with retinal antigens and have the potential to cross the BRB and initiate inflammation. How activated T cells cross the BRB is not clear, but it is well established that non-activated, naϊve T cells do not enter the tissues. The question is whether all activated T cells can enter the tissue. Prevailing dogmata support a pathogenesis which depends on precursor frequency and antigen dosage/availability, both of which determine whether, stochastically, such cells will become pathogenic (115–118). Most recently, in a neoantigen transgenic model of spontaneous uveo-retinitis, an absolute requirement for antigen-specific T cell activation has been demonstrated while non-specifically TCR-activated T cells fail to induce disease (119). These questions have exercised researchers over many years and the concept that cross-reactive T cells, activated by a dysbiotic microbiome, might be the guilty party adds significantly to pathogenetic possibilities. Candidate mechanisms include bystander damage, molecular mimicry, dual TCR expression and TCR promiscuity due to variable TCR-peptide MHC affinity. In addition, a possible innate immune, microbiome-based adjuvant effect has been proposed. In the case of the retina and EAU some of these questions have been addressed. In a transgenic model in which the foreign antigen Hen Egg Lysozyme (HEL) has been expressed in the retina under control of the promoter for IRBP (single transgenic IRBP-HEL, sTg : IRBP-HEL mice), adoptive transfer of HEL-TCR specific (3A9) T cells failed to induce EAU, even when the mice were co-infected with cytomegalovirus (MCMV) to induce a proinflammatory background microenvironment. However, when the mice were co-infected with MCMV which had been genetically modified to express the pathogenic HEL41–60 peptide, EAU developed within 7 days of adoptive transfer of 3A9 cells and the severity of uveitis depended on the level of HEL expression in the retina (41). T cell cross reactivity/molecular mimicry between retinal and viral antigen therefore appeared to be the dominant mechanism generating pathogenicity, while bystander activation was essentially discounted. These data indicate that T cell activation by specific antigen underpins their pathogenicity in this model of autoimmune disease. Interestingly, a recent study has shown that chimeric human-viral proteins can be generated during viral infection in humans which may offer a further novel explanation for how infection and autoimmunity may overlap (120).

The other side of the microbiome coin is the abundant evidence that a healthy microbiome maintains a proportionate peripheral Treg population through mediators such as SCFA and folate (see below), and Treg are known to be central to the maintenance of immune tolerance and the prevention of autoimmunity (121) (see below). In addition, there is accruing data from human studies that autoimmune/autoinflammatory uveitis syndromes such as Vogt-Koyanagi-Harada disease (VKH) and BD are associated with unsuspected dysbiosis (109, 122) and the failure/lack of Treg cells.

The concept that the gut might drive autoimmune disease in the eye, as has been shown for gut-associated segmented filamentous bacteria in the joint (123), deserves careful examination in relation to IP. Disturbed microbiota has been linked to numerous non ocular as well as ocular inflammatory conditions [reviewed in (54)] and a direct relationship to gut-derived T cells, cross reactive with tissue antigens has not been reported in other models. In addition, a link between a dysregulated microbiome and systemic autoimmune/autoinflammatory disease is not restricted to conditions associated with disrupted IP. Thus, if the microbiome is implicated in the pathogenesis of uveitis, this would appear to be irrespective of IP status, thus relegating IP to a lesser, if any, role. While microbiome-based antigens are currently being evaluated for a role in ocular inflammatory disease, the precise relationship is likely to be complex.




Role of Treg and the Microbiome in Immune Regulation/Prevention of Uveitis

The gastrointestinal tract is now recognized as a major immune organ, containing an abundance of innate and adaptive immune cells which influence immune responses locally and at distant sites (124). The microbiome with its superabundance of micro-organisms directs the development of T cell populations particularly Th17 cells and Treg, responsive in an antigen-specific manner to microbial antigens. The innate immune system responds in an antigen non-specific manner to produce anti-microbial peptides such as α- and β-defensins in response to cytokines such as IL22, IL18, and INFγ (125). From the moment of birth and even prenatally, microbial colonization shapes the developing immune system and reciprocal interactions benefit (or otherwise) the development of a healthy immune system. The influence of the microbiome on IP therefore relates to several of the components of the blood-CNS barrier: in addition to guiding maturation of tight junctions between BBB endothelial cells (13), the microbiome induces the generation of commensal antigen-specific Treg (126–128), which not only act locally but have a specific gut phenotype combining RORγt and FoxP3 transcription factors (129, 130), and are central to the prevention of intestinal inflammation and IBD (131, 132). In addition, they may have an extra-intestinal effect in the regulation of systemic autoimmune disease such as collagen-induced arthritis (133).

Treg are antigen-specific in their generation but not so in their effector function where they have broader regulatory properties (134). Importantly, the plasticity of Treg both in their generation and their activity is relevant to the above concepts of how commensal antigens might cross-react with tissue-specific antigens through molecular mimicry and induce uveitis (114). Peripheral Treg (pTreg) develop in the secondary lymphoid tissues, including the gut, from naїve T cells under the influence of their cytokine environment which includes both proinflammatory cytokines such as IL6 and regulatory cytokines such as TGFβ and IL22. Generation of Treg in the gut has been linked to the process of T cell education in the thymus although clearly there are differences (135). In the presence of antigen (here we are considering commensal antigen rather than self-antigen as in thymus) T cells may develop along a Teff pathway to generate Th17 cells and then undergo antigen-induced cell death (AICD). Alternatively, in the presence of folate such Teff either convert to homeostatic Th17 cells which generate IL22 (135), or they may become anergic (Tan) and continue on to convert to FoxP3+ Treg (136–138). Both thymus-like Helios+, neuropilin+ (natural, n) Treg and “peripheral,” induced (i) Helios- Treg occur in the gut but iTreg are induced by the microbiome while nTreg are present from a pre-weaning stage (139–141). In addition, there are intraepithelial FoxP3- Treg and CD4+ CD8αα+ Treg which have an important regulatory role to play (142, 143). However, if the milieu is not conducive, commensal antigen-generated Teff (Th17) cells may clonally expand and enter the circulation as activated cells, with the risk of causing disease if they meet cognate antigen (similar to thymic autoreactive T cells which have escaped deletion). Disease may then ensue where access to tissue antigen is possible and co-stimulation is available. However, for tissues behind “heavy duty” barriers such as the BRB and the BBB, where access may be dependent on a sufficient precursor frequency of activated Teff, released from the constraints of Treg, additional factors to antigen specificity are required. These may be delivered through upregulated innate immune responses (41) and in the case of dysbiotic commensal antigens, through an “adjuvant” effect (114).

In homeostasis, Treg induced by the microbiome promote tolerance rather than immunity. The beneficial/tolerance-inducing role of the microbiome and secreted bacterial products in this scenario is becoming better understood. Mention has already been made of the range of SCFA (propionate, acetate, and butyrate) and other bacterial products which apart from promoting epithelial integrity, promote Treg homeostasis [reviewed in (135)]. In addition, the labile, plastic Th17 cell which can develop into a Treg in the colon is induced by resident DC and other myeloid cells in the small intestine (144, 145). This, however, is a double-edged sword since some intestinal T cells possess dual TCR reactivity and under certain circumstances, can induce autoimmune disease in distant organs such as the lung (146). Dual TCR-expressing T cells are a recognized hazard for the development of autoimmunity by limiting the generation of self-reactive Treg, as has been shown in the non-obese diabetes-prone mouse (NOD) (147). This possible mechanism may also apply to autoimmune uveitis induced by commensal antigen-activated retina-specific T cells although the evidence currenlty appears to be against this notion (114).



Genetic Susceptibility to Uveitis in the Context of the Microbiome and Treg: ASSOCIATION Between Dysbiosis and Uveitis

The genetics of uveitis also raises questions about the role of IP in conditions in which uveitis features. IP as a phenomenon was hypothesized during the time when MHC antigens were being discovered and was based on failure of the host to react to alloantigens transplanted to the anterior chamber of the eye. Since then the importance of MHC antigen has been revealed particularly in corneal graft rejection (148–150) suggesting that MHC antigens themselves were not the IP-responsive antigens but that the host responded to some tissue allografts through alternative limited polymorphisms. This undermines the original notion of IP as it was conceived but supports the concept of tissues modulating the host response to foreign antigens including alloantigens. To extend Matzinger and Kamala’s concept of tissues in control of the immune response (2), not only do different tissues such as the skin, gut, adrenal gland and retina modify the immune response in different ways, but each individual minor polymorphism in each tissue’s proteins will have an influence on the host response. This is borne out by the variable pattern of disease found in different individuals and contributes to the overall variability, exemplified by the current Corona virus (Sars-CoV-2) pandemic in which the upper respiratory tract and the lungs are the main target of attack but the individual outcome varies from fatal Covid-19 disease to severe cases with long-lasting effects [individuals referred to as “long-haulers” (151)] to no symptoms depending on the severity of the associated host immune response (152, 153). Large scale “big data studies” performed through consortia such as The Infection and Immunity Immunophenotyping (3i) consortium have revealed the influence of a large number of immunoregulatory genes (>140) on the properties of different tissues underpinning immune variation which resonate with a much broader interpretation of how different cells and tissues influence the outcomes of immune challenge (154), and the future invites further similar study to reveal how CNS tissues including the eye fit with these paradigms.

Both human uveitis and experimental models of uveitis have quite specific and wide-ranging genetic susceptibilities. Caspi’s initial studies in mice confirmed the importance of minor antigens in murine susceptibility to induction of EAU (51). Further studies defined the roles of a range of innate immune genes such as TLR, C-type lectins, and genes regulating the inflammasome and IL1 production (103, 155–158). Indeed, an essential role for IL1 in EAU induction has been shown (159).

In human uveitis, strong genetic links have been established with certain types of uveitis. The long known association of the MHC antigen HLA-B27 with AU has been extended with more recent information on susceptibility links to antigen processing genes such as endoplasmic reticulum peptidase 1 (ERAP1) but also to genes more closely associated with innate immunity such as nitric oxide synthase 2 (NOS2) as well as less strong links to a number of other proteins such as Mer Proto-oncogene tyrosine kinase (MERTK), kinesin-associated protein 3 (KAP3) and acetyl-Coenzyme A acyltransferase 2 (ACAA2) (160) The strongest association of MHC antigens and any human disease is that between HLA-A29 and the rare uveitis condition birdshot chorioretinopathy (BCR) (161). Further linkages with BCR have been found with functionally distinct ERAP-1 and -2 genes in a large population of BCR patients (162). BD has linkage with HLA-B51 while sympathetic ophthalmia and VKH disease have common associations with HLA-DR0405 and, interestingly, T cells from patients with VKH show cross-reactivity with peptides from CMV and the melanocyte protein tyrosinase (163), once more implicating infection in a well-defined autoimmune disease.

In many of these conditions, shared linkages with innate immune response (IR) genes, such as the IL23 receptor (164) and cytokine genes of myeloid cells (52, 165–167) have been observed. However, most of the associations are particular to specific disease entities and no clear pattern emerges for adaptive or IR genes for ocular inflammation as a whole, whether it be retina-centric, i.e. behind the BRB or not. No MHC or non-MHC association has been described for IP per se. IP was originally attributed to a lack of MHC expression in the relevant tissues (cornea, brain parenchyma, retina, hair follicle, testis etc.) which, in terms of MHC Class I and II still has some relevance due to the paucity of overall expression in these tissues. However, an analysis of CD11c expression on myeloid cells in brain vs. other tissues revealed a significant down regulation in CNS myeloid cells, indicating that while such cells were present in the tissues, the microenvironment of the tissue had the greater influence on whether IR genes were likely to be activated (168).

In contrast to genetic associations with IP, clear connections with some types of uveitis and a disturbed microbiome have been described. For instance, VKH (122), HLA-B27-associated AU [reviewed in (169)], and uveitis in BD (110) have all been linked to dysregulated microbiota with Prevotella sp. being identified as a consensus bacterial community in which further stratification linked Clostridiales sp. to neuro-BD and Bacteroides with multiple sclerosis (170). Importantly, Treg which are considered to play a role in maintaining IP in the retina (43, 44, 171, 172) and brain (173–175) have demonstrated clear tissue adaptation at the barrier sites of the skin and the intestine (176) and it is likely that they do so at sites of the BRB and BBB. Thus, in terms of uveitis there is no clear pattern of disease susceptibility. Indeed, the range of genetic susceptibilities based on MHC Class I and II, and minor/tissue antigen polymorphisms do not support the concept of a unique property of IP for any particular tissue. Tissues’ abilities to deal with pathogen invasion and foreign antigens depend on the tissue as well as the genetic make-up of the individual, but probably more importantly it depends on the tissue/cell tropism and virulence of the pathogen.



Restoring Microbiome-Associated Gut Immune Privilege to Prevent and Treat Uveitis

As indicated above, IP, when considered as a process whereby tissues modulate immune responses, is by definition a property of most if not all tissues and the gut is no exception (60, 177). Commensal microbial and dietary antigens are “tolerated” in a privileged manner in the gut, mediated by a unique set of Treg (130, 139) which exert control over potential Teff cells. In this, they are assisted by a range of innate immune lymphocytes (124), “tolerant” DC and specialized T cells such as γδT cells and CD8αα+ mucosal epithelial T cells [reviewed in (178)]. As discussed above, disturbance of the gut microbiota (i.e. dysbiosis) is linked to disease, particularly IBD but is also implicated in various autoimmune diseases such as rheumatoid arthritis, type 1 diabetes mellitus, multiple sclerosis and autoimmune liver disease [reviewed in (179)]. Caspi’s group has shown that spontaneous EAU in IRBP-TCR transgenic mice can be prevented and/or suppressed in microbiota-deficient mice, as well as in mice treated with an antibiotic cocktail and has proposed that retina-specific T cells are activated by microbiome-derived antigens which escape through a “leaky gut” epithelium and are presented to T cells by gut or mesenteric lymph node DC (112). The activated T cells then enter the circulation and cross the BRB where they connect with cognate antigen (IRBP) and become pathogenic. Precisely why retina-specific T cells should become activated by microbiota-associated antigen is not clear, but several mechanisms have been proposed. Bystander activation is unlikely but molecular mimicry/antigen cross-reactivity are genuine possibilities (41), while dual TCR expression discussed above is also an interesting option (147) although unlikely as argued by Horai and Caspi (114). Hybrid self-foreign antigen is a novel paradigm (120). Similar studies in the IRBP-inducible model of uveitis have also been reported, showing that EAU can be suppressed in antibiotic-treated mice (180) while IRBP-induced EAU is completely suppressed in germ-free mice (113). In this model, the effect of antibiotic administration is essentially preventive and not therapeutic, i.e. once the disease is active, antibiotic treatment is ineffective (113). These studies, in both the spontaneous and inducible models of EAU, implicate an underlying dysbiosis which permits translocation of bacterial antigen across the lining epithelium, and indeed this is the case. In CFA/IRBP-induced EAU where an antigenic peptide (IRBP) and CFA-mixed emulsion is inoculated subcutaneously, defects in the gut epithelium have been demonstrated with inflammatory cell infiltration in the gut wall (181). Interestingly, these effects on the bowel did not seem to be IRBP-specific since similar findings were observed with CFA-mycobacterial antigen alone. In addition, the numbers of circulating IRBP-specific T cells (Teff or Treg) when CFA/IRBP was inoculated were vanishingly low while the numbers of microbial antigen-specific cells were significantly higher, as might be expected. However, an associated dysbiosis may not be required for microbiota-antigen reactive/activated cells to be present in the circulation. Hegazy et al (182). have shown that in healthy humans, microbiota-specific activated CD4 T cells are present in the blood, and are responsive to a range of commensal bacteria. In patients with IBD, the frequency and specificity of these T cells is increased (182).



What Does the Gut–Central Nervous System Axis Imply for Therapeutic Intervention?

Several groups suggest that there are significant opportunities to intervene, particularly by promoting Treg induction in the gut to eliminate dysbiosis and restore a healthy microbiome. Commensal bacteria provide many mediators of immune and metabolic homeostasis including SCFA. Attempts to ameliorate autoimmune disease by administration of SCFA have been quite successful experimentally in models of multiple sclerosis, hepatitis and diabetes (109, 183–187) as well as uveitis (188). The mechanism of action appears to be through induction of Treg which act locally in the gut as well as at a distance on barrier structures such as the BRB (189–191).

Bacteria produce other metabolites and nutrients. These include bacterial metabolites derived from bile acids, tryptophan, indole and activators of the aryl hydrocarbon receptor (AhR) and folic acid (FA). The latter is of particular interest since it has a direct impact on the survival of intestinal Treg (65) predominantly mediated via one of the folate receptors (FR4). FA deficiency is intrinsically damaging to the eye and has been linked to amblyopia (192), optic neuropathy (193), senile cataracts (194), and retinal hyper-homocysteinemia (195) along with its secondary complications (196–198). Hyper-homocysteinemia is connected to specific polymorphisms in FA metabolism-associated genes (199) and has been reported to occur in autoinflammatory BD patients (200). A role for FA in autoimmune uveitis is therefore recognized [for review see (201)].

The direct effects of FA on the eye are delivered via several routes including folate receptors (FR; folate-binding proteins) (202), the reduced folate carrier, and the proton-coupled folate transporter (203). FA transport proteins are ubiquitously expressed, and are abundant in retinal pigment epithelium (RPE) and retina (204), suggesting a potential direct immune-modulating role for folate at these sites, particularly as the immunoregulatory BRB cell (the RPE) has the potential to convert naïve T cells to Treg. In humans, there are four known FR isoforms (α, β, γ, and δ) with tissue-specific expression patterns (202, 205). Most recently the human receptor homolog for murine FRδ (also known as FR4 or folate binding protein 3) has been found most abundantly expressed on Treg cells (206). In mice (and possibly in humans), FR4 is expressed under the control of the transcription factor FoxP3 (206), whose sustained expression is a key factor in Treg functional stability (206–210). FoxP3+ Treg populations in the colon are sustained by oral FA supplementation; in contrast, a diet deficient in folate leads to a marked reduction of FoxP3+ Treg selectively in the colon and increased autoimmune bowel inflammation.

The induction of Treg in the periphery, including the gut, is a major control mechanism in the resolving stages of inflammation. Peripheral Treg are generated from naїve T cells but may also be derived from anergic T effector cells (Tan) through a reciprocal induction process (211). T cell anergy is a major contributor to peripheral tolerance mechanisms, wherein CD4+ T cells lose the capacity to produce autocrine growth factor and proliferate in response to antigen (212, 213). A subset of FoxP3- CD44hi CD73hi FR4hi anergic CD4+ T cells has been identified (214) which upon adoptive transfer, gave rise to Treg cells in an autoimmune arthritis model (211), thereby functioning as progenitors for Treg cell differentiation following TCR-mediated anergy reversal. It has been hypothesized that upon recurrent antigen encounter, anergic CD4+ FoxP3- FR4+ CD73+ Nrp1+ T cells are prone to partial de-methylation in a specific signature gene, generating ideal progenitors for the peripheral differentiation of stable FoxP3+ Treg (211, 215). These anergy-derived Treg suppress immunopathology and reinforce anergy induction (215). In this context, we have recently shown, in a transgenic model of spontaneous uveitis due to failure of Treg induction, that Tan convert to Treg cells as the inflammation resolves (119). Furthermore, adoptive transfer of antigen-experienced Treg completely prevented development of this spontaneous disease, showing the importance of Treg in the control of uveoretinitis. In the development of cell therapies, such as Treg, for autoimmune disease it would seem there should be a role for FA.

Alternatively, FA may be included in the proposed use of probiotics for control of autoimmune disease (216). Probiotics are preparations which deliver bacteria beneficial to the host through mechanisms such as improving gut epithelial integrity and promoting a balanced immune system. In contrast, prebiotics such as dietary fiber feed the gut microbiome. Probiotics act by becoming part of the commensal community of the microbiome and thus may promote intestinal Treg generation. Some probiotics such as those containing Lactobacillus (L.) reuteri WH1689 (217) and Streptococcus gallolyticus subsp. macedonicus (S. macedonicus) CRL415 (218), have genes conferring specific beneficial properties affecting metabolism and FA biosynthesis. Recently, probiotic L. reuteri has been shown to convert CD4 T cells into CD4+ CD8αα+ double positive intraepithelial cells, which as indicated above are immunoregulatory cells, by decreasing the transcription factor THPOK through activation of the AhR (219). Probiotics have been shown to be effective in certain autoimmune conditions [reviewed in (220)] and are part of what has been termed “the global preclinical pipeline” which includes small molecules such as SCFA as well as engineered probiotics and phages (221). Both probiotics and prebiotics (such as glucans and fructans) are under intense investigation as regulators of general health and homeostasis (222).

Despite the avalanche of studies and projects evaluating probiotics, there is still continuing uncertainty about their overall effectiveness in the context of active autoimmune disease. For this reason, preclinical studies are important. Heat-killed L. reuteri GMNL-263 was found to be effective in preventing cardiac damage in a model of systemic lupus erythematosus (223); in a second study, a commercially prepared probiotic, Lactibiane Iki, controlled active EAE by promoting tolerogenic DC (224); and the combined administration of two Bifidobacteria and Lactobacilli probiotic strains prevented experimental myasthenia gravis (225). Preclinical studies of probiotics are in progress but to date no randomized controlled trials of probiotics in patients with uveitis have been reported. However, the opportunities for such studies are becoming clearer (226).



Conclusion

The concept of IP in the context of uveitis is difficult to sustain. The pathogenesis of uveitis (whether it be infectious or “non-infectious”) (68, 78, 114, 227) is different depending on whether the inflammation occurs in front of or behind the BRB. Even if the site of inflammation is in a tissue which presents a greater immunomodulatory microenvironment, as in the retina compared to the iris, the classical IP properties of the tissue (such as immunosuppressive mediators and lack of resident MHC Class II+ DC) are not overly effective in preventing inflammatory disease (uveoretinitis). Perhaps a fresh look at what IP as an immunological concept entails is required, specifically asking the question: is IP intrinsically different from mainstream mechanisms which deliver immunological tolerance? Relative degrees of IP can be applied essentially to all tissues and are very highly developed in healthy tissues such as the skin and the gut where a multitude of immunoregulatory mechanisms and cell types are positioned to control the immunostimulatory potential of vast colonies of commensal bacteria. Breakdown of these protective shields is the initial stage of development of systemic and organ-specific inflammatory diseases. This is dependent on the cross reactivity (or other mechanisms as discussed above) of microbiome/commensal pathogenic antigens to activate and sufficiently expand tissue-specific T cells which can cross internal barriers and cause disease on encountering cognate antigen. Therapies directed toward generation of regulatory cells (Treg or other) which will restore immune homeostasis, particularly in the bowel, may be the way forward to restoring the IP status of all tissues, including those of the CNS.
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Objective: Posner-Schlossman syndrome (PSS), also known as glaucomatocyclitic crisis, is an ocular condition characterized by recurrent attacks of anterior uveitis and raised intraocular pressure. Previous studies by our team and others have identified the genetic association of complement pathway genes with uveitis and glaucoma. This study aimed to investigate the complement genes in PSS patients with the view of elucidating the genetic background of the disease.

Methods: A total of 331 subjects (56 PSS patients and 275 controls) were recruited for this study. We selected 27 variants in six complement pathway genes (SERPING1, C2, CFB, CFH, C3, and C5) and detected them using TaqMan single nucleotide polymorphism (SNP) Genotyping Assays. Univariate SNP association analysis, haplotype-based association analysis, gene-gene interaction analysis among complement genes, and genotype-phenotype correlation analysis were performed.

Results: Among the 27 variants of six complement pathway genes, the functional variant I62V (rs800292) at the CFH gene was found to be significantly associated with PSS; there was a significant increase in the frequency of A allele and AA homozygosity in PSS patients than in controls (P = 1.79 × 10−4; odds ratio (OR) 2.18, 95% CI: 1.44–3.29; P = 4.65 × 10−4; OR 3.66, 95% CI: 1.70–7.85, respectively). The additive effect of CFH-rs800292 and SERPING1-rs3824988 was identified with an OR of 12.50 (95% CI: 2.16–72.28). Genotype-phenotype analysis indicated that the rs800292 AA genotype was associated with a higher intraocular pressure and higher frequency of recurrence. Unlike a high proportion of human leukocyte antigen (HLA)-B27 positivity in anterior uveitis, only 3 in 56 (5.36%) PSS patients were HLA-B27 positive. In addition, one haplotype block (GC) in the SERPING1 gene showed a nominal association with PSS with an increased risk of 2.04 (P = 0.01; 95% CI: 1.18–3.53), but the P-value could not withstand the Bonferroni correction (Pcorr > 0.05).

Conclusion: This study revealed a genetic association of a CFH variant with PSS as well as its clinical parameters, implying that the alternative complement pathway might play an important role in the pathogenesis of PSS. Further studies to enrich the understanding of the genetic background of PSS and the role of the complement system in ocular inflammation are warranted.

Keywords: uveitis, posner-schlossman syndrome (PSS), complement system, genes, single nucleotide polymorphisms, complement factor H


INTRODUCTION

Posner-Schlossman syndrome (PSS), also known as glaucomatocyclitic crisis, is an ocular condition that presents with recurrent anterior uveitis and acutely with markedly elevated intraocular pressure (IOP). It is often classified as secondary inflammatory glaucoma (1, 2). The main clinical manifestations of PSS are elevated IOP and blurred vision, with a tendency to affect patients between 20 and 50 years of age. Long-term recurrent PSS patients are at a high risk of developing permanent complications, such as optic nerve atrophy and loss of vision (2).

The exact pathogenesis of PSS is largely unknown, and previous studies have suggested that genetic susceptibility, infection, and autoimmune drive may contribute to the disease (1, 3, 4). Multiple genetic loci in human leukocyte antigen (HLA) have been identified to be associated with PSS in Japanese and Chinese populations, such as HLA-Ia, HLA-II, HLA-Bw54, HLA-E, and HLA-G. These recent genetic studies have not only helped shed light on the pathogenesis of the disease, but also have suggested that they share common etiologies with other hypertensive uveitic conditions (5–8). To date, however, no specific gene other than HLA has been found to directly cause PSS.

The complement system, a key innate immune defense system, plays an important role in modulating various immune and inflammatory responses. In our previous studies, we intensively studied the genetic profiles of complement pathway genes in uveitis, including complement factor H (CFH), complement factor B (CFB), complement component 2 (C2), complement component 3 (C3), complement component 5 (C5), and complement component 1 inhibitor gene (SERPING1) (9–17). Moreover, recent studies have implicated complement cascades in glaucomatous neurodegeneration. IOP also modulates the immune system by inducing several complement components such as CFH, C3, C1q, and C1r (18, 19).

In view of the above findings and considering that PSS shared the characteristics of both anterior uveitis and glaucoma, the primary aim of this study was to investigate the genetic associations of 27 variants in complement pathway genes in PSS patients. Our secondary aim was to further identify any associations between these genes and specific phenotypes to understand the genetic background of this disease.



MATERIALS AND METHODS


Study Participants

All study subjects were enrolled at the Chinese University of Hong Kong Eye Center and Shenzhen Peoples' Hospital. Informed consent was obtained from each study participant, and the study protocol was in accordance with the ethical guidelines of the Declaration of Helsinki. The study was approved by the Medical Ethics Committee of the Chinese University of Hong Kong Eye Center and the Clinical Research Ethics Committee of Shenzhen Peoples' Hospital.

Fifty-six PSS patients were recruited for this study. The diagnosis of PSS was based on the following clinical features: repeated episodes of unilateral moderate to high elevation of IOP with blurred vision, mild anterior chamber inflammation and mutton-fat-like keratic precipitates (KPs), open anterior chamber angles under high IOP, and no obvious posterior synechiae of the iris (20). For each patient, the clinical course of ocular inflammation was documented, including visual acuity, slit-lamp biomicroscopy, IOP, age at onset, clinical features (KPs, posterior synechiae, and anterior chamber cells), laterality, frequency of recurrence, and complications of PSS. A total of 275 individuals without any systemic immune-related disorders and major eye diseases except senile cataract were recruited as control subjects. All subjects underwent full clinical examination and basic ophthalmic investigations.



Selection and Genotyping of Single Nucleotide Polymorphisms

Twenty-seven single nucleotide polymorphisms (SNPs) in six genes/loci in the complement pathway were selected in the present study, including rs17030, rs344555, rs2241393, rs2241392, rs428453, rs11672613, rs2230205, and rs2250656 in C3; rs3020644, rs9332739, rs4151667, rs1048709, rs17201431, rs537160, and rs2072633 in the C2/CFB locus; rs1005511 and rs3824988 in SERPING1; rs12237774, rs2269066, rs17611, rs1548782, rs10985126, and rs1017119 in C5; and rs3753394, rs800292, and rs1065489 in CFH. Genomic DNA was extracted from peripheral blood using the QIAamp Blood Kit (Qiagen; Hilden, Germany). The 27 SNPs were assessed using TaqMan genotyping assays (Applied Biosystems, Foster City, CA, USA) in a Roche LightCycler 480 real-time polymerase chain reaction System (Roche Diagnostics, Basel, Switzerland), according to the manufacturer's instructions. The HLA-B27 allele was detected using nested polymerase chain reaction as described by Konno et al. (21).



Statistical Analysis

The Hardy-Weinberg equilibrium of each SNP in the controls was assessed using the χ2 test in PLINK (V.1.07, available in the public domain at http://pngu.mgh.harvard.edu/~purcell/plink/). Allelic and genotypic frequencies between cases and controls were compared using the χ2 test or Fisher's exact test. Dominant and recessive models were applied to investigate the disease association with regard to the minor allele, and the odds ratio (OR) and 95% confidence intervals (CI) were calculated. Logistic regression analysis was applied to adjust for the association of these SNPs with age and sex. IOP, age at onset, anterior chamber cells, and frequency of recurrence were analyzed by the t-test or Mann–Whitney U test, whereas the presence of posterior synechiae and KPs were analyzed by χ2 test or Fisher's exact test. Moreover, stratified analysis based on the clinical manifestations was also performed. Pairwise linkage disequilibrium between polymorphisms and expectation-maximization algorithm-based haplotype association analyses were performed using Haploview (ver. 4.2). Furthermore, we applied the W-test for gene-gene interaction analysis. The joint effects of these pairs of SNPs were also analyzed with reference to the individuals with both the non-risk genotypes at the two studied SNPs. In individual association analysis, a P < 0.05 was considered statistically significant. The Bonferroni method was used to correct the P-values in multiple testing, with a P < 0.0019 (P = 0.05/27, where 27 was the number of SNPs included in this study) being considered statistically significant.




RESULTS


Clinical Characteristics

The demographic and clinical characteristics of the PSS patients and healthy controls are shown in Table 1. This study involved a total of 331 unrelated subjects, including 56 patients with PSS (24 males, 32 females; mean age ± SD: 49.9 ± 14.0 years) and 275 controls (122 males, 153 females; mean age ± SD: 54.3 ± 7.6 years). Among the PSS patients, 53 (94.6%) had increased IOP at first onset, 50 (89.3%) had recurrent episodes of PSS, and the average frequency of recurrence was 6.3±4.9. Forty-two (75.0%) patients had KP signs and only three (5.4%) were HLA-B27 positive.


Table 1. The demographic and clinical features of the PSS cases and controls.
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Association of Complement Genes With PSS

All the selected SNPs conformed to the Hardy-Weinberg equilibrium in the control group. Twenty-seven SNPs in C3, C2/CFB, SERPING1, C5, and CFH in the complement pathway were genotyped and statistically analyzed in PSS patients and healthy controls. Among the 27 SNPs, rs800292 in CFB was significantly associated with PSS (P = 1.79 × 10−4; OR 2.18, 95% CI: 1.44–3.29), with the minor allele A conferring a 2.18-fold increased risk of PSS (Table 2). Meanwhile, genetic association was also identified in the genotypic recessive model; there was a significant increase in the frequency of AA homozygosity in PSS patients than in controls (P = 4.65 × 10−4; OR 3.66, 95% CI: 1.70–7.85). In addition, a higher frequency of the SERPING1/rs3824988 CC genotype and C allele was found in PSS patients than in healthy controls (CC: P = 0.036; OR 7.73; C: P = 0.01, OR 1.99). A lower frequency of the C5/rs1017119 C allele was found in PSS patients (P = 0.043; OR 0.47) (Table 3). However, these two associations lost significance after adjusting for multiple testing. No significant association was identified for the other 24 SNPs, either in allelic or genotypic models. Gender stratification analysis of rs800292 showed a statistically significant association in female PSS patients (P = 0.001; OR 2.60, 95% CI: 1.50–4.51), but not in male patients (Table 4).


Table 2. Allelic association of genetic variants with PSS.
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Table 3. Genotypic association of rs3824988, rs1017119, and rs800292 in PSS patients and healthy controls.
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Table 4. Polymorphisms of CFH-rs800292 in PSS patients and healthy controls stratified by gender.
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Comparison of Clinical Parameters in Different Genotypes

Genotype-phenotype correlation analysis was done in terms of multiple clinical features such as IOP, age of onset, number of flares, frequency of recurrence, and the presence of KPs. Considering the significant association of CFH-rs800292 with PSS in this study, correlations between specific genotypes and clinical features were evaluated in the PSS patients. We discovered a relationship between rs800292 and IOP level, as well as frequency of recurrence. The mean IOP (49.69 ± 6.58 mmHg) in patients homozygous for the risk allele A at SNP rs800292 was significantly higher than patients with the genotypes AG+GG (40.67 ± 12.14 mmHg; P = 0.001; Figure 1). Similarly, patients with genotype AA had a relatively higher frequency of recurrence (9.83 ± 5.25 times) than those with G carriers (6.11 ± 4.81 times; P = 0.026; Figure 2). Associations with other clinical features were not observed.


[image: Figure 1]
FIGURE 1. The average of IOP in PSS patients according to genotype of rs800292. AA: 49.69 ± 6.58; AG+GG: 40.67 ± 12.14 (mmHg). *statistical significance.



[image: Figure 2]
FIGURE 2. The average disease recurrent frequency of PSS according to genotype. AA: 9.83 ± 5.25; AG+GG: 6.11 ± 4.81 (times). *statistical significance.




Gene-Gene Interaction and Joint-Effect Analysis

We applied the W-test for pairwise gene-gene interaction analysis and identified a significant interaction of one pair: CFH-rs800292 with SERPING1-rs3824988. Joint-effect analysis was conducted to estimate the ORs of PSS for each possible combination of genotypes from these two loci, with the homozygous non-risk genotypes as reference. A joint disease OR of 12.50 in individuals with the rs800292 AA genotype and rs3824988 risk allele (C) carriers was observed than in the baseline non-risk genotypes, with the calculated 95% CI in a wide range from 2.16 to 72.28 (P = 0.012; Table 5; Figure 3)


Table 5. Interaction analysis between CFH-rs800292 and SERPING1-rs3824988.
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[image: Figure 3]
FIGURE 3. Two-locus (CFH and SERPING1) genotype-specific PSS risk.




Linkage Disequilibrium and Haplotype Association Analysis

Pairwise linkage disequilibrium analysis was performed for all six selected genes in the complement pathway using these 27 SNPs, and five haplotype blocks were detected. Block 1 involved SNPs rs17030 and rs344555 at C3; Block 2 involved SNPs rs428453 and rs11672613 at C3; Block 3 involved SNPs rs1048709, rs537160, rs4151667, and rs2072633 at the C2/CFB locus; Block 4 involved SNPs rs1005511 and rs3824988 at SERPING1; and Block 5 involved SNPs rs17611 and rs1548782 at C5 (Figure 4). A risk haplotype, GC, defined by block 4 was identified. It conferred a 2.04-fold increased risk of PSS, but the statistical significance did not remain after multiple corrections (P = 0.01; permutation P = 0.24; Table 6).


[image: Figure 4]
FIGURE 4. Pairwise LD among 27 SNPs in complement genes across complement system. The haplotype block was defined by the confidence interval method implemented in the Haploview software. The LD (r2) between any two SNPs is listed in the cross cells.



Table 6. Haplotype analysis of complement pathway genes in PSS patients and healthy controls.
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DISCUSSION

In this study, we identified the functional variant rs800292 (I62V) at CFH involved in the complement system to be significantly associated with PSS (P = 1.79 × 10−4), conferring a 2.18-fold increase in risk of PSS. Such an association was also found in the genotypic dominant and recessive models. In particular, rs800292 showed a significant association with the IOP level and frequency of recurrence (P = 0.001 and 0.026, respectively). Patients with the risk genotype AA had a higher IOP level and higher frequency of recurrence, indicating an association with severity of inflammation and disease prognosis. Furthermore, we identified significant interactions between CFH rs800292 and SERPING1 rs3824988. These findings confirmed CFH as a susceptibility gene for PSS, and for the first time, revealed CFH rs800292 (I62V) as a putative genetic marker for PSS.

PSS, also known as glaucomatocyclitic crisis, is an ocular condition that presents with markedly elevated IOP and anterior uveitis. It generally presents with unilateral blurred vision and eye discomfort; however, there are reported cases of bilateral PSS (2). In our cases, two in 56 (3.6%) had bilateral involvement, the majority of patients presented with a recurrent course, and the average frequency of recurrence was 6.3 ± 4.9 times. Although the exact mechanism remains uncertain, it has been accepted that infection and autoimmune drive may contribute to the disease. In addition, identification of the HLA locus in PSS implies a role for genetic variants of immune regulation in PSS pathogenesis (5, 7, 8). However, no specific genes other than HLA were identified to be significantly associated with PSS.

Our previous studies have made significant advancements in depicting the genetic profiles of complement pathway genes in uveitis, and CFH has been identified to be significantly associated with anterior uveitis as well as intermediate and posterior uveitis entities (13, 14, 16). Furthermore, CFH gene polymorphisms are also associated with multiple inflammatory diseases, such as age-related macular degeneration, diabetic retinopathy, and atypical hemolytic-uremic syndrome (22–24). Here, we identified the association between rs800292 at CFH and the clinical parameters of PSS. The complement system is a key component of innate immunity and is involved in modulating various immune and inflammatory responses. SNP rs800292 is a functional variant located in the CFH gene which is a major soluble inhibitor of the complement alternative pathway. Changes in the rs800292 nucleotide results in the synthesis of isoleucine instead of valine at codon 62 (I62V). This might lead to structural changes affecting the ability of C3b binding and reduced activation of the alternative pathway C3-convertase (C3bBb) (25). This subsequently causes excessive activation of the complement system to induce immunologic disorders.

We identified genotype-phenotype correlations between CFH rs800292 (I62V) and PSS. The functional variant conferred a higher risk for elevated IOP (P = 0.001) and higher frequency of recurrence (P = 0.026). Clinically, patients with higher IOP and more recurrent episodes have more visual complications and are at risk of developing permanent complications such as optic nerve atrophy and loss of vision (26). Therefore, rs800292 identified in this study might be a useful genetic biomarker for the prediction of severe courses and may provide guidance for the frequency of follow-up.

Furthermore, the female-specific association and SNP-gender interaction between rs800292 and PSS suggested that additional risk factors may be required for CFH to exert its effect on the pathogenesis of PSS. Gender differences in inflammation susceptibility have been found in previous studies by our team and others (13, 14, 27). The di?erence in susceptibility to microbial infection between males and females may be partially explained by the di?erence in sex hormones, or likely through an epistatic function (28). However, the exact mechanism is still elusive, and further validation in a larger cohort of PSS is warranted.

Considering the biological relevance of these genes in the complement cascade, we performed pairwise gene-gene interaction analysis and identified significant interactions of one particular pair: CFH-rs800292 with SERPING1-rs3824988. CFH and SERPING1 proteins are key regulators of the alternative and classical complement pathways respectively, the protein encoded by SERPING1 regulates complement component 1 (C1) by inhibiting the proteolytic activity of its subcomponents C1r and C1s (29). SERPING1 has been shown to be associated with age-related macular degeneration and multiple immune-mediated diseases; SERPING1 mRNA is also expressed in both the retina and the retinal pigment epithelium-choroid layers of human donor eyes (30). In addition, a risk haplotype, GC, defined by SERPING1 SNPs rs3824988 and rs1005511 was identified, although the statistical significance did not remain after multiple corrections. Our findings provide additional evidence for the involvement of the complement system, especially the upstream cascade, in relation to PSS. Unfortunately, the functions of these genes and proteins in PSS are yet to be elucidated.

Several limitations of our study need to be discussed. First, the relatively small sample size may lower the statistical power and may generate a type II error in our statistical analysis. To reduce the likelihood of such errors, we have increased the number of healthy controls. Second, although we analyzed 27 tag-SNPs to capture the majority of common genetic variations of the complement cascade, they may not sufficiently reflect the genetic impact of the complement system on PSS, as some identified functional SNPs conferring susceptibility to immune-related diseases were not investigated in this study because of lower minor allele frequency. Last but not least, the exact biological function of these genes/loci has not yet been reported. Therefore, further investigations of more regions in the complement cascade using a larger cohort and in other ethnic groups could help to consolidate our findings. In addition, a comprehensive evaluation of the “hot” region, especially the alternative pathway, by extensive sequencing to uncover unknown variations is worthwhile.

In summary, we have identified the association of CFH functional variant rs800292 (I62V) with PSS and its clinical parameters, providing new evidence to support CFH as a susceptibility gene for PSS. This insight would help to understand the genetic background of PSS and help in the early detection of manifestations of the disease.
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To investigate aqueous metabolic profiles in Vogt-Koyanagi-Harada (VKH) and Behcet’s disease (BD), we applied ultra-high-performance liquid chromatography equipped with quadrupole time-of flight mass spectrometry in aqueous humor samples collected from these patients and controls. Metabolite levels in these three groups were analyzed by univariate logistic regression. The differential metabolites were subjected to subsequent pathway analysis by MetaboAnalyst. The results showed that both partial-least squares discrimination analysis and hierarchical clustering analysis showed specific aqueous metabolite profiles when comparing VKH, BD, and controls. There were 28 differential metabolites in VKH compared to controls and 29 differential metabolites in BD compared to controls. Amino acids and fatty acids were the two most abundant categories of differential metabolites. Furthermore, pathway enrichment analysis identified several perturbed pathways, including pantothenate and CoA biosynthesis when comparing VKH with the control group, and D-arginine and D-ornithine metabolism and phenylalanine metabolism when comparing BD with the control group. Aminoacyl-tRNA biosynthesis was altered in both VKH and BD when compared to controls. Our findings suggest that amino acids metabolism as well as two fatty acids, palmitic acid and oleic acid, may be involved in the pathogenesis of BD and VKH.
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Introduction

Uveitis known as intraocular inflammation is one of the leading causes of visual impairment and blindness in the world (1, 2). Vogt-Koyanagi-Harada (VKH) disease and Behcet’s disease (BD) are two of the most commonly seen uveitis entities in China (3, 4). The incidence rate of uveitis in China is 111.3 persons per 100,000 person-years (5) and a frequency of 12.7% and 8.7% has been reported for VKH and BD in Chinese uveitis patients, respectively (4). VKH disease is a multisystemic autoimmune disease characterized by recurrent bilateral granulomatous panuveitis accompanied with systemic involvements including poliosis, alopecia, vitiligo, central nervous system, and auditory abnormalities (6). BD is recognized as an autoinflammatory disorder accompanied with recurrent uveitis, oral aphthae, genital ulcers, and typical skin lesions (7). The exact pathogenesis of both VKH disease and BD remains unclear and omics analysis may advance the understanding of these diseases.

Metabolomics is a rapidly expanding field in life science which leads to the growing interest in metabolism (8). Metabolites, serving as downstream products of transcription, translation, and post-translational protein modification, can reflect and be influenced by local physiological events (9). Therefore, a study of metabolomics could contribute to a better understanding of the pathophysiology of intraocular inflammation. Recent metabolomic studies in VKH disease or BD, using sweat or urine samples have revealed a specific metabolite profile (10, 11). Aqueous humor fills the anterior chamber of the eye and contributes to a normal intraocular homeostatic environment (12). Its composition may probably be a better reflection of local physiological changes associated with intraocular diseases than the analysis of samples obtained from peripheral sites. As far as we know, no aqueous metabolomic study has been reported for VKH or BD and this was therefore the subject of the study described here.

Liquid chromatography/mass spectrometry (LC/MS) is a commonly applied technique for untargeted metabolomics detection with robust reliability and reproducibility (13–15). In view of these features, we performed an untargeted metabolomic analysis of aqueous humor samples from VKH disease and BD patients taken during cataract surgery and compared it with samples from senile cataract controls, applying ultra-high-performance liquid chromatography equipped with quadrupole time-of flight mass spectrometry (UPLC-Q-TOF/MS).



Materials and Methods


Participants

Individuals selected for this study included 15 VKH patients, 15 BD patients, and 15 senile cataract controls. The VKH and BD patients included, had developed cataract as a complication of their uveitis. The demographic data of the cohorts were collected (16) and shown in Table 1. Criteria of an international committee and those developed by our group were used to make the diagnosis of VKH disease (17, 18). Diagnosis of BD was based on the International Study Group’s criteria (19). Patients with any unclear diagnosis were excluded from the study. We also excluded patients with other ocular condition such as optic nerve disease, macular abnormalities or diabetic retinopathy. As for controls, the exclusion criteria were subjects with uveitis and a history of any other autoimmune disease.


Table 1 | Demographic and clinical characteristics of participants.



All participants underwent cataract surgery at the First Affiliated Hospital of Chongqing Medical University (Chongqing, China) from August, 2017 to May, 2019. Our method for cataract removal in uveitis patients has been reported elsewhere (20). Signed informed consents were obtained from all enrolled participants. The study received the approval of the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University and followed the tenets of the Declaration of Helsinki.



Sample Collection and Preparation

Anterior chamber paracentesis was performed to collect approximately 200 μl of aqueous humor samples at the beginning of the cataract surgery under the sterile condition. Care was taken to avoid contamination of samples with blood or touching intraocular tissues. The specimens were stored at −80°C until UPLC-Q-TOF/MS analysis. All specimens were thawed at 4°C. To remove protein, 80 μl aqueous humor aliquots were mixed with 320 μl of cold methanol/acetonitrile (1:1, v/v) which was then centrifuged for 20 min (14,000 g, 4°C). The supernatant was dried in a vacuum centrifuge. Quality control (QC) specimens consisting of mixing with 10 μl of each sample were analyzed with other samples to monitor the repeatability and stability of instrument. The QC specimens were inserted regularly in the cohort of tested samples, which could monitor the reliability of the whole procedure.



UPLC-Q-TOF/MS Analysis

Aqueous metabolomic analyses were applied using an Agilent 1290 Infinity LC system (Agilent Technologies, Santa-Clara, California, USA) coupled with an AB SCIEX Triple TOF 6600 System (AB SCIEX, Framingham, MA, USA). For chromatographic separation, ACQUITY HSS T3 1.8 mm (2.1 mm × 100 mm) columns were used for sample analyses in both positive and negative modes. The column temperature was set at 25°C. The mobile phase was set as follows: A = 25 mM ammonium acetate and 25 mM ammonium hydroxide in water, and B = acetonitrile. The elution procedure was set as follows. After keeping for 0.5 min, the gradient of 95% B was linearly reduced to 65% in 6.5 min. Then it was decreased to 40% in 1 min. After keeping 40% B for 1 min, it was increased to 95% in 10 s. A 3-min re-equilibration period was employed in the procedure. The delivery flow rate was set at 300 μl/min, and 2 μl aqueous specimen was injected into the column.

UPLC-Q-TOF/MS was conducted in both positive and negative ion modes. Electrospray ionization source conditions were set as Ion Source Gas1 = 60 psi, Ion Source Gas2 = 60 psi, curtain gas = 30 psi, source temperature = 600°C, and IonSpray Voltage Floating = 5500 V (+) and −5500 V (−). The MS/MS spectra were obtained by using information dependent acquisition (IDA) coupled with the selected high sensitivity mode. The parameters were set as the collision energy = 50 eV (+) and −20 eV (−), declustering potential = 60 V (+), and −60 V (−), excluding isotopes within 4 Da, and candidate ions to monitor per cycle = 6.



Metabolomics Data Processing

The raw UPLC-Q-TOF/MS data were converted to MzXML files using Proteo Wizard MSconverter, and then imported with XCMS online software for data processing (https://xcmsonline.scripps.edu/landing_page.php?pgcontent=mainPage). The parameters including peak picking, retention time, and peak grouping were aligned by XCMS. We completed compound identification of metabolites by comparing the accuracy m/z value (<25 ppm) and MS/MS spectra. After being normalized, the processed data were uploaded into SIMCA-P (version 14.1, Umetrics, Umea, Sweden) for multivariate data analysis. Then we conducted principal component analysis (PCA) and partial least square discriminant analysis (PLS-DA) to acquire an overview of the metabolomics data in both positive and negative models. The contribution of each metabolite was calculated from the PLS-DA model and expressed as variable importance in the projection (VIP) score. To evaluate the significance of metabolites, those metabolites with a VIP score >1 were analyzed statistically with Student’s t-test. We performed the Benjamini–Hochberg procedure for multiple testing adjustments, whereby the critical false discovery rate (FDR) was set to 0.05. The Human Metabolome Database (HMDB) (https://hmdb.ca/) was used to define the classes of metabolites.



Bioinformatics Analysis

Venny software version 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/) was used to generate a Venn diagram which could directly show the common and unique differential metabolites among the three groups. Multi Experiment Viewer (MeV) software version 4.9.0 was applied for the heat plot and hierarchical cluster analysis of metabolites. A Volcano plot was made with Graphpad Prism 7.0. MetaboAnalyst (https://www.metaboanalyst.ca/), an open database source, was used to identify metabolic pathways and to perform pathway enrichment analysis.



Statistical Analysis

Statistical analysis of the data was performed using SPSS 22.0. Results are presented as the mean ± standard deviation (SD) for continuous variables. Normality was assessed by the Shapiro-Wilk test and p > 0.05 referred to normally distributed data. Student’s t-test, Variance (ANOVA), Fisher’s exact test and the Pearson chi-square test were used where appropriate. Age was adjusted by univariate logistic regression analysis to reduce bias. A p value less than 0.05 was considered as statistically significant.




Results


Characteristics of Study Participants

A total of 45 participants were enrolled in the study, including 15 VKH subjects (male/female: 8/7), 15 BD subjects (male/female: 9/6), and 15 senile cataract controls (male/female: 6/9) (Table 1). No significant differences were present with regards to sex and IOP among the groups (p = 0.54 and p = 0.13, respectively). All the 30 uveitis patients were on treatment with systemic corticosteroids, without additional biologic agents. The number of VKH patients receiving immunosuppressants (15/15, 100%) was similar to that in the BD group (13/15, 86.57%). Overall, the treatment regimens did not vary between the BD and VKH groups.



Aqueous Metabolomics in VKH, BD, and Controls

To identify the aqueous metabolic profiles among the three groups tested, aqueous humor specimens were applied for untargeted metabolomics analysis. The total ion chromatograms are shown in Figure S1. Only slight changes of the spectral peaks of the QC samples were found, indicating that the method showed a satisfactory reproducibility. A total of 14,592 positive-model signals and 10,985 negative-model signals were detected in this study after signal filtering and peak alignment. After pareto scaling of the data, PCA models showed that the QC samples were tightly clustered in both positive and negative modes (Figure S2), which also suggests the high reproducibility of the method and credibility of the data. PLS-DA plots were performed to characterize the metabolic profiles for both positive and negative modes, and revealed clear differences when comparing VKH vs. control, BD vs. control, and VKH vs. BD (Figure 1).




Figure 1 | Partial least square discriminant analysis (PLS-DA) for any two of the three groups. PLS-DA plots for Vogt-Koyanagi-Harada disease (VKH) versus senile cataract controls separation in positive mode (A) and negative mode (B); PLS-DA plots for VKH disease and Behcet’s disease (BD) separation in positive mode (C) and negative mode (D); PLS-DA plots for BD and senile cataract controls separation in positive mode (E) and negative mode (F).





Differentially Expressed Metabolites Were Identified Between Groups

Metabolites with a VIP > 1 were filtered to perform Student’s t-test. The results were adjusted with FDR < 0.05 for multiple comparisons. To identify differentially expressed metabolites for subsequent analysis, we further raised the criteria to a VIP > 1.5. In total, 84 metabolites with a VIP > 1.5 and p < 0.05 (FDR corrected) were considered as differentially expressed between the groups (Table S1). HMDB was used to gain the classes of the 84 metabolites. It was found that amino acids and fatty acids were the two categories with the most abundant differential metabolites. As shown in Figure S3, 64 metabolites for VKH vs. control and 65 metabolites for BD vs. control showed significant differences. We found 27 differentially expressed metabolites between VKH and BD (data not shown). However, the significance was lost after FDR correction. The volcano plots were made to describe the variation tendencies of metabolites for VKH vs. control and BD vs. control (Figure S4).

To further investigate metabolites that could differentiate a group of patients from the other participants, we conducted univariate logistic regression analysis (Table 2). There were 41 differential metabolites between the groups after adjustment (Figure 2). There were 28 and 29 significantly differential metabolites for VKH vs. control and BD vs. control, respectively (Figure 3). Among them, nine amino acids and two fatty acids were overlapping differential metabolites. Palmitic acid and oleic acid levels, the two long-chain fatty acids, were significantly elevated in both VKH and BD compared to controls. Except for N-acetylhistidine, the other eight amino acids were significantly increased in both VKH and BD compared to controls, including asymmetric dimethylarginine, L-lysine, D-ornithine, D-pipecolic acid, L-methionine, creatinine, L-pipecolic acid, and gamma-Glutamyllysine. L-histidine, ornithine, and L-valine were differential amino acids when VKH patients were compared with controls. L-phenylalanine, D-arginine, N-acetyl-L-aspartic acid, L-alanine, arginyl-cysteine, and L-arginine were differential amino acids for BD vs. controls.


Table 2 | Results of univariate logistic regression analysis comparing the differential metabolites levels of patients to those of controls.







Figure 2 | Heat plot of the significantly differential metabolites among three groups. VKH, Vogt-Koyanagi-Harada disease; BD, Behcet’s disease.






Figure 3 | Venn diagram of metabolites after logistic regression analyses adjusting which significantly differed in comparisons between VKH disease, BD, and control groups. VKH, Vogt-Koyanagi-Harada disease; BD, Behcet’s disease.





Pathway Analysis of Differential Aqueous Metabolites

Subsequently, MetaboAnalyst was used to compare metabolic disturbances between VKH, BD, and the control groups (Figure 4). There were two metabolic pathways that were significantly perturbed when comparing VKH patients with controls, and three pathways when comparing BD patients with controls (Table 3). The aminoacyl-tRNA biosynthesis pathway was significantly altered in both VKH and BD as compared to controls. In addition, we found significant differences in pantothenate and coenzyme A (CoA) biosynthesis for VKH vs. control, and in D-arginine and D-ornithine metabolism and phenylalanine metabolism for BD vs. control.




Figure 4 | Pathway analysis of the differential metabolites in Vogt-Koyanagi-Harada disease group (A) and Behcet’s disease group (B). The significantly perturbed pathways were in red rectangle.




Table 3 | The significantly altered pathways in Vogt-Koyanagi-Harada disease and Behcet’s disease.






Discussion

In the present study, we found that aqueous humor from VKH and BD patients showed distinct metabolic profiles compared to senile cataract controls. After correction, 28 and 29 metabolites were differentially expressed for VKH vs. control and BD vs. control, respectively. Amino acids and fatty acids were the two most abundant differential metabolite categories. Also, significant alterations were found in several metabolic pathways, including aminoacyl-tRNA biosynthesis, pantothenate and CoA biosynthesis, D-arginine and D-ornithine metabolism and phenylalanine metabolism. Experimental verification is needed to validate the role of the pathways identified in this clinical study in the pathogenesis of uveitis. There are very good animal models of autoimmune uveitis (21–23) and further studies are planned to confirm our clinical findings in these models.

Fatty acids are of great importance for immune regulation and may contribute to the development of some autoimmune diseases (24–27). Previous studies have shown that serum oleic acid level and urine palmitic acid and oleic acid levels were significantly higher in BD (11, 28). Moreover, our recent studies in VKH disease identified that sweat palmitic acid level (10) and serum oleic acid level (unpublished data) were increased in VKH. In the current study aqueous palmitic acid and oleic acid levels were significantly higher in VKH and BD compared to controls. The elevated intraocular and peripheral levels of both palmitic acid and oleic acid levels observed in VKH and BD indicates that they may play an important role in the pathophysiology of uveitis. Further studies are needed to investigate the functions of these two fatty acids and their association in the pathogenesis of uveitis.

Amino acids are important protein building stones but can also play a role in the functioning of the immune system (29). It was reported that glutamine metabolism had a distinct role to promote Th17 cells but constrained Th1 cell differentiation (30). Moreover, alanine was recently found to be essential for early T cell activation and deprivation of it might impair T cell effector functions (31). Previous metabolic profiling of aqueous humor obtained from acute anterior uveitis and Posner–Schlossman syndrome patients showed differences concerning amino acid metabolism (32, 33). Our previous metabolomics study of sweat also revealed an important role for amino acid metabolism in the pathogenesis of VKH disease (10). In our present study, we found 12 and 15 amino acids were differentially expressed in VKH vs. control and BD vs. control, respectively. When compared to controls, D-arginine, D-ornithine, and L-phenylalanine, as well as its catabolite phenylacetic acid were significantly increased in BD patients, suggesting a possible role for the pathways regulating these specific amino acids in the pathogenesis of BD. Several studies have reported that the pantothenate and CoA biosynthesis pathway is associated with amino acid metabolism, whereby branched-chain amino acids provide CoA derivatives to enter the tricarboxylic acid cycle (29, 34, 35). The involvement of pantothenate and CoA biosynthesis was evident from a decrease in L-valine and increase in uracil that we observed in VKH compared to controls.

Another interesting finding from our current study came from the analysis of Aminoacyl-tRNAs, which are the essential substrates that transport specific amino acids to incorporate them into the polypeptide chain produced during translation (36, 37). The aminoacyl-tRNA biosynthesis pathway is associated with various diseases, including several autoimmune diseases (38–40). Of interest is our finding that the most significant pathway in our study was aminoacyl-tRNA biosynthesis which involved L-Histidine, L-Methionine, L-Lysine and L-Valine for VKH, and L-Phenylalanine, L-Arginine, L-Methionine, L-Alanine, L-Lysine and L-Tryptophan for BD. Both VKH disease and BD showed an increase of L-Methionine and L-Lysine and the involvement of the associated aminoacyl-tRNA biosynthesis pathway (Figure 3). Therefore, we speculated that these two uveitis entities might share metabolic regulation pathways. Although these two uveitis entities show very specific features, they could be driven by common immunopathological mechanisms (41, 42).

There are several limitations in the current study. First, for ethical reasons, we used aqueous humor samples obtained during cataract surgery. Prior to cataract surgery for uveitis, the inflammation in these eyes has to be controlled and patients enrolled in our study are therefore in an inactive state. Despite this limitation, we do believe that the data are interesting because the composition of the aqueous humor can reflect the status of the basic intraocular environment in a uveitis patient. Second, the sample size used in our study may seem small, but aqueous humor is not easily accessible like serum or urine. In view of ethical considerations and current practice in our hospital, we only collected aqueous humor when the patient was undergoing an operation to remove a cataract from their eyes. These operations are not very frequently done and it therefore took us quite some time to collect the desired number of samples from these two well-defined uveitis entities. Most aqueous metabolomics studies in the field of ophthalmology consist of less than 30 samples in each group (32, 33). The relatively small sample size might limit the finding of other differentially expressed metabolites. This may explain why the significance of differential metabolites was lost when comparing VKH with BD. Both entities are very different from each other, both from a clinical and a pathological perspective (6). A larger population is therefore needed to validate the results in future. Third, patients enrolled in our study were still on treatment with a low dose of systemic corticosteroids and immunosuppressants and we cannot exclude an effect of treatment on our findings. It is not ethical to terminate therapy in these patients for the mere purpose of research. On the other hand our data are different from those reported in an earlier study on glucocorticoid-induced metabolome changes (43), and are in agreement with metabolic studies in uveitis (10, 11). Our control group consisted of senile cataract patients whose age is inevitable older than our uveitis patients, but again, it is not ethically justified to collect aqueous samples from age matched healthy controls. In view of this limitation, we used a univariate logistic regression analysis to adjust for age. Using an age-stratified analysis we found no significant differences for the 41 differential metabolites between the different age groups (Table S2). In our study we set the accuracy m/z value at 25 ppm, although a more strict setting of 10 ppm might also have been used. Many previous reports in this field use a setting of 25 ppm (10, 44). We believe that several metabolites might have been missed if one would use a smaller accuracy m/z value.

In summary, we found specific aqueous metabolic profiles for VKH disease and BD. Differential amino acid and fatty acid expression in aqueous humor could play important roles in the pathogenesis of the intraocular inflammation in these two diseases. We further provide evidence for a possible role of the aminoacyl-tRNA biosynthesis pathway in uveitis. Further research is needed to investigate the exact role of these metabolites and relevant metabolic pathways in the diagnosis and treatment of VKH disease and BD.
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Cytotoxic T-lymphocyte associated protein 4 (CTLA-4) and programmed cell death 1 (PD-1) are well-known key immune checkpoints that play a crucial dampening effect on regulating T-cell homeostasis and self-tolerance. In this study, we aimed to evaluate the association between immune checkpoints (CTLA-4 and PD-1) and Posner-Schlossman syndrome (PSS) in a southern Chinese population. A total of 137 patients with PSS and 139 healthy controls from a southern Chinese population were recruited. Five single nucleotide polymorphisms (SNPs) of CTLA-4 (rs733618, rs4553808, rs5742909, rs231775, and rs3087243) and five SNPs of PD-1 (rs10204525, rs2227981, rs2227982, rs41386349, and rs36084323) were genotyped by SNaPshot technique. Soluble CTLA-4 (sCTLA-4) and soluble PD-1 (sPD-1) were determined by ELISA and antibody array assay, respectively. The frequencies of T allele at rs733618 and A allele at rs231775 of CTLA-4 were significantly higher in PSS patients than in healthy controls (corrected p (Pc) = 0.037; Pc = 0.044, respectively). The haplotype frequencies of CACGG haplotype (rs733618-rs4553808-rs5742909-rs231775-rs3087243) of CTLA-4 and TGAGC haplotype (rs10204525-rs2227981-rs2227982-rs41386349-rs36084323) of PD-1 in the PSS group was significantly lower than those in the control group (Pc = 0.015, p = 0.034, respectively). Circulating plasma levels of sCTLA-4 and sPD-1 in PSS patients were significantly higher than those in controls (all p < 0.001). The present study suggests that CTLA-4 and PD-1 genetic polymorphisms are associated with the susceptibility to PSS in a southern Chinese population. The upregulated circulating plasma protein levels of sCTLA-4 and sPD-1 might provide some hints regarding the dysfunction of immune checkpoints in PSS during the active status.
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Introduction

Posner-Schlossman syndrome (PSS) is eponymously named after Posner and Schlossman who first described this condition in 1948 (1). PSS is characterized by recurrent unilateral non-granulomas anterior uveitis with elevated intraocular pressure (IOP) (1). The endothelial cell density and progression of retinal nerve fiber layer loss of young adult patients with PSS is caused by frequent attacks of high IOP (2, 3). The mechanism of PSS is still unclear. Many previous studies have reported evidence of cytomegalovirus (CMV) in the aqueous humor and serum (3, 4). Ganciclovir eyedrop (2%) is a novel and effective treatment for PSS patients with high frequent attacks (3). Some previous studies have found that the adaptive immune system was dysfunctional in patients with PSS. Pohlmann et al. found that the expression level of Th1 immune mediator significantly increased in the aqueous humor of patients with PSS (5). Our previous research showed that the Th1- and Th17-related cytokines in the serum might not contribute to PSS (4). Human leukocyte antigen (HLA) allelic heterogenicity might contribute to some differences in PSS prevalence among ethnic populations. Hirose et al. reported that the HLA-Bw54 and HLA-Bw54-Cw1 haplotype were overrepresented in patients with PSS in a Japanese population (6). In previous studies, we found that the HLA-C*14:02 and HLA-E*01:03 alleles, and the HLA-A*11:01-C*14:02, HLA-B*51:01-C*14:02, and HLA-E*01:03-G*01:04 haplotypes confer susceptibility to PSS in a southern Chinese population (7, 8). However, the role of non-HLA genetic variants in PSS still needs to be investigated.

The adaptive immune system maintaining normal function needs appropriate balance between the stimulatory and inhibitory signals (9). The positive costimulatory signal involves the peptide-HLA engagement of the T cell receptor, which is associated with PSS (6–9). The inhibitory signal is caused by the negative immune checkpoints (e.g., CTLA-4 and PD-1) to spare healthy cells and maintain self-tolerance (9). CTLA-4, a close homolog to CD28 and located on chromosome 2q33, competes with CD28 to bind B7.1/7.2 to provide an inhibitory counterbalance at the initial stage of naive T-cell activation (10). PD-1, located on chromosome 2q37, interacts with its ligands to suppress activated T-cell at the later stage of the immune response (9). CTLA-4 and PD-1 contribute to maintaining ocular homeostasis of the immune microenvironment, including ocular immune privilege and anterior chamber-associated immune deviation (11, 12). CTLA-4 and PD-1 are associated with several autoimmune eye diseases. The G allele of rs231775 in CTLA-4 is associated with Vogt-Koyanagi-Harada (VKH) syndrome and thyroid-associated ophthalmopathy, and the G allele of rs3087243 in CTLA-4 is associated with scleritis (13–15). The G/G genotype of rs10204525 in PD-1 is associated with acute anterior uveitis, and the G/G genotype of rs2227981 in PD-1 is associated with sympathetic ophthalmia and the occurrence of extraocular manifestations of VKH syndrome (16, 17). Splenic CD4+ T cells expressing CTLA-4 and PD-1 contributed to the induction of anterior chamber-associated immune deviation (11, 12). High expression of PD-1 mitigated inflammation during the active phase of experimental autoimmune uveitis mouse model (18). PD-1 is highly expressed in the inflammation sites of herpes simplex, keratitis, autoimmune uveitis, diabetic retinopathy, and thyroid-associated ophthalmopathy (19). Thus, CTLA-4 and PD-1 might contribute to the progression of some eye diseases.

However, the association between the immune checkpoints (CTLA-4 and PD-1) and PSS is unclear. In the present study, we investigated 10 SNPs of CTLA-4 and PD-1 and quantitatively assessed soluble CTLA-4 (sCTLA-4) and soluble PD-1 (sPD-1) from circulating plasma in a southern Chinese population with PSS. We aimed to evaluate whether genetic heterogeneity of immune checkpoints (CTLA-4 and PD-1) and their protein expression levels contribute to PSS during the active status.



Materials and Methods


Study Participants

A total of 137 patients with PSS attending the Clinic of Shenzhen Eye Hospital were included in the study between January 2018 and March 2020. Patients were diagnosed with PSS according to the following classical criteria and amendments (1, 3, 4): i) recurrent attacks of mild discomfort in one eye; ii) elevated IOP > 21 mmHg with duration of attack. The IOP may reach 50 mmHg without peripheral anterior synechia; iii) a few white mutton-fat keratic precipitates; iv) no significant decrease or slight decrease in visual acuity, no visual field loss, and optic nerve damage in patients with shorter course of disease; and v) no history of other eye diseases except for refractive error. All patients were in the active disease phase with either a first attack or in the early stage of a recurrent one. One hundred and thirty-nine unrelated subjects were recruited at the Shenzhen Blood Center from healthy volunteer blood donors without eye disease. Patients and controls were all southern Han Chinese and matched for age, sex, and ethnicity. Written informed consent was obtained from all study participants.



Specimen Collection

The peripheral blood of all participants was collected in EDTA vial. Plasma was separated by centrifugation (3,000×g, 20 min, 4°C) within 2 h after blood collection. The peripheral venous blood and plasma were stored at −80°C until further analysis.



DNA Extraction, Polymerase Chain Reaction Amplification, and Genotyping

The SNPs, that we selected for genotyping in this study could potentially regulate the function and expression of these genes based on previous studies in Supplementary Table 1 (13, 15–17). Genomic DNA was extracted from peripheral blood samples of all participants using the TIANamp Blood DNA Kit (TIANGEN Biotech, Beijing, China). PCR amplification was performed in a 20 μl reaction system, including 1 μl genomic DNA, 0.5 μl of each PCR primer in a total volume of 20 μl containing 1× HotStarTaq buffer, 2.0 mM Mg2+, 0.3 mM dNTP, and 1 U HotStarTaq polymerase (Qiagen, Hilden, Germany). The cycling conditions for CTLA-4 and PD-1 were 95°C for 2 min; followed by 35 cycles at 96°C for 20 s, 62°C; for 2 min, and 72°C for 3 min; and a final extension at 72°C for 10 min. The amplified samples were maintained at 4°C. SNaPshot multiplex single-base extension reaction primer sequences of each SNP are listed in Supplementary Table 2. The extension reaction was performed in a 10 μl reaction system, including 2 μl purified PCR product, 1 μl primer (final concentration: 0.8 mM), 5 μl SNaPshot Multiplex Kit (Applied Biosystems, Foster City, CA, USA), and 2 μl ultrapure water. The cycling conditions for extension for CTLA-4 and PD-1 were 96°C for 1 min; followed by 28 cycles at 96°C for 10 s, 52°C for 5 s, and 60°C for 30 s; with a final hold at 4°C. Finally, 10 μl of the extension product was purified with 1 U SAP for 1 h at 37°C and inactivated for 15 min at 75°C. The resulting data were analyzed with an ABI3130XL sequencer and GeneMapper version 4.0 Software (Applied Biosystems, Co. Ltd., USA).



Determination of Plasma Protein Levels of sCTLA-4 and sPD-1 by Double Antibody Sandwich ELISA and Confirmed by Antibody Array Assay

Commercially available ELISA kits were used to measure the concentrations of sCTLA-4 and sPD-1 (Jianglai Bio, Shanghai, China) according to the manufacturer’s instructions. The assay sensitivities for sCTLA-4 and sPD-1 were 0.1 and 1.0 pg/ml, respectively. The range of detection was 0.25–8 ng/ml and 7.5–240 pg/ml for sCTLA-4 and sPD-1, respectively. Plasma samples were added into the microplate wells and incubated at 37°C for 30 min according to the manufacturer’s instructions (Jianglai Bio, Shanghai, China). The horseradish peroxidase-labeled antibody was then added and incubated at 37°C for 30 min. TMB (3,3’,5,5’-tetramethylbenzidine) solution was added to each well and incubated for 15 min for the color reaction. The reaction was terminated by adding stop solution. The absorbance (A) at 450 nm was measured using a microplate reader (Model 680, Bio-Rad Laboratories Inc., Japan). The plasma levels of sCTLA-4 and sPD-1 were calculated based on the A values of the samples.

The plasma protein levels of sCTLA-4 and sPD-1 were contained using the human immune checkpoint molecule array (RayBiotech, USA, QAH-ICM-1-1) according to the manufacturer’s instructions, as described by Chang et al. (20).



Detection of CMV-IgG and CMV-IgM Antibodies by Indirect ELISA and Chemiluminescent Immunoassay

The CMV-IgG and -IgM antibodies were determined in the plasma of a subset of samples including 50 patients with PSS and 54 heathy controls by indirect ELISA (Virion/Serion, Germany) and chemiluminescent immunoassay (LIASON®, DiaSorin, Italy) according to the manufacturer’s recommendations.



Statistical Analysis

Statistical analysis was performed using SPSS (version 22.0, SPSS Inc., Chicago, IL, USA). Age and IOP were compared between patients with PSS and controls, using independent-samples t-test. Hardy-Weinberg equilibrium (HWE) was evaluated using the chi-squared test. The frequencies of alleles and genotypes were obtained through direct counting. We used using PLINK (ver 1.07, http://pngu.mgh.harvard.edu/purcell/plink/) to construct haplotypes and estimate haplotype frequencies for both cases and controls (21). Linkage disequilibrium (LD) and haplotype blocks were estimated using the Haploview 4.2 program (22). Since sCTLA-4 and sPD-1 were not consistent with normal distribution as suggested by the Shapiro-Wilk test, the data were presented as median and interquartile range (Q1, Q3), and Mann-Whitney U test was used to compare the differences between the two groups. The differences in sex, allele frequency, genotype frequency, and haplotype frequency between cases and controls were evaluated using the chi-squared test or Fisher’s exact test. We used Benjamin & Hochberg step-up false discovery rate (FDR) to correct multiple testing. The value of p < 0.05 was considered to indicate statistical significance. Odds ratio (OR) and 95% confidence interval (CI) were calculated whenever applicable.




Results


Demographic and Clinical Features of Study Participants

The mean age of the PSS group [72 males (52.5%) and 65 females (47.5%)] was 39.6±12.5 years. The mean age of the control group [74 males (53.2%) and 65 females (46.8%)] was 41.3±10.4 years. No significant intergroup differences were found with respect to age and sex (p = 0.89 and 0.32, respectively, Table 1). The mean IOP of the PSS group was 40.9±5.7 mmHg, which was significantly higher than that of the controls (15.3±3.2 mmHg) (p < 0.001, Table 1).


Table 1 | The demographic and clinical features of the patients with PSS and controls.





CTLA-4 Genotype and Allele Frequencies

Genotype and allele frequencies of CTLA-4 rs733618, rs4553808, rs5742909, rs231775, and rs3087243 are depicted in Table 2. The genotype distributions of CTLA-4 SNPs in control groups did not violate the HWE (all p > 0.05). The frequencies of T/T genotype at rs733618 and the A/A genotype at rs231775 and rs3087243 of CTLA-4 were significantly higher in PSS patients than in healthy controls, but did not survive the FDR correction (51.82 vs. 35.52%, p = 0.005, corrected p (Pc) = 0.082, OR = 1.81; 21.90 vs. 9.35%, p = 0.004, Pc = 0.122, OR = 2.72; 8.76 vs. 2.88%, p = 0.037, Pc = 0.37, OR = 3.24, respectively). The frequencies of T allele at rs733618 and A allele at rs231775 of CTLA-4 were significantly higher in PSS patients than in healthy controls, and these associations survived the FDR correction (70.80 vs. 58.99%, Pc = 0.037, OR = 1.56; 40.88 vs. 30.22%, Pc = 0.044, OR = 1.55, respectively). Our results showed that there were no significant differences in the genotype and allele frequencies of rs4553808 and rs5742909 in CTLA-4 between PSS patients and controls (all p > 0.05). The raw genotype data of the samples  was shown in the Supplementary Table 3.


Table 2 | Genotype and allele frequencies of CTLA-4 SNPs in the PSS patients and healthy controls.





PD-1 Genotype and Allele Frequencies

Genotype and allele frequencies of PD-1 rs10204525, rs2227981, rs2227982, rs41386349, and rs36084323 are depicted in Table 3. The genotype distributions of PD-1 SNPs in control groups did not violate HWE (all p > 0.05). Our results showed that there were no significant differences in the genotype and allele frequencies of rs10204525, rs2227981, rs2227982, rs41386349, and rs36084323 in PD-1 between PSS patients and controls (all p > 0.05). The raw genotype data of the samples  was shown in the Supplementary Table 3.


Table 3 | Genotype and allele frequencies of PD-1 SNPs in the PSS patients and healthy controls.





CTLA-4 and PD-1 Haplotype Frequencies and Linkage Disequilibrium

Four haplotypes of CTLA-4 and six haplotypes of PD-1 were detected (Table 4). The haplotype frequency of CACGG haplotype (rs733618-rs4553808-rs5742909-rs231775-rs3087243) of CTLA-4 in the PSS group was significantly lower than that in the control group (29.30 vs. 41.16%, Pc = 0.015, OR = 0.60). The haplotype frequency of TGAGC haplotype (rs10204525-rs2227981-rs2227982-rs41386349-rs36084323) of PD-1 in the PSS group was significantly lower than that in the control group (0.73 vs. 3.27%, p = 0.034, OR = 0.22), although this association did not survive the FDR correction (Pc = 0.204). No significant difference in the other haplotypes was found between the two groups (all p > 0.05).


Table 4 | CTLA-4 and PD-1 haplotype frequencies of the PSS patients and healthy controls.



LD analysis among five SNPs of CTLA-4 and five SNPs of PD-1 showed that all pair-wise LD between CTLA-4 SNPs and PD-1 SNPs had strong LD (D’ > 0.9), expect for the weak LD between rs10204525 and rs2227981 (D’ = 0; Figure 1).




Figure 1 | Location and pair-wise linkage disequilibrium values of CTLA-4 and PD-1 SNPs in all study participants. (A) These five SNPs span 7 kb of CTLA-4 gene region. (B) These five SNPs of PD-1 gene region. Values of the pair-wise D' (×100) are shown in blocks (D' values of 1.0 are not presented). Haplotype blocks were estimated with the Haploview program.





Circulating Plasma Protein Levels of sCTLA-4 and sPD-1

The circulating plasma protein levels of sCTLA-4 and sPD-1 in PSS patients (n = 81) were significantly higher than those in controls (n = 83) by ELISA (2.76±0.43 vs. 1.78±0.63 ng/ml, p < 0.0001; 110.31±30.60 vs. 47.98±27.72 pg/ml, p < 0.0001, respectively; Figure 2). Our study did not find any significant difference in plasma protein levels of sCTLA-4 and sPD-1 according to the genotypes of CTLA-4 and PD-1 (all p > 0.05; data not shown).




Figure 2 | Expression anaysis of sCTLA-4 and sPD-1 by ELISA. (A) Comparison of circulating plasma protein levels of sCTLA-4 between PSS patients and controls. (B) Comparison of circulating plasma protein levels of sPD-1 between PSS patients and controls. PSS: Posner-Schlossman syndrome; sCTLA-4: soluble Cytotoxic T-lymphocyte associated protein 4; sPD-1: soluble programmed cell death 1.



The circulating plasma protein levels of sCTLA-4 and sPD-1 were confirmed by the human immune checkpoint molecular array. The circulating plasma protein levels of sCTLA-4 in PSS patients (n = 52) were significantly higher than those in controls (n = 55) (16.37±22.73 vs. 4.99±23.53 pg/ml, p < 0.0001; Figure 3A). The circulating plasma protein levels of sPD-1 in PSS patients (n = 56) were significantly higher than those in controls (n = 55) (373.35±314.27 vs. 112.40±176.20 pg/ml, p < 0.0001; Figure 3B).




Figure 3 | Expression anaysis of sCTLA-4 and sPD-1 by antibody array assay. (A) Comparison of circulating plasma protein levels of sCTLA-4 between PSS patients and controls. (B) Comparison of circulating plasma protein levels of sPD-1 between PSS patients and controls. PSS: Posner-Schlossman syndrome; sCTLA-4: soluble Cytotoxic T-lymphocyte associated protein 4; sPD-1: soluble programmed cell death 1.





Comparison of CTLA-4 and PD-1 Allele Frequencies and Levels of sCTLA-4 and sPD-1 Between CMV-IgG (+) PSS Patients and CMV-IgG (+) Controls

A subset of samples including 50 patients with PSS and 54 heathy controls were available for detection of the CMV antibodies. None of these samples was positive for CMV-IgM, and all these samples were positive for CMV-IgG. The frequencies of T allele of rs733618, A allele of rs231775, and A allele of rs3087243 in CTLA-4 were significantly higher in CMV-IgG (+) PSS patients than in CMV-IgG (+) controls, although these associations did not survive the correction for multiple testings (71.0 vs. 55.6%, p = 0.021, Pc = 0.21, OR=1.96; 46.0 vs. 29.6%, p = 0.015, Pc = 0.075, OR=2.02; 32.0 vs. 19.4%, p = 0.038, Pc = 0.13, OR=1.95, respectively; Table 5). No significant difference was found in allele frequencies of rs10204525, rs2227981, rs2227982, rs41386349, and rs36084323 in PD-1 between CMV-IgG (+) PSS patients and CMV-IgG (+) controls (all p > 0.05). Circulating plasma levels of sCTLA-4 and sPD-1 in CMV-IgG (+) PSS patients were significantly higher than those in controls (p < 0.0001; Table 6).


Table 5 | Allele frequencies of CTLA-4 and PD-1 SNPs in the CMV IgG (+) PSS patients and healthy controls.




Table 6 | Comparison of plasma levels of sCTLA-4 and sPD-1 between CMV IgG (+) PSS patients and healthy controls.






Discussion

Immune checkpoints prevent the excessive immune response by transferring the inhibitory signals to spare healthy cells and maintain self-tolerance (9). CTLA-4 and PD-1, the most widely investigated checkpoints, are reportedly upregulated by the tumor to escape from immune system monitoring (10). The HLA polymorphism confers susceptibility to PSS. However, little is known about the non-HLA genetic background of PSS (3).

In the present study, we genotyped five CTLA-4 SNPs and five PD-1 SNPs in 137 patients with PSS and 139 healthy controls from a southern Chinese population. The frequencies of T allele of rs733618 and A allele of rs231775 in CTLA-4 were significantly higher in PSS patients than in controls, and these associations survived multiple testings correction. The frequencies of T/T genotype of rs733618 and A/A genotype of rs231775 and rs3087243 in CTLA-4 were significantly higher in PSS patients than in controls, but did not survive the FDR correction. The CACGG haplotype (rs733618-rs4553808-rs5742909-rs231775-rs3087243) in CTLA-4 might be the protective haplotype for PSS. Du et al. reported that the G allele at rs231775 and ACGG at CTLA-4 rs4553808-rs5742909-rs231775-rs3087243 might be risk factors for VKH syndrome (13). Since the risk genotype of rs733618 and rs231775, and the haplotype of rs4553808-rs5742909-rs231775-rs3087243 of CTLA-4 in PSS were completely different from those in VKH syndrome, we considered that CTLA-4 genetic background might be different between PSS and VKH syndrome (13). SNP rs231775 of the CTLA-4 gene causes adenine-guanine dimorphism at codon 17 in the peptide leader sequence (23). The A and G alleles of rs231775 encodes the CTLA-4 17Thr and CTLA-4 17Ala, respectively. Sun et al. reported that the CTLA-4 17Thr enhances the interaction between CTLA-4 and B7.1 molecule, and carries greater inhibitory effects on the proliferation and activation process of CD25+/CD4+ T cell in PBMCs treated with or without phytohemagglutinin, than the CTLA-417 Ala (23, 24). SNP rs733618 is located upstream of the CTLA-4 gene and is a part of the gene’s activator sequence. The substitution of C allele to T allele of rs733618 could affect the gene expression by changing the sequence of transcription factor regulated NF-1 and c/EBPβ binding sites (25). We hypothesized that the A allele of rs231775 and T allele of rs733618 could confer susceptibility to PSS in the southern Chinese population by impacting the expression and function of CTLA-4. The circulating plasma protein levels of sCTLA-4 were increased during the onset of disease in PSS patients compared with healthy controls, which also occurs in other autoimmune diseases (e.g., autoimmune thyroid disease, Graves’ ophthalmopathy, myasthenia gravis, and spondyloarthropathies) (26–28). The relevance of sCTLA-4, primarily secreted by Treg cell, to immune regulation remains controversial. The sCTLA-4 maintains the ability to bind to the B7 ligand via the MYPPPY motif on antigen presenting cells, and prevents the B7 ligand from combining with CD28 to inhibit T cell responses (29). Furthermore, the selective blockade of sCTLA-4 activates the proliferation of T cells and upregulated the expression of Th1/Th17-related cytokines (30). The significant antigen-specific immune responses were increased by using the anti-sCTLA-4-mAb in vitro and in vivo (30). However, we did not find significant association between the genotype and expression of sCTLA-4 (data not shown), probably because we only investigated a limited number of SNPs in this study. More related SNPs, the transcriptional regulation and protein modification of CTLA-4 in the onset of PSS are needed to be investigated in the future. We concluded that the A allele of rs231775 and T allele of rs733618 were risk factors for PSS, and the expression of sCTLA-4 increased the participation of T-cell regulation in the B7/CTLA-4/CD28 signaling pathway during the onset of PSS.

With regard to another important immune checkpoint, PD-1, we found that the polymorphisms of PD-1 were not associated with PSS, except that the TGAGC haplotype (rs10204525-rs2227981-rs2227982-rs41386349-rs36084323) of PD-1 was lower in patients with PSS than in the controls. Interestingly, the expression of sPD-1 increased during the onset of PSS compared to controls. High expression of sPD-1 might contribute to the process of PSS through transforming the PD-1/PD-L1 signaling pathway or regulating the immune response of the T cell. In some chronic viral infections, higher PD-1 likely converts effector cytotoxic T lymphocytes into exhausted cytotoxic T lymphocytes (e.g., human immunodeficiency virus, hepatitis B virus, hepatitis C virus) (31). High PD-1 expression is associated with emerging and evident CMV disease and with viremia in liver transplant recipients (32). PD-1 was also associated with the viremia caused by chronic CMV infection, and blocking PD-1 signaling might help recover the function of exhausted T cells in chronic CMV infection (33). High expression of PD-1 is related to CMV infection, which might be the potential crucial factor for PSS (3). The sPD-1 enhanced the immune response by enhancing co-delivered antigen-specific CD8+ T-cell responses and in vivo maturation of DCs during activation of naive CD8+ T cells, and inhibited the PD-1/PD-L1 interaction (34, 35). However, the mechanisms of upregulated expression of sPD-1 in the onset of PSS require future investigation.

Since the CMV infection might be an important risk factor for PSS, we analyzed the associations of the CTLA-4 and PD-1 SNPs and the expression levels of sCTLA-4 and sPD-1 with PSS in the CMV-IgG (+) samples. Our results showed that rs733618, rs231775, and rs3087243 in CTLA-4 were significantly associated with PSS in the CMV-IgG (+) individuals, although these associations did not survive the FDR correction, probably due to the limited sample sizes available for detection of the CMV antibodies (Table 5). The circulating plasma protein levels of sCTLA-4 and sPD-1 were increased during the onset of disease in CMV-IgG (+) PSS patients compared with CMV-IgG (+) healthy controls (Table 6). Our study did not find any significant difference when plasma protein levels of sCTLA-4 and sPD-1 were analyzed according to the genotypes of CTLA-4 and PD-1 (all p > 0.05). We hypothesize that the mechanisms of increased expression of sCTLA-4 and sPD-1 might be complex in the onset of PSS. Moreover, the transcriptional regulation and protein modification of sCTLA-4 and sPD-1 worth to be investigated in the onset of PSS.

In summary, the results of the present study suggest that the T allele of rs733618 and the A allele of rs231775 in CTLA-4 might contribute to the process of PSS in a southern Chinese population. The CACGG haplotype (rs733618-rs4553808-rs5742909-rs231775-rs3087243) of CTLA-4 and TGAGC haplotype (rs10204525-rs2227981-rs2227982-rs41386349-rs36084323) of PD-1 might be protective factors against PSS in southern Chinese patients. Moreover, sCTLA-4 and sPD-1 were increased in the onset of PSS. These findings suggest that the polymorphism and soluble levels of CTLA-4 and PD-1 might shed further light on the dysfunction of immune checkpoints in PSS.
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Interleukin (IL)33, a member of the IL1 superfamily, functions as a nuclear factor and mediates biological effects by interacting with the ST2 receptor. Recent studies have described IL33 as an emerging pro-inflammatory cytokine in the immune system, and IL33/ST2 gene polymorphisms have been implicated in the pathogenesis of various immune diseases. However, the underlying mechanisms of IL33/ST2 in Behcet’s disease (BD) remain to be defined. Here, we investigated the association between IL33/ST2 gene polymorphisms and BD in 585 BD uveitis (BDU) patients and 834 healthy controls using Agena MassARRAY iPLEX platform. We found that rs3821204 was associated with the development of BDU. Moreover, the frequency of rs2210463 G allele was lower in patients with genital involvement. Association analysis revealed a much greater genetic difference between complete-type and incomplete-type BD groups, including three SNPs (rs7044343, rs1048274, and rs2210463). Our findings suggest that IL33/ST2 gene polymorphisms are involved in the pathogenesis of BDU. Different genetic backgrounds may exist in complete-type and incomplete-type BD patients.
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Introduction

Behçet’s disease (BD) is a chronic, relapsing, systemic vasculitis involving complex pathologic processes characterized by recurrent episodes of uveitis, oral and genital ulcers, and skin lesions (1). It may also affect the digestive, cardiovascular, and nervous systems and involve joints and large vessels (1). Eye involvement is one of the most serious manifestations of BD with high incidence of disability. It affects about 70% of patients and is characterized by uveitis (BDU) (2). The onset of BD usually occurs in the third or fourth decade of life and is rare in children or individuals over the age of 40 years. The etiology of BD is still unclear, although, an inflammatory response triggered by immune and unknown environmental factors in a genetically susceptible individual has been proposed as its cause. Among all genetic factors, HLA-B51 has been confirmed as the strongest risk factor for BD. However, the presence of HLA-B51 alone is not sufficient to explain all the symptoms of BD patients (3).

Interleukin (IL)33, a member of the IL-1 family, is evolutionarily conserved in mammals and a ligand for the orphan receptor ST2. It is constitutively expressed by tissue barrier cells, such as epithelial and endothelial cells, and various innate immune cells, such as macrophages and dendritic cells. Both enhanced innate immunity and neutrophil hyperactivity with endothelial damage, which are part of BD pathogenesis (4), are related to disrupted IL33 levels. Therefore, we hypothesized that BD may be associated with IL33/ST2 genetic abnormalities.

In the present study, we aimed to establish the role of IL33 and ST2 genes in the risk of developing BDU in a well-characterized Chinese cohort by genotyping and association analysis. We analyzed single nucleotide polymorphisms (SNPs) of IL33 (rs1891385, rs2210463, rs11792633, rs7044343, rs1048274) and ST2 (rs3821204, rs12712142, rs2058660) with respect to BDU pathogenesis and characteristic BDU phenotypes in these patients.



Materials and Methods


Patients

This study was approved by the Ethics Committee of Peking Union Medical College Hospital. A total of 585 patients with BDU were recruited from the Peking Union Medical College Hospital (PUMCH, 190 patients) and the First Affiliated Hospital of Chongqing Medical University (395 patients) between January 2018 and June 2019. All patients with BD were diagnosed according to the International BD Study Group criteria. Eight hundred and thirty-four healthy controls with no previous history of immune-related diseases were enrolled from the health examination center of PUMCH. All participants were self-reported as Han Chinese and were unrelated.

Of the 585 BD patients included, detailed clinical data for 553 patients was recorded. Based on their clinical characteristics, patients were divided into the following subgroups: complete-type and incomplete-type BD groups (1); severe and non-severe BD groups; early-onset and late-onset BD groups.

In case of complete-type BD, all four main symptoms (ocular lesion, recurrent aphthous ulcers on the oral mucosa, genital ulcers, and skin lesion) appeared during the clinical course. In case of incomplete-type BD, either of the following conditions was met: 1. Three of the four main symptoms, or two main symptoms and two additional symptoms (arthritis without deformity or sclerosis, epididymitis, gastrointestinal lesion represented by ileocecal ulceration, vascular lesions, and central nervous system lesions including and above middle class of severity) appeared during the clinical course; 2. Typical ocular lesions and other main symptoms, or two additional symptoms appeared during the clinical course.

Severe and non-severe BD were classified based on clinical severity score ≥7 or <7 points, respectively. Clinical severity score was determined as previously described (5, 6): 1 point for each of the mild symptoms (oral ulcers, genital ulcers, arthralgia, typical skin lesions such as erythema, nodosum-like lesions, papulopustular lesions, and folliculitis), 2 points for each of the moderate symptoms (arthritis, deep vein thrombosis of the legs, anterior uveitis, gastrointestinal involvement), and 3 points for each of the severe symptoms (posterior/panuveitis, retinal vasculitis, arterial thrombosis, neuro Behcet’s disease, bowel perforation).

In case of early-onset BD, the age of first BD attack was <40 years, while in late-onset BD group, the age of first BD attack was ≥40 years.



Selection of SNPs

Considering the vital effects of IL33 and ST2 in immune-mediated diseases, eight SNPs (rs1891385, rs2210463, rs11792633, rs7044343, rs1048274, rs2058660, rs3821204, rs12712142), which were reported to show a positive association with systemic lupus erythematosus, ankylosing spondylitis (AS), or other immune-related diseases, based on GWAS and candidate gene association studies, were selected for further analysis.



Sample Collection and SNP Analysis

A total of 2 ml blood sample was collected in an ethylenediaminetetraacetic acid (EDTA) anticoagulant tube from each subject. Genomic DNA was extracted from peripheral blood cells using a kit from Thermo Fisher Scientific Inc. according to the manufacturer’s instructions. DNA concentration was determined by using a Nanodrop spectrophotometer (Thermo, Wilmington, DE, USA) using the 260/280 nm ratio and diluted to a working concentration of 15–20 ng/μl. The SNPs of IL33 and ST2 were genotyped using Agena MassArray system (Agena iPLEX assay, San Diego, CA, USA) following the manufacturer’s instructions. Both polymerase chain reaction (PCR) and single-base extension primers for IL33 (rs1891385, rs2210463, rs11792633, rs7044343, rs1048274) and ST2 (rs3821204, rs12712142, rs2058660) were designed by the Assay Design Suite (ADS, Agena). After multiplex PCR amplifications, the products were used for locus specific single base extension reactions and the final products were desalted and transferred on to a 384-element SpectroCHIP array. Allele detection was conducted by matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS). The mass spectrogram data were analyzed using MassArray Typer 4.0 software (Agena).

The current SNP assay method is based on primer extension and offers two levels of specificity. First, a locus-specific PCR reaction takes place, followed by a locus-specific primer extension reaction (iPLEX assay) in which an oligonucleotide primer anneals immediately upstream of the polymorphic site being genotyped. In the iPLEX assay, the primer and amplified target DNA are incubated with mass-modified dideoxynucleotide terminators. The primer extension is made according to the sequence of the variant site, and is a single complementary mass-modified base. Through the use of MALDI-TOF mass spectrometry, the mass of the extended primer is determined. The primer’s mass indicates the sequence and, therefore, the alleles present at the polymorphic site of interest (7).

Duplicate samples, negative controls, and blank controls were included on the plates to ensure the accuracy of genotyping.



Statistical Analysis

Statistical analyses were performed using PLINK 1.07 software (Shaun Purcell, Boston, MA, USA). The Hardy-Weinberg equilibrium (HWE) of each SNP was examined by using the Chi-square (χ2) test in healthy controls. Any SNPs that deviated from the HWE (P < 0.05 in the control groups) would be excluded from subsequent analysis. Differences in genotype and allele frequencies between cases and controls, and between different BD subgroups and phenotypes were analyzed using χ2 test. The odds ratio (OR) and 95% confidence interval (95% CI) of associations were calculated. For multiple comparisons, Pc values (corrected for multiple comparisons by the Bonferroni adjustment test) <0.05 were deemed to be statistically significant. For genetic model testing (additive, dominant, and recessive model), logistic regression analyses were used.




Results


Patient Characteristics and Sequencing Analysis

The characteristics of the controls and patients with BD are shown in Table 1. The gender distributions in both controls and cases were similar (p = 0.127). The median age was 36.0 (31.0–42.0) years and 32.0 (26.0–39.0) years for controls and cases respectively. The success rate for sequencing of each SNP was more than 99%. The eight SNPs of IL33 and ST2 selected in the present study did not show any deviation from HWE (all P > 0.05) in controls, and thus, the data were suitable for further comparisons.


Table 1 | Clinical and demographic characteristics of the study population.





ST2 rs3821204 SNP Was Associated With BD Development

ST2 SNPs rs3821204, rs12712142, and rs2058660 were analyzed in both cases and controls and rs3821204 G allele was found to be associated with BDU development (X2 = 7.94, Pc = 0.039; Table 2). Although the frequency of GG genotype of ST2 rs3821204 was higher in the control group than that in the BDU group (10.71 vs 6.16%), genotype frequency analysis failed to reach the statistical significance threshold as the trend was not statistically significant after Bonferroni correction (Pc = 0.051; Table 2). Logistic analysis with three models (i.e., additive, dominant, and recessive) revealed significant differences in the genotypic distributions of rs3821204 in both additive (Pc = 0.036) and recessive (Pc = 0.027) models (Table 3).


Table 2 | Allele and genotype distribution of the IL-33 and ST2 gene markers in BDU patients and controls.




Table 3 | Analysis of the eight SNPs based on three genetic models.





IL33 SNPs Were Not Associated With BD Development

We then detected IL33 SNPs (rs11792633, rs1048274, rs7044343, rs2210463, and rs1891385) in the study population. Our study showed that neither genotype nor allele frequencies of these five SNPs were statistically significant between patients and healthy controls (Pc > 0.05; Table 2). Moreover, logistic regression analysis with three genetic models (i.e., additive, dominant, and recessive) also did not reveal any statistical difference between patient and control groups (Pc > 0.05; Table 3).



Correlation of ST2 and IL33 SNPs With the Phenotype Subgroups of BD

Association analyses of ST2 and IL33 SNPs with different BD subgroups and phenotypes were also performed (Tables 4A and 4B). The allele frequencies of IL33 SNPs rs2210463 (P = 0.0028, Pc = 0.022), rs7044343 (P = 0.0034, Pc = 0.027), and rs1048274 (P = 0.0050, Pc = 0.040) were all significantly different between the complete-type and incomplete-type BDU groups. The allele frequency of IL33 SNP rs2210463 (P = 0.006, Pc = 0.048) was significantly different between patients with and without genital ulcers. No allele frequency differences were found between the early- and late-onset or severe and non-severe BDU groups in any ST2 or IL33 SNP. Moreover, no association was found between erythema nodosum, or arthritis and IL33 or ST2 SNPs.


Table 4A | Analysis of eight SNPs based on different BD subgroups.




Table 4B | Analysis of eight SNPs based on different phenotypes of BD patients.






Discussion

Although the etiopathogenesis of BD remains uncertain, microbial agent triggers, environmental factors, genetic predisposition, and immunological abnormalities have been implicated (8–10). Complex disorders implicating innate and adaptive immunity in humoral and cellular immunity settings are observed in BD. IL33, a member of the IL1 family that potently drives the production of T helper (Th)-2-associated cytokines and promotes responses by cytotoxic NK cells, Th1 cells, and CD8+ T cells (11), has been associated with various immune-related diseases (12, 13). ST2, the receptor of IL33, is highly expressed in many immunocytes (14).

In the present study, we demonstrated significant association between the IL33/ST2 pathway SNP rs3821204 and the development of BDU. The rs3821204 polymorphism occurs in the 3′ untranslated region of ST2, which was found to be functional with the rs3821204 gene mutation by disrupting the binding site of miR-202-3p, resulting in plasma level changes of sST2 (15, 16). sST2 is the soluble form of ST2, which together with the membrane-bound form (ST2L), comprise the two main ST2 existing forms (17). ST2L functions as a transmembrane signaling receptor of IL33, mediating the effect of IL33 on inflammatory processes, while sST2 acts as a decoy receptor that prevents the interaction of ST2L with IL33 (18, 19).

Several studies have reported associations between IL33 rs7044343 polymorphism and autoimmune diseases, including rheumatoid arthritis, systemic sclerosis, and BD in Turkey (20–22). Previous case-control study revealed a significant association between the rs7044343 TT genotype and Turkish BD patients in the discovery population (22). However, in the present study, rs7044343 SNP was not found to be associated with the development of BD in patients belonging to Chinese Han ethnicity. Ethnic differences may be a reason for this discrepancy, as genetic heterogeneity between races has been reported to be 58% in a previous research (23).

The association of IL33/ST2 SNPs with different BD phenotype subgroups were also investigated. No associations were found except for genital ulcer and the BD of the complete-type. As compared with the other phenotype-based subgroups, greater genetic differences were found between the complete-type and incomplete-type BD groups, which indicated that different genetic backgrounds may exist in these groups of BD patients. Although previous studies reported that similar gene mechanisms underlie the pathogenesis of different immune diseases (24, 25), in the present study, rs2058660 [inflammatory bowel disease-associated (26)], rs1891385 [AS-associated (27)], and rs11792633 [systemic sclerosis-associated (28)] SNPs were not associated with either onset or phenotypes of BD. Compared with the classical immune diseases, BD presents more extensive pathological changes in tissues and organs with featured spontaneous exacerbation and remission clinical courses (29), which, together with the genetic findings, indicate that different molecular mechanisms may exist in BD pathology as compared to classical immune diseases.

Our study had several limitations. First, genetic variants may have different effects in diverse ethnicities. In this study, only Chinese Han individuals were recruited, thus, our results may not be generalizable to other ethnicities. Second, all the study subjects were enrolled from two tertiary ophthalmologic centers, therefore, selection bias may exist. Third, the mRNA expressions of BD patients with different SNP genotypes were not analyzed in this study, further studies are needed to validate our findings.

In conclusion, we reported the association of rs3821204, rs2210463, rs7044343, rs1048274 with the development or phenotypes of BDU, and for the first time revealed significant genetic differences between patients with complete-type and incomplete-type BD. Our findings indicate that IL33/ST2 polymorphisms have a close and probable causal association with BDU, and different genetic backgrounds may exist in complete-type and incomplete-type BD patients.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by The Ethics committee of Peking Union Medical College Hospital. Written informed consent to participate in this study was provided by the participants/participants’ legal guardian/next of kin.



Author Contributions

MP participated in the study design, patient enrollment, data collection and analysis and manuscript drafting. MZ participated in the study design, patient enrollment, data collection and analysis, manuscript drafting, and coordination of experimental work. XL participated in the data interpretation and analysis. PY, CZ, and FG participated in the patient enrollment. MP, YQ, AL, and JX carried out the experimental work. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China [81770917] (fees for patient enrollment, carrying out the experimental work and open access publication) and Beijing Municipal Science and Technology Commission No. Z171100001017217 (fees for patient enrollment).



Acknowledgments

We would like to thank all the patients and controls who participated in this study and thank Prof. Zhi Zheng and Jun Zhou for help in carrying out the experimental work.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.589639/full#supplementary-material



References

1. Kurokawa, MS, Yoshikawa, H, and Suzuki, N. Behcet’s disease. Semin Respir Crit Care Med (2004) 25:557–68. doi: 10.1055/s-2004-836147

2. Deuter, CM, Kotter, I, Wallace, GR, Murray, PI, Stubiger, N, and Zierhut, M. Behcet’s disease: ocular effects and treatment. Prog Retin Eye Res (2008) 27:111–36. doi: 10.1016/j.preteyeres.2007.09.002

3. Akman, A, Sallakci, N, Coskun, M, Bacanli, A, Yavuzer, U, Alpsoy, E, et al. TNF-alpha gene 1031 T/C polymorphism in Turkish patients with Behcet’s disease. Br J Dermatol (2006) 155:350–6. doi: 10.1111/j.1365-2133.2006.07348.x

4. Hisanaga, K. [The etiology, diagnosis, and treatment of neurological complications in Behcet disease and its related disorder Sweet disease]. Rinsho Shinkeigaku (2019) 59:1–12. doi: 10.5692/clinicalneurol.cn-001238

5. Krause, I, Rosen, Y, Kaplan, I, Milo, G, Guedj, D, Molad, Y, et al. Recurrent aphthous stomatitis in Behcet’s disease: clinical features and correlation with systemic disease expression and severity. J Oral Pathol Med (1999) 28:193–6. doi: 10.1111/j.1600-0714.1999.tb02023.x

6. Akman, A, Ekinci, NC, Kacaroglu, H, Yavuzer, U, Alpsoy, E, and Yegin, O. Relationship between periodontal findings and specific polymorphisms of interleukin-1alpha and -1beta in Turkish patients with Behcet’s disease. Arch Dermatol Res (2008) 300:19–26. doi: 10.1007/s00403-007-0794-1

7. Gabriel, S, Ziaugra, L, and Tabbaa, D. SNP genotyping using the Sequenom MassARRAY iPLEX platform. Curr Protoc Hum Genet (2009) Chapter 2: 2–12. doi: 10.1002/0471142905.hg0212s60

8. Alpsoy, E, Kodelja, V, Goerdt, S, Orfanos, CE, and Zouboulis, C. Serum of patients with Behcet’s disease induces classical (pro-inflammatory) activation of human macrophages in vitro. Dermatology (2003) 206:225–32. doi: 10.1159/000068888

9. Zhou, ZY, Chen, SL, Shen, N, and Lu, Y. Cytokines and Behcet’s disease. AUTOIMMUN Rev (2012) 11:699–704. doi: 10.1016/j.autrev.2011.12.005

10. Mochizuki, M. Immunotherapy for Behcet’s disease. Int Rev Immunol (1997) 14:49–66. doi: 10.3109/08830189709116844

11. Molofsky, AB, Savage, AK, and Locksley, RM. Interleukin-33 in Tissue Homeostasis, Injury, and Inflammation. Immunity (2015) 42:1005–19. doi: 10.1016/j.immuni.2015.06.006

12. Pei, C, Barbour, M, Fairlie-Clarke, KJ, Allan, D, Mu, R, and Jiang, HR. Emerging role of interleukin-33 in autoimmune diseases. Immunology (2014) 141:9–17. doi: 10.1111/imm.12174

13. Yang, Z, Liang, Y, Xi, W, Li, C, and Zhong, R. Association of increased serum IL-33 levels with clinical and laboratory characteristics of systemic lupus erythematosus in Chinese population. Clin Exp Med (2011) 11:75–80. doi: 10.1007/s10238-010-0115-4

14. Yagami, A, Orihara, K, Morita, H, Futamura, K, Hashimoto, N, Matsumoto, K, et al. IL-33 mediates inflammatory responses in human lung tissue cells. J Immunol (2010) 185:5743–50. doi: 10.4049/jimmunol.0903818

15. Wei, ZH, Li, YY, Huang, SQ, and Tan, ZQ. Genetic variants in IL-33/ST2 pathway with the susceptibility to hepatocellular carcinoma in a Chinese population. Cytokine (2019) 118:124–9. doi: 10.1016/j.cyto.2018.03.036

16. Wu, F, Li, L, Wen, Q, Yang, J, Chen, Z, Wu, P, et al. A functional variant in ST2 gene is associated with risk of hypertension via interfering MiR-202-3p. J Cell Mol Med (2017) 21:1292–9. doi: 10.1111/jcmm.13058

17. Tu, X, Nie, S, Liao, Y, Zhang, H, Fan, Q, Xu, C, et al. The IL-33-ST2L pathway is associated with coronary artery disease in a Chinese Han population. Am J Hum Genet (2013) 93:652–60. doi: 10.1016/j.ajhg.2013.08.009

18. Hong, YS, Moon, SJ, Joo, YB, Jeon, CH, Cho, ML, Ju, JH, et al. Measurement of interleukin-33 (IL-33) and IL-33 receptors (sST2 and ST2L) in patients with rheumatoid arthritis. J Korean Med Sci (2011) 26:1132–9. doi: 10.3346/jkms.2011.26.9.1132

19. Kim, DJ, Baek, SY, Park, MK, Park, KS, Lee, JH, Park, SH, et al. Serum level of interleukin-33 and soluble ST2 and their association with disease activity in patients with Behcet’s disease. J Korean Med Sci (2013) 28:1145–53. doi: 10.3346/jkms.2013.28.8.1145

20. Li, C, Mu, R, Guo, J, Wu, X, Tu, X, Liu, X, et al. Genetic variant in IL33 is associated with susceptibility to rheumatoid arthritis. Arthritis Res Ther (2014) 16:R105. doi: 10.1186/ar4554

21. Koca, SS, Pehlivan, Y, Kara, M, Alibaz-Oner, F, Oztuzcu, S, Yilmaz, N, et al. The IL-33 gene is related to increased susceptibility to systemic sclerosis. RHEUMATOL Int (2016) 36:579–84. doi: 10.1007/s00296-015-3417-8

22. Koca, SS, Kara, M, Deniz, F, Ozgen, M, Demir, CF, Ilhan, N, et al. Serum IL-33 level and IL-33 gene polymorphisms in Behcet’s disease. Rheumatol Int (2015) 35:471–7. doi: 10.1007/s00296-014-3111-2

23. Ioannidis, JP, Ntzani, EE, and Trikalinos, TA. ‘Racial’ differences in genetic effects for complex diseases. Nat Genet (2004) 36:1312–8. doi: 10.1038/ng1474

24. Ermann, J, and Fathman, CG. Autoimmune diseases: genes, bugs and failed regulation. Nat Immunol (2001) 2:759–61. doi: 10.1038/ni0901-759

25. Anaya, JM. Common mechanisms of autoimmune diseases (the autoimmune tautology). Autoimmun Rev (2012) 11:781–4. doi: 10.1016/j.autrev.2012.02.002

26. Latiano, A, Palmieri, O, Pastorelli, L, Vecchi, M, Pizarro, TT, Bossa, F, et al. Associations between genetic polymorphisms in IL-33, IL1R1 and risk for inflammatory bowel disease. PloS One (2013) 8:e62144. doi: 10.1371/journal.pone.0062144

27. Fan, D, Ding, N, Yang, T, Wu, S, Liu, S, Liu, L, et al. Single nucleotide polymorphisms of the interleukin-33 (IL-33) gene are associated with ankylosing spondylitis in Chinese individuals: a case-control pilot study. Scand J Rheumatol (2014) 43:374–9. doi: 10.3109/03009742.2014.882408

28. Koca, SS, Pehlivan, Y, Kara, M, Oner, FA, Yilmaz, N, Cetin, GY, et al. AB0152 The rs11792633-t allele of il-33 gene is associated with systemic sclerosis. Ann RHEUM Dis (2013) 72:A832. doi: 10.1136/annrheumdis-2013-eular.2475

29. Sfikakis, PP. Behcet’s disease: a new target for anti-tumour necrosis factor treatment. Ann Rheum Dis (2002) 61(Suppl 2):i51–3. doi: 10.1136/ard.61.suppl_2.ii51



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Pei, Liu, Yang, Zhao, Gao, Qu, Liang, Xiao and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 31 March 2021

doi: 10.3389/fimmu.2021.607768

[image: image2]


Interrelationship of Stress, Environment, and Herpes Simplex Virus Type-1 on Behçet’s Disease: Using a Mouse Model


S. M. Shamsul Islam 1, Hye-Myung Ryu 2, Hasan M. Sayeed 1 and Seonghyang Sohn 1,2*


1 Department of Biomedical Science, School of Medicine, Ajou University, Suwon, South Korea, 2 Department of Microbiology, Ajou University School of Medicine, Suwon, South Korea




Edited by: 
Manfred Karl Zierhut, University of Tübingen, Germany

Reviewed by: 
Peggy Carla Marconi, University of Ferrara, Italy

Graham Wallace, University of Birmingham, United Kingdom

Qihan Li, Chinese Academy of Medical Sciences and Peking Union Medical College, China

*Correspondence: 
Seonghyang Sohn
 sohnsh@ajou.ac.kr

Specialty section: 
 This article was submitted to Autoimmune and Autoinflammatory Disorders, a section of the journal Frontiers in Immunology


Received: 18 September 2020

Accepted: 15 March 2021

Published: 31 March 2021

Citation:
Islam SMS, Ryu H-M, Sayeed HM and Sohn S (2021) Interrelationship of Stress, Environment, and Herpes Simplex Virus Type-1 on Behçet’s Disease: Using a Mouse Model. Front. Immunol. 12:607768. doi: 10.3389/fimmu.2021.607768



The purpose of this study was to investigate effects of stress and environment factors on the induction of Behçet’s disease (BD) using HSV-1 infected mouse model. BD is a chronic multisystemic inflammatory disease of unknown etiology. Environmental factors, immune dysfunction, and herpes simplex virus type-1 (HSV) infection might be triggers of BD. To investigate effects of environmental factors on the incidence of BD, HSV was inoculated into mice. Mice were then maintained in conventional facility or SPF facility to compare BD incidence rates. The incidence of BD was also tracked by adding stressors such as substance P (anxiety stress), 4°C (cold stress), xanthine sodium salt (oxidative stress), or 77 dB noise (noise stress). To clarify immune mechanisms involved in the difference in BD incidence caused by various stresses, dendritic cell activation markers were analyzed using flow cytometry. The combination of conventional environment, noise stress, and HSV had the highest rate of BD (38.1%) among all groups. However, HSV inoculated group in a SPF environment had the lowest incidence (2.2%). Frequencies of dendritic cell activation markers such as CD40, CD83, CD80, and CD86 were expressed differently under various stresses. Noise stress increased frequencies of CD83 positive cells. Noise stress also upregulated transcription factors T-bet and ROR-γt. Different gut microbiota compositions were observed between SPF and conventional environment by 16S rRNA sequence analysis. Environment and stress influenced the incidence of HSV-induced BD. Microbial diversity due to environmental differences might be one explanation for regional differences in the incidence of BD.
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Introduction

Behçet’s disease (BD) is a chronic, recurrent, multisystemic variable vessel vasculitis inflammatory disorder that can cause oral and genital ulcers, papulopustular and nodular skin lesions, arthritis, uveitis, venous and arterial thrombosis, arterial aneurysms, central nervous system lesions, and gastrointestinal ulcers (1). Several studies have addressed the epidemiological complex of BD. However, the exact etiology of BD remains inconclusive. Several factors are involved in the development of BD, including environmental pollutants, viral or bacterial infections, genetic polymorphism, and immune dysregulations (2). Herpes Simplex Virus (HSV) has been isolated from patients’ ocular fluids (3), saliva (4), skin lesions (5), and peripheral blood (6). It is considered a triggering factor of BD. HSV-1 inoculated ICR mice had BD-like symptoms such as oral ulcers, genital ulcers, skin ulcers, eye symptoms, intestinal ulcers, arthritis, and skin crust (7). Therefore, it has been used as a potential animal model for BD.

Stresses such as psychological, environmental, and physiological stressors are known to threaten bodies’ homeostasis and nonspecific responses (8). Stress has diverse adverse health effects, many of which are mediated by stressful actions on immune system (9). It has been reported that stress can induce pro-inflammatory or type 1-type 2 cytokine-mediated immune responses, leading to inability to modulate innate and adaptive immune responses (9). Interaction between physical and psychological factors and low quality of life are associated with BD progression (10). Stress is also recognized as a modulator of gut microbiota (11). Gut microbiota is a key component of immune homeostasis (12). Dysbiosis, an imbalance of gut microbiota, has been observed in many inflammatory autoimmune diseases such as multiple sclerosis (13), rheumatoid arthritis (14), and inflammatory bowel disease (15). It has been also found that BD is associated with significant gut microbiota changes, suggesting alterations in gut microbiota might play a role in the pathogenesis of BD (16). During psychological stress, the migration of dendritic cells (DCs) is enhanced, resulting in increased T cell responses (17). DCs are known as the forefront initiator of immune signals and the most potent antigen presenting cells with the ability to activate and differentiate T lymphocytes. They can effectively connect innate and adaptive immune systems. Antigen-capturing DCs go through a maturation process. Mature DCs can differentiate naïve T cells, B cells, and NK cells (18). DCs are involved in several autoimmune diseases such as inflammatory bowel disease (IBD) (19), rheumatoid arthritis (RA) (20), uveitis (21), and Crohn’s disease (CD) (22). During the maturation process of DCs, DCs accumulate peptides, major histocompatibility complex class II molecules, and costimulatory molecules. CD40, CD80, CD83, and CD86 are DC costimulatory molecules (23). Among them, CD83 is known to play a pathogenic role in BD mice (24). It has been reported that inhibition of CD83 by GC7 can affect the ability of DCs to induce T cell proliferation (25).

In the present study, an HSV-1 induced BD symptomatic mice model was used to investigate the mechanism by which stress could increase the incidence of BD. DCs and gut microbiota compositions were also studied to understand their involvement in BD. Findings of this study revealed that DC and gut microbiota were regulated under stress conditions that caused BD.



Materials and Methods


Animal Experiment

Animals used in this study were handled according to animal protocols and guidelines established by the Ethics Review Board of Ajou University School of Medicine. All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Ajou University (IACUC-2018-0017). Institute of Cancer Research (ICR) mice at 4 to 5 weeks old were used as previously described (7). Virus inoculation was performed and then observed for 16 weeks. Mice were bred in a specific pathogen free (SPF) room or a conventional room with temperature and light control (20-22°C, 12 h light/dark cycle). These mice had free access to food and water. Animals were closely monitored and photographed during experiments.



HSV-1 Induced BD Symptomatic Mice

Virus inoculation was performed using published procedures (7). Briefly, the earlobes of mice were scratched with a needle and inoculated with 20 μL of 1 x 106 pfu/mL of HSV-1 (F strain) grown in Vero cells. Virus inoculation was performed twice with an interval of 10 days. Mice were anesthetized by intraperitoneal injection with 2,2,2-tribromo ethanol (240 mg/kg), virus was inoculated, and BD symptoms were confirmed by follow-up for 5 to 16 weeks. Several symptoms, including oral ulcers, genital ulcers, erythema, skin pustules, skin ulcers, arthritis, diarrhea, red-eye, loss of balance, and facial edema, were observed in mice after HSV inoculation. The incidence of BD was between 2% and 38% in HSV inoculated mice. Oral, genital, skin ulcers, and eye symptoms were classified as major symptoms. Arthritis, intestinal ulceration, and neurological involvement were considered as minor symptoms. Mice with at least one major symptom and at least one minor symptom were classified as having BD. Each symptom score was one point. The sum of scores of different symptoms was used to determine the severity of BD using 2006 BD Current Activity Form prepared by the International Society for Behçet’s Disease (http://medhealth.leeds.ac.uk/download/910/behcetsdiseaseactivityform). All BD mice used in this study showed ocular symptoms. The disappearance of symptoms or a reduction in skin lesion size of 20% or more indicated improvement of BD. Whether ocular symptoms were improved was not confirmed. HSV-1 inoculated and asymptomatic mice were used as BD normal (BDN) mice as previously described (7).



Induction of Stress

Mice were exposed to several types of stress. For noise stress induction, mice were exposed to noise in a noise chamber. The ventilation chamber was equipped with a high-frequency driver (Electro-Voice DH-7) and a power amplifier (Ax5505, Inkel) operated with an arbitrary waveform generator (Agilent 33210A) that generated sound waves in the range of 0.1 Hz to 15 MHz. Animals were exposed to a 77 dB sound pressure level of broadband noise measured with a dual channel real-time frequency analyzer (Type 2144, Bruel & Kjaer) for 1 hour daily for 10 consecutive days. 77 dB sound pressure is a typical construction site noise level. Each animal was placed in a separate 10 cm diameter wire mesh cage to eliminate sound pressure attenuation by adjacent animals. For the induction of anxiety stress, Substance P (SP) was injected intraperitoneally. For cold stress induction, mice were kept in a cold room at 4°C for one hour daily for 10 consecutive days. And for induction of oxidative stress, xanthine sodium salt was injected intraperitoneally.



Preparation of siRNA

CD83 siRNA preparation was performed as detailed previously (24). In brief, CD83 siRNA oligonucleotides with the following sense and antisense sequences were synthesized by Integrated DNA Technology (Coralville, IA, USA): Sense, 5’-GUGCUUUUCAGUCAUCUACAAGCTA-3’; Antisense, 3’-CUCACGAAAAGUCAGUAGAUGUUCGAU-5’.



Mouse Treatment

SP (5 µg) was injected intraperitoneally five times every other day into normal mice, HSV-1 induced single symptomatic mice, and BD mice. To induce oxidative stress, 10 mg Xanthine sodium salt was injected intraperitoneally into mice once daily for five consecutive days. As a control group, mice were treated with PBS for the same period. CD83 siRNA was prepared as previously described (24). CD83 siRNA was mixed with a transfection reagent JetPEI (Polyplus-transfection, Illkirch-Graffenstaden, France) for injection into mice. To apply siRNA to mice, 0.5 µmol CD83 siRNA was dissolved in 200 µL of 5% glucose solution, mixed with jetPEI, and injected intraperitoneally twice at 5-day intervals. As a control, mice were treated with only transfection reagent during the same period.



Flow Cytometric Analysis

Mice were euthanized and peripheral blood leukocytes (PBLs) were collected by cardiac puncture and peritoneal macrophages (pMQs) were isolated from the peritoneal cavity. PBLs were washed with ammonium-chloride-potassium (ACK) lysis buffer to lyse red blood cells. pMQs and PBLs were washed with phosphate buffered saline (PBS). Then 1x106 cells were stained with Percp-eFluor-labeled anti-mouse CD40, eFluor 660-labeled anti-mouse CD83, PE-Cyanine7-labeled anti-mouse CD80, and FITC-labeled anti-mouse CD86 (eBioscience, San Diego, CA, USA) at 4°C in the dark for 30 min. Stained cells were analyzed with FACS Aria III flow cytometer (Becton Dickinson, San Jose, CA, USA) with x10,000 gated cells.



Analysis of Microbiota in Mouse Feces by 16S Ribosomal RNA (rRNA) Gene Sequencing

Fresh feces were collected from mice to analyze mouse gut microbiota based on 16S rRNA gene amplicon sequence. 16S rRNA gene sequencing of V3 and V4 amplicons was performed using 16S rRNA gene PCR primer (Forward Primer 5′-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC AG-3′, Reverse Primer 5′-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG TAT CTA ATC C-3′). The number of operational taxonomic units (OTUs) was determined by clustering the sequence from each sample with 97% sequence identities as a cut-off using quantitative insights into microbial ecology (QIIME) software (v.1.8.0). Taxonomic abundance was counted with a National Center for Biotechnology Information (NCBI) database using a confidence threshold of 0.8 derived from preprocessed reads for each sample.



Total RNA Extraction and Quantitative RT-PCR

Total RNAs were isolated from cells using TRIzol reagent (Thermo Fisher, Waltham, MA, USA) according to the manufacturer’s recommendations. RNAs were quantified with a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, NC, USA) and reverse-transcribed into cDNA using Prime Script cDNA Synthesis kit (Takara Shuzo Co., Otsu, Shiga, Japan). qRT-PCR was performed on a 7500 Real-time PCR system (Applied Biosystems) in duplicate for each target transcript using SYBER green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and gene-specific primers. For qRT-PCR, 1 µL cDNA served as template. The final reaction volume was 20 µL. Each reaction contained gene-specific primers listed in (Table 1). The PCR condition was as follows: 2 min at 94°C, followed by 40 cycles at 94°C for 3s, 55°C for 30s, and 72°C for 30s, and a final extension step at 72°C for 10 min. Relative gene expression level was calculated using the 2-ΔΔCt method and expression level of each gene was normalized against the level of β-actin, a house-keeping gene. Data are presented as fold changes relative to untreated control.


Table 1 | List of primers used in real-time PCR.





Statistical Analysis

Statistical differences between experimental groups were determined using Graphpad Prism (version 8.3.1) for Windows (Graphpad Software, La Jolla, CA, USA) and MedCalc® version 9.3.0.0. (MedCalc, Ostend, Belgium). Statistical significance was assessed by performing Mann-Whiteny U test and Student’s t-test. Statistical significance was considered when p-value was less than 0.05.




Results


Effects of Stress and Environment on the Incidence of BD in Mice

To determine the effect of environment on the prevalence of BD, HSV was inoculated into mice and the prevalence of BD was compared between mice in SPF environment and a conventional facility. Under conventional conditions, HSV inoculated mice showed higher incidence of BD than those under SPF conditions (15.0% vs. 2.2%, p = 0.03). To investigate the effect of stress on the prevalence of BD, HSV inoculated mice were given several types of stress. Types of stress applied to mice included anxiety, cold, oxidative, and noise stress. SP was used to induce anxiety stress. In order to induce cold stress, mice were placed in a cold chamber at 4°C. To induce noise stress, mice were placed inside a 77-dB noise-producing device. HSV inoculated and SP treated mice under a conventional condition showed higher incidence of BD than HSV inoculated mice in an SPF condition (17.10% vs. 2.2%, p = 0.04). Mice inoculated with HSV and exposed to noise stress under conventional conditions had significantly higher incidence rate of BD (38.1% vs. 2.2%, p = 0.0001) than HSV inoculated mice under SPF conditions. Noise stress additionally treated to HSV-inoculated mice under the conventional conditions increased the incidence of BD compared to HSV inoculated mice (38.10% vs. 15.00%, p = 0.04) (Table 2). However, oxidative stress and cold stress failed to increase the rate of BD incidence.


Table 2 | Differences in incidence of Behçet’s disease between mice maintained in a conventional facility and those maintained in a specific pathogen free (SPF) facility.





Altered Gut Microbial Compositions in Normal Mice Under Conventional and SPF Conditions

To determine differences in compositions of gut microbiota according to the environment in which mice were maintained, microbiota were analyzed for fresh feces samples of mice (five weeks old). Microbiome was determined based on 16S rRNA sequence analysis. Based on a NCBI classifier comparison of microbial community, taxonomy construct distances between conventional and SPF conditions were determined using Shannon diversity index and beta diversity and visualized by Principal Coordinate Analysis (PCoA) plot (Figures 1A–C). Based on fecal sample microbiome analysis, the number of OTUs was increased in SPF-maintained mice compared to that in conventionally maintained mice. There was no significant difference in alpha diversity between groups (Figures 1A, B). For mice maintained in the conventional facility, Firmicutes, Bacteroids, and Proteobacteria were the most prevalent phyla, while Firmicutes, Bacteroids, and Deferribacteres were the most prevalent phyla in mice maintained in the SPF facility (Figure 1D). Akkermansiaceae, Defluviitaleaceae, Erysipelotrichaceae, and Ruminococcaceae were microbial families that were more dominant in mice under the SPF condition than in mice under the conventional condition. Lachnospiraceae, Porphyromonadaceae, and Prevotellaceae were more dominant microbial families in mice maintained in the conventional condition than in mice maintained in the SPF condition (Figure 1E). At genus level, Akkermansia, Lactobacillus, Mucispirillum, Ruminiclostridium, Ruminococcus, and Vallitalea groups had higher populations in mice maintained under the SPF condition than mice maintained in the conventional condition. At genus level, Candidatus, Lachnoclostridium, Parabacteroidetes, Porphyromonas, Prevotela, and Tyzzerella had higher populations in mice under the conventional condition than in mice under the SPF condition, although such differences were not statistically significant (Figure 1F). For bacterial species, Clostridium cellobioparum, Akkermansia muciniphila, Anaerobacterium chartisolvens, Bacteroides caccae, Lactobacillus intestinalis, Lactobacillus reuteri, Mucispirillum schaedleri, and Parabacteroides goldsteinii were more dominant in mice maintained under the SPF condition, whereas Candidatus arthromitus and Lactobacillus johnsonii were more dominant in mice maintained under the conventional condition, although differences between the two groups were not statistically significant (Figure 1G). Differences in fecal microbiota between conventional and SPF conditions and p-values are shown in Supplementary Table ST1.




Figure 1 | Fecal samples were collected from normal mice maintained under conventional or SPF condition and 16S rRNA amplicons were sequenced for analysis. Microbiome analysis was performed using sequencing data of 16S rRNA V3 and V4 amplicons. The number of OTUs (A) and Alpha diversity (Shannon index) (B), and Principal component analysis (PCA) plot (C) were calculated. Phylum (D), family (E), genus (F), and species (G) showed significant differences in fecal 16S rRNA sequence analysis between groups. Two mice were used in each group.




Frequencies of Dendritic Cell Activation Markers CD40, CD83, CD80, and CD86-Expressing Cells in BD Mice

To determine whether there was a correlation between DC activation marker expression and BD mice with ocular symptoms, frequencies of cells expressing DC activation markers were analyzed in mice PBLs. Frequencies of activated DC molecules CD40+, CD83+, CD80+, and CD86+ cells in normal, HSV-1 inoculated, BDN, and BD mice were determined by flow cytometric analysis (FACS). Frequencies of CD83+ cells were significantly increased in BD symptomatic mice (40.00 ± 11.51%) than in BDN (28.12 ± 7.14%, p = 0.04), HSV inoculated (28.17 ± 3.92%, p = 0.04), and normal mice (28.87 ± 7.12%, p = 0.04) (Figure 2B). Frequencies of CD80+ cells were significantly higher in BD mice than in BDN mice (56.50 ± 8.98% vs. 46.94 ± 4.28%, p = 0.05) (Figure 2C). Frequencies of CD86+ cells were reduced in BD (4.42 ± 2.6%, p = 0.006) and BDN (4.98 ± 2.07%, p = 0.006) mice than in normal mice (12.97 ± 3.20%) (Figure 2D). There were no significant differences in frequencies of CD40+ cells among groups (Figure 2A). A representative histogram of CD83 is shown in (Figure 2E)




Figure 2 | Frequencies of DC costimulatory molecules CD40, CD83, CD80, and CD86 in peripheral blood leukocytes (PBLs) were evaluated in normal, HSV-1 inoculated, BDN, and BD mice. Isolated PBLs were analyzed by flow cytometry after surface staining (A–D). Representative histogram of CD83+ cells is shown in (E). For statistical analysis, the Mann-Whitney U test was performed with GraphPad. Experiments were performed independently at least three times.





Identification of Several Genes Expressed in Eye Symptomatic BD Mice by Real-Time PCR

To determine expression levels of several genes expressed in BD mice with ocular symptoms, real-time PCR was performed using mouse PBLs. Results revealed that mRNA expression levels of Egr2 were higher in BD mice with eye symptoms than in mice with eye symptoms only (13.50 ± 0.14 vs. 0.6 ± 0.70, p = 0.001) and in normal mice (13.50 ± 0.14 vs. 1.0 ± 0.73, p = 0.001) (Figure 3A). Ripk2 mRNA expression levels were also higher in BD mice with eye symptoms than in mice with eye symptoms only (4.39 ± 0.30 vs. 0.78 ± 0.35, p = 0.008) and in normal mice (4.39 ± 0.30 vs. 1.0 ± 1.36, p = 0.07) (Figure 3B). Cebpb mRNA expression levels in PBLs of BD mice with ocular symptoms were also higher than in normal mice, although the difference between the two groups was not statistically significant (2.79 ± 0.34 vs. 1.00 ± 0.69, p = 0.08) (Figure 3D). Ptpn1 mRNA expression levels did not differ significantly among the groups (Figure 3C). The mice used in this experiment were 2 for each group.




Figure 3 | Expression levels of several mRNAs in BD mice by real-time PCR. Expression levels of several mRNAs in peripheral blood leukocytes (PBLs) of BD mice with ocular symptoms were analyzed by real time-PCR (A–D). Selected genes were Egr2, Ripk2, Rtpn1, and Cebpb. After normalization against β-actin, relative expression levels were analyzed for each sample. The experiment was conducted in duplicate.





Identification of Several Stressors That Influence the Activation of Dendritic Cells

To determine whether stress might affect the activation of dendritic cells, several types of stress were used to treat normal mice. Frequencies of cells expressing DC activation markers were measured by FACS. DC markers analyzed in PBLs of mice were CD40, CD83, CD80, and CD86. To induce anxiety stress, substance P was administered to mice by intraperitoneal injection. Frequencies of CD40 positive (+) and CD83+ cells were significantly increased in mice under anxiety stress than in control mice (41.80 ± 7.19% vs. 25.94 ± 4.16%, p = 0.008; 27.78 ± 5.45% vs. 11.20 ± 3.88%, p = 0.008, respectively) (Figures 4A, B). In mice treated with cold stress, frequencies of CD83+ and CD80+ cells were significantly increased than in control mice (27.94 ± 9.90% vs. 11.20 ± 3.88%, p = 0.003; 58.10 ± 8.05% vs. 39.90 ± 3.13%, p = 0.003, respectively) (Figures 4B, C), no significant differences were observed for the frequencies of CD40+ and CD86+ cells (Figures 4A, D). In mice treated with xanthine sodium salt for oxidative stress, frequencies of CD40+, CD83+, and CD80+ cells were significantly increased than in control mice (37.68 ± 3.04% vs. 25.94 ± 4.16%, p = 0.008; 37.68 ± 7.63% vs. 11.20 ± 3.88%, p = 0.008; 66.16 ± 6.11% vs. 39.90 ± 3.13%, p = 0.008, respectively) (Figures 4A–C). In mice treated with noise stress, frequencies of CD40+, CD83+, CD80+, and CD86+ cells were significantly increased than in control mice (39.53 ± 4.06% vs. 25.94 ± 4.16%, p = 0.02; 27.60 ± 2.40% vs. 11.20 ± 3.88%, p = 0.02; 71.57 ± 2.67% vs. 39.90 ± 3.13%, p = 0.02; 20.72 ± 2.00% vs. 5.70 ± 2.46%, p = 0.02, respectively) (Figures 4A–D). Noise stress treatment also regulated transcription factors in PBLs of normal mice. T-bet and ROR-γt mRNA expression levels were increased in mice treated with noise stress than in control mice (3.5 ± 0.6 vs. 1.0 ± 0.4, p = 0.004; 6.4 ± 3.4 vs. 1.0 ± 0.9, p = 0.05, respectively) (Figures 4E, H). There were no significant differences in Gata-3 or Foxp3 mRNA expression between the two groups (Figures 4F, G). The mice used in (Figures 4E–H) were 3 for each group. Results of each stress dose are shown in supplementary Figures (Supplementary Figures S1–S3).




Figure 4 | Expression levels of dendritic cell activation markers in normal mice after stress treatment. Frequencies of DC activation molecules CD40+, CD83+, CD80+, and CD86+ cells in normal mice after stress treatment were analyzed by FACS analysis (A–D). Substance P (SP) was used for anxiety stress, 4°C temperature was used for cold stress, xanthine sodium salt was used for oxidative stress, and 77dB sound was used for noise stress induction. For statistical analysis, Mann-Whitney U test was performed. Cellular transcription factor mRNA expression levels in PBLs of normal mice exposed to noise stress were analyzed by real time-PCR (E–H).





Stress Activates Dendritic Cells in HSV-Infected State

To determine whether stress could promote dendritic cell activation in HSV-infected state, noise stress was applied to HSV inoculated mice and DC activation markers in PBLs were analyzed by FACS. Noise stress increased frequencies of CD80+ and CD83+ cells in HSV inoculated mice than in control mice (69.68 ± 3.02% vs. 61.42 ± 2.30%, p = 0.02; 36.62 ± 2.41% vs. 28.17 ± 3.92%, p = 0.02, respectively) (Figures 5B, C). HSV infection itself also increased frequencies of CD40+, CD83+, and CD80+ cells than in healthy, uninfected mice (36.40 ± 2.52% vs. 25.94 ± 4.16%, p = 0.02; 28.17 ± 3.90% vs. 11.20 ± 3.88%, p = 0.02; 61.42 ± 2.30% vs. 39.90 ± 3.13%, p = 0.02, respectively) (Figures 5A–C). On the other hand, HSV infection itself or with noise stress down-regulated frequencies of CD86+ cells than in uninfected noise stress induced mice (11.42 ± 1.12% vs. 20.72 ± 2.00%, p = 0.03; 13.82 ± 2.78% vs. 20.72 ± 2.00%, p = 0.03, respectively) (Figure 5D).




Figure 5 | Frequency analysis of DC-stimulating molecules CD40, CD83, CD80 and CD86-expressing cells in normal mice and HSV-1 inoculated mice with or without noise stress. Mice were exposed to noise stress for 10 days after the first HSV-1 inoculation. One day after second inoculation of HSV-1, peripheral blood leukocytes were applied to flow cytometry (A–D). Experiments were conducted independently at least three times.





Stress Modulates Dendritic Cell Activation in BD Mice

To determine whether stress could affect additional activation of dendritic cells, noise stress was applied to BD mice. As a control group, asymptomatic mice (BD Normal, BDN) after HSV administration were used. Results revealed that noise stress decreased frequencies of CD40+ cells in BD mice (31.00 ± 3.50% vs. 27.30 ± 6.39%, p = 0.04) (Figure 6A). Noise stress did not significantly affect frequencies of CD83+ cells in BD mice (Figure 6B), although it increased frequencies of CD80+ cells in BD mice (56.50 ± 8.98% vs. 68.36 ± 7.23%, p = 0.04) and BDN mice (46.94 ± 4.28% vs. 67.51 ± 6.99%, p = 0.001) (Figure 6C). Noise stress also increased frequencies of CD86+ cells in BD mice (4.42 ± 2.26% vs. 8.86 ± 2.00%, p = 0.004) and BDN mice (4.98 ± 2.07% vs. 10.10 ± 1.94%, p = 0.008) (Figure 6D). BD symptomatic mice exposed to noise stress had worse symptoms or developed new symptoms than non-stressed BD mice (Figure 6E). In single-symptomatic mice (before BD stage) and in BD mice, noise stress increased ROR-γt mRNA expression levels but decreased GATA-3 mRNA levels, although such increase or decrease was not statistically significant (Figures 6F, G). The mice used in Figures 6F, G were 3 for each group.




Figure 6 | Noise stress affects DC activation in BD mice. To investigate the correlation between noise stress and DC activation in BD, frequencies of DC activation markers CD40, CD83, CD80, and CD83 positive cells in peripheral blood leukocytes of noise-treated BD mice and BDN mouse were measured by flow cytometry (A–D). BD mice under noise stress showed deteriorated or new symptoms (E). Experiments were conducted independently at least three times. mRNA expression levels of cell transcription factors ROR-γt and Gata-3 in mice with only ocular symptoms and BD mice with ocular symptoms were analyzed by real time PCR. Both groups of mice were compared with mice in noise stress treated groups (F, G). Statistical analysis was performed with Student’s t-test. The experiment was conducted in duplicate.





Inhibition of CD83 Ameliorates BD Symptoms Even After Exposure to Noise Stress

To confirm the role of CD83 in stress-treated BD mice, noise stress and CD83 inhibition were simultaneously used to treat BD mice and changes in symptoms were tracked. CD83 inhibition was performed with CD83 siRNA. Frequencies of CD83+ cells in PBLs and peritoneal macrophages were then analyzed by FACS. BD mice exposed to noise stress were treated with CD83 siRNA and compared to BD mice exposed to noise stress only. Frequencies of CD83+ cells were significantly downregulated in mice treated with both CD83 siRNA and noise stress than in mice treated with noise stress only (39.38 ± 3.53% vs. 26.66 ± 10.96%, p = 0.01; 22.42 ± 4.55% vs. 12.18 ± 6.42%, p = 0.03, respectively) (Figure 7B). Treatment of BD mice exposed to noise stress with CD83 siRNA improved BD symptoms (Figure 7E). There were no differences of CD40+, CD80+, or CD86+ cells with or without CD83 siRNA treatment in noise stress-treated BD mice (Figures 7A, C, D).




Figure 7 | CD83 siRNA reduces frequencies of CD83+ cells in BD mice. Both noise stress and CD83 inhibition were used to treat BD mice at the same time. Symptoms were improved and frequencies of CD83+ cells were decreased in the group that showed inhibition of CD83 after treatment with CD83 siRNA. BD mice were treated with noise stress and CD83 inhibition at the same time and changes in symptoms and frequencies of DC activation markers were analyzed (A–D). In the group that showed inhibition of CD83 after treatment with CD83 siRNA, frequencies of CD83+ cells were decreased (B). CD83 siRNA inhibited the increase in frequencies of CD83+ cells induced by noise stress and inhibited the deterioration of BD symptoms (E). For statistical analysis, Mann-Whitney U test was performed. Experiments were conducted independently at least three times.






Discussion

The incidence of BD varies worldwide, ranging from 3.3 to 31.8 cases per 100,000 population (26). Even in countries around the Silk Road, the prevalence of BD varies in the Middle East, Far East, and Europe. Currently, microbiota research is actively underway. Many researchers expect that microbiota can explain differences in the incidence of BD under various environmental conditions of different regions. Dysbiosis of the gut microbiome may trigger or exacerbate the inflammatory process in BD, and a reduced intestinal microbial diversity was observed in patients with BD (27). In an animal study, fecal microbiota transplantation using feces from BD patients has been shown to significantly exacerbate uveitis (16). Gut microbiota has been reported to differ between laboratory-controlled animals and animals maintained in outdoor facilities (28). To determine the relationship between microbiota and BD outbreak, BD prevalence experiments were conducted in mice maintained in different environmental facilities. We demonstrated the higher incidence of BD in mice maintained in conventional facilities than in mice maintained in SPF facilities, suggesting normal microflora can influence BD induction. Mice maintained in the SPF facility displayed a greater number of OTUs and more bacterial phyla than mice maintained in the conventional facility. This suggests bacterial phylum diversity is associated with inhibition of BD development. Mice maintained in SPF facilities showed a greater number of Akkermansia muciniphilia, Bacteroides caccae, Lactobacillus reuteri, and Parabacteroides goldsteinii than in mice maintained in conventional facilities. Akkermansia muciniphilia is known to reduce IFN-γ production (29). Bacteroides caccae decreased IL-8 levels (30). IL-8 was upregulated in patients with active BD (31). Lactobacillus reuteri increased butyrate production, which alleviated airway inflammation (32), and Parabacteroides goldsteinii has been suggested for use as a novel probiotic in obesity and type 2 diabetes (33). This suggests environment plays a crucial role in alteration of gut microbiota.

It has been reported stress-induced vascular disease and inflammatory symptoms are associated with microbiota changes (34, 35). Stress has a variety of adverse health effects, some of which are mediated by its action on the immune system (9). In the present study, various stresses were applied to HSV-1 inoculated mice for induction of BD to determine what stresses might play an important role in BD induction. Of various stresses, noise stress was the most effective in increasing the incidence of BD in mice. Mice are sound sensitive animals (36). Although noise stress has a significant effect on the induction of BD in mice, there is still no evidence as to whether it could have the same effect on BD development in human patients. Therefore, more research is needed to determine types of stress that can affect the prevalence of BD in humans. In BD patients, stress has been defined as the most common self-reporting trigger for oral ulcer development (37).

Repeated social defeat stress can activate DC and enhance cytokine secretion (38). DC plays an important role in a variety of human and murine autoimmune diseases (39). Mature DCs express co-stimulatory molecules CD40, CD80, CD83, and CD86 on cell surfaces. These molecules can regulate inflammation (40, 41). Among DC co-stimulatory molecules, CD83 is one of the markers of DC maturation or activation. It carries out functional interactions between DCs and lymphocytes (42). An increase in CD83 expressing DC has been observed in patients with Crohn’s disease (43) and in patients with rheumatoid arthritis (44). In the present study, frequencies of CD83 expressing cells were significantly increased in BD mice, suggesting CD83 plays an important role in BD inflammation.

Stress can suppress immune functions in some conditions, while provoking immune functions in other conditions (45). Acute stress increases blood levels of proinflammatory cytokines (46). Stressful life events are also provoking factors of BD (47). Stress can increase DC maturation by enhancing activation markers. Increased DC trafficking from skin to lymph nodes under stress has been observed (45). In uveitis, DC promotes the activation of different subsets of Th cells (48). Excessive Th1/Th17 responses in ocular BD patients can be suppressed by modulating DC function through immunomodulatory therapy (49). Oxidative stress enhances DC maturation and increases frequencies of CD86+ and CD40+ cells in mouse bone marrow-derived DC cultures (50). Substance P, a marker of pain and anxiety stress, increases DC maturation in mice skin by regulating MHCII, ICAM-1, CD11c, and langerin (51). However, there have been no reports about regulation of CD40, CD80, CD83, and CD86 by substance P. Temperature stress can also influence CD86+ DC frequencies in laboratory mice (52).

In Chinese Han BD patients, uveitis is correlated with expression levels of EGR2, RIPK2, CEBPB, LACC1, and PTPN1 (53). We found that BD mice with ocular symptoms showed increased expression levels of Egr2, Ripk2, and Cebpb mRNAs than normal mice. BD mice with ocular symptoms had similar expression patterns to those with BD patients with uveitis.

Elevated levels of Th1 and Th17 cytokines may play an important role in the pathogenesis of BD (54). Expression levels of T-bet (T-box expression in T cells) mRNA supporting the Th1 subset of T cells are increased in BD patients with uveitis (55). ROR-γt mRNA levels and frequencies of IL-17A+ Th17 cells are elevated in BD patients with uveitis (56). Results of the present mouse study shows noise stress increased T-bet and RORγt mRNA expression levels. Stress-induced Th1 and Th17 immune responses might contribute to BD inflammation response.

Proinflammatory cytokines promoted DC maturation (57). Inhibition of CD83 could significantly prevent DC-mediated T cell activation (25, 58). In our previous reports, inhibition of CD83, with CD83 siRNA, was able to improve BD symptoms in mice (24). In the current study, noise stress treated BD mice improved when CD83 was suppressed. This means that CD83 expression may be a more potent modulator than the stress in BD. This suggests CD83 is a potential molecule that can control BD symptoms.

In conclusion, we observed environmental conditions and noise stress may play important roles in BD and that it may exacerbate BD symptoms by modulating DC activating markers. Among the DC activating markers, CD83 is a powerful molecule that regulates BD symptoms. The composition of the gut microbiota was regulated according to environmental conditions. Stress management and gut microbiota control may be complementary approaches to BD management.
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Uveitis is a generic term for inflammation of the uvea, which includes the iris, ciliary body, and choroid. Prevalence of underlying non-infectious uveitis varies by race and region and is a major cause of legal blindness in developed countries. Although the etiology remains unclear, the involvement of both genetic and environmental factors is considered important for the onset of many forms of non-infectious uveitis. Major histocompatibility complex (MHC) genes, which play a major role in human immune response, have been reported to be strongly associated as genetic risk factors in several forms of non-infectious uveitis. Behçet’s disease, acute anterior uveitis (AAU), and chorioretinopathy are strongly correlated with MHC class I-specific alleles. Moreover, sarcoidosis and Vogt-Koyanagi-Harada (VKH) disease are associated with MHC class II-specific alleles. These correlations can help immunogenetically classify the immune pathway involved in each form of non-infectious uveitis. Genetic studies, including recent genome-wide association studies, have identified several susceptibility genes apart from those in the MHC region. These genetic findings help define the common or specific pathogenesis of ocular inflammatory diseases by comparing the susceptibility genes of each form of non-infectious uveitis. Interestingly, genome-wide association of the interleukin (IL)23R region has been identified in many of the major forms of non-infectious uveitis, such as Behçet’s disease, ocular sarcoidosis, VKH disease, and AAU. The interleukin-23 (IL-23) receptor, encoded by IL23R, is expressed on the cell surface of Th17 cells. IL-23 is involved in the homeostasis of Th17 cells and the production of IL-17, which is an inflammatory cytokine, indicating that a Th17 immune response is a common key in the pathogenesis of non-infectious uveitis. Based on the findings from the immunogenetics of non-infectious uveitis, a personalized treatment approach based on the patient’s genetic make-up is expected.




Keywords: acute anterior uveitis, Behcet’s disease, birdshot chorioretinopathy, GWAS - genome-wide association study, immunogenetics, ocular sarcoidosis, uveitis, Vogt-Koyanagi-Harada disease



Introduction

Uvea is the middle layer of three concentric layers of the eye, including the iris, ciliary body, and choroid. Uvea plays an important role in providing diffusible nutrients in the outer layer of the retina and homeostasis of the temperature of the eye. Conversely, because of the abundant blood flow, it tends to be the primary site of inflammatory reaction in the eye, leading to uveitis. Uveitis can be clinically divided into infectious uveitis and non-infectious uveitis. Non-infectious uveitis often develops as an ocular symptom of systemic disease.

Uveitis is one of the major causes of visual impairment in developed countries. Severe eye inflammation irreversibly damages the retina and optic nerve. Uveitis accounts for 5%–20% of legal blindness in the United States and Europe and leads to irreversible blindness in approximately 35% of patients in developed countries (1, 2).

Although the pathophysiology of non-infectious uveitis has not yet been clarified, the involvement of genetic predisposition and environmental factors has been suggested. With the recent development of genome analysis research, several susceptibility genes involved in the pathophysiology of each non-infectious uveitis have been identified, contributing to the understanding of the pathophysiology of non-infectious uveitis. Here we describe immunogenetics of non-infectious uveitis elucidated by genetic analysis focusing on genome-wide association studies (GWASs).



Genetic Evidence of Non-Infectious Uveitis


Behçet’s Disease

Behçet’s disease (BD) is a systemic inflammatory disease with repeated attacks and remissions that causes inflammation of various organs of the body, including oral aphtous ulcers, uveitis, skin lesions, and genital ulcers (3). BD is relatively common in countries that fall on the ancient silk route, including the Mediterranean basin, Middle East, Central Asia, and East Asia. BD is genetically one of the most studied causes of non-infectious uveitis. The geoepidemiological features of BD suggest that both environmental and genetic factors are likely involved in the development of BD. Familial aggregation and high sibling recurrence observed in multiple populations also support the involvement of genetic factors in its pathogenesis (4, 5).

In 1973, Ohno et al. reported a strong association of HL-A5 (later termed HLA-B5) in the Japanese population. HLA-B5 is a broad antigen subsuming HLA-B*51 and HLA-B*52 (6). After finding this initial genetic evidence, the association between BD and HLA-B*51 has been confirmed in multiple populations (7–18). A systematic review and meta-analysis including 4,800 patients and 16,289 controls from 78 independent studies reported the pooled odds ratio for the susceptibility of HLA-B5/HLA-B51 and HLA-B*51, 5.78 (95% confidence interval [CI], 5.00–6.67) and 5.90 (95% CI, 4.87–7.16), respectively. Other than HLA-B*51, other MHC class I alleles also show some disease susceptibility (19). A GWAS targeting microsatellites by Meguro et al. identified HLA-A*26 susceptibility in the Japanese population (20). Due to the strong linkage disequilibrium, it is difficult to reveal the true association of HLA alleles. Stepwise conditional analysis of Turkish GWAS-predicted HLA alleles revealed associations of HLA-B*15, HLA-B*27 as risk alleles and HLA-A*03 as protective alleles, which were independent from HLA-B*51 susceptibility (20, 21).

The summary of susceptible single nucleotide polymorphisms (SNPs) outside of the MHC region for diseases with non-infectious uveitis with P<5 × 10−8, thus exceeding the threshold for genome-wide significance, is shown in Table 1. In 2010, Mizuki et al. and Remmers et al. conducted GWASs for BD in the Japanese and Turkish populations, respectively. The GWASs initially reported genome-wide associations in loci of IL23R-IL12RB2 and IL10 by GWASs in the Japanese and Turkish populations, respectively (22, 23). Genetic association of UBAC2 was reported in a candidate gene approach based on results of the previous GWAS by a meta-analysis of Turkish and Italian populations, although the p-value did not achieve a general threshold of genome-wide association (P=1.69 × 10-7) (48). The susceptibility of UBAC2 were confirmed in Han Chinese and Japanese populations (49, 50).


Table 1 | Summary of susceptibility SNPs with genome-wide significance for non-infectious uveitis.




A GWAS in the Han Chinese population reported a susceptibility locus of STAT4 and TNFAIP3 (29, 32). Imputation of Turkish GWAS data additionally identified CCR1, KLRC4, and ERAP1 (27). Meta-analysis of the IL12A susceptibility in a mixed population with Turkish GWAS data reached a genome-wide significant association level (31). In 2017, Takeuchi et al., conducted a large-scale genetic analysis, including 3,477 patients and 3,342 controls from Turkish, Japanese, and Iranian populations using the Immunochip (Illumina), which has 200,000 markers designed from previous GWASs of other immune-related diseases. This dense genotyping of immune-related loci identified six novel loci, IL1A-IL1B, RIPK2, ADO-EGR2, LACC1, IRF8, and CEBPB-PTPN1 (26). Another Immunochip study in the European Spanish population identified a novel association in the locus of JRKL-CNTN5 (24). The disease susceptibility of ancestry specific FUT2 non-secretor alleles, which influence gut microbiome composition and susceptibility to viral and bacterial infections, was reported in Turks, Japanese and Iranian (26, 34, 51–53). A targeted sequencing approach revealed genome-wide association of a missense variant of MEFV M694V, which is one of the causative mutations for familial Mediterranean fever (35).



Sarcoidosis

Sarcoidosis is a systemic inflammatory disease characterized by non-caseating granuloma formation affecting multiple organs, such as lungs, eyes, skin, and heart (54). In a Danish and Finnish twin cohort study, when one proband of monozygotic twins has sarcoidosis, the risk of the second twin developing sarcoidosis is 80 times higher than in the general population. This observation indicates that genetic factors are involved in the development of sarcoidosis (55).

The MHC region also confers the strongest susceptibility to sarcoidosis. Among the HLA genes, multiple allele forms of HLA-DRB1 (HLA-DRB1*03, 11, 12, 14, and 15), which is an MHC class II molecule, and BTNL2 have been associated with sarcoidosis (56–61). A GWAS in the German population identified genome-wide association in ANXA11, which has since been confirmed in Han Chinese, European American, and Portuguese populations (40, 59, 62–64). Meta-analysis of SNPs in the ANXA11 locus, rs2573346 T and rs2789679 T showed protective association (OR;0.66 and 0.70, respectively) (65).

An African ancestry GWAS additionally identified susceptibilities in the loci of CCDC88B, and NOTCH4, and suggestive associations (1 × 10−5>P>5 × 10−8) in the loci of RAB23, OS9, and XAF1 (66). In 2015, an Immunochip genetic study was performed in the European population, and four loci of SH2B3-ATXN2, IL12B, NFKB1-MANBA, and FAM117B were identified (37). Recently, a GWAS in a Japanese cohort with replication in independent samples from Japan and the Czech Republic newly identified CCL24 and STYXL1-SRRM3 and confirmed disease susceptibility of IL23R (36). GWAS of ocular sarcoidosis was reported by Garman et al., and the association of the locus of MAGI1 in African Americans was identified, which also showed suggestive association when comparing ocular-sarcoidosis to non-ocular sarcoidosis (38).



Vogt-Koyanagi-Harada Disease

Vogt-Koyanagi-Harada (VKH) disease is a systemic immune-mediated disorder that affects melanocytes contained in pigmented tissues, such as the uvea, inner ear, meninges, skin, and hair (67). Although the etiology of VKH disease is still unknown, it is thought that certain environmental factors, for instance, viral infection, provoke aberrant activation of the immune response through Th1 and Th17 pathways in individuals with a predisposing genetic background.

As in other non-infectious uveitis cases, the involvement of the MHC region has been reported. Disease susceptibility has been reported for MHC class II genes, such as HLA-DR4/DRw53, and HLA-DQ4 In VKH disease (68). A systematic review of the association of HLA-DR4/HLA-DRB1*04 from 21 studies including 1853 patients with VKH disease and 4164 controls showed an odds ratio (OR) of 8.42 (95% CI, 5.69–12.45) with interethnic heterogeneity (69). The suballele analysis showed increased risk in HLA-DRB1*04:04 (OR=2.57), HLA-DRB1*04:05 (OR=10.31), and HLA-DRB1*04:10 (OR=6.52), but a protective effect in HLA-DRB1*04:01 (OR=0.21) (69).

A GWAS of a Chinese cohort including 1,538 cases and 5,603 controls reported disease susceptibility loci of IL23R and ADO-EGR2 (41). Disease susceptibility of IL23R was confirmed in the Han Chinese Singaporean and Japanese populations, and ADO-EGR2 was confirmed in the Japanese and Thai populations (42, 43).



Acute Anterior Uveitis

Acute anterior uveitis (AAU) is a uniocular fibrinous iridocyclitis that develops acutely with fibrin precipitation and anterior chamber hypopyon. AAU is the most common cause of non-infectious uveitis in European countries, affecting 0.2% of the general population (70–73). Spondyloarthropathies (SpAs) comprising ankylosing spondylitis (AS), psoriatic arthritis, reactive arthritis, and inflammatory bowel disease are frequently found in AAU patients (74). Especially, AS is the most common condition with 30%–50% prevalence in patients with AAU (75).

AAU has been known to be associated with HLA-B*27 (76). HLA-B*27 is positive in > 50% of AAU cases in the Caucasian population compared to 8%–10% of the general population. Another study reported the frequency of HLA-B*27 positive was 81.8% and 92.0% in patients with ophthalmologist-diagnosed AAU and self-reported AAU, respectively (44). In contrast, the prevalence of AAU is lower in the Asian population, which has a commensurately low frequency of HLA-B*27.

A genetic analysis by Immunochip in the European population showed an OR of 66.8 for heterozygosity of HLA-B*27 and 130.6 for homozygosity, indicating that the HLA-B*27 molecule plays a key role in the pathogenesis of AAU (44). This study also identified susceptibility outside the MHC region, IL23R, ERAP1, 2p15 (44). A recent GWAS of AAU in the European population found genome-wide association at rs9378248 in HLA-B. The GWAS also found suggestive association in the previously reported locus of ERAP1 and novel loci of NOS2, MERTK, KIFAP3, CLCN7, ACAA2, and 5 intergenic loci (77).



Birdshot Chorioretinopathy

Birdshot chorioretinopathy (BCR) is a bilateral chronic posterior uveitis with creamy ovoid choroidal spots called “birdshot” on the fundus (78). It is predominant in middle age and slightly more common in women by sex, and most patients are Caucasian, especially of northern European ancestry. Conversely, there are few studies from other races.

A strong association between BCR and HLA-A*29 has been reported. Of the HLA-A*29 subtypes, HLA-A*29:01 and HLA-A*29:02 are common in the general population (0.2% and 4.3% in the Caucasian population, respectively). HLA-A*29:02 is positive in > 95% of BCRs, indicating that this HLA allele is strongly involved in the development of BCRs. However, patients with HLA-A*29:01-positive BCR are rarely observed. Unlike other non-infectious uveitis involving HLA genetic predisposition, BCR does not show predominant extraocular manifestations (79).

In GWASs conducted in Dutch and Spanish populations, HLA imputation analysis identified the strongest susceptibility of HLA-A*29:02 with OR of 157.5 among all markers including HLA alleles, amino acid changes, and SNPs (45). From outside the MHC region, a genome-wide association was observed in TECPR2 (45). In addition, a meta-analysis in the British population revealed susceptibility of ERAP2 to BCR (45). A haplotype analysis revealed genome-wide significance of an ERAP1-ERAP2 haplotype (45).



Tubulointerstitial Nephritis and Uveitis Syndrome

Tubulointerstitial nephritis and uveitis syndrome (TINU) is a bilateral sudden-onset anterior uveitis accompanied by tubulointerstitial nephritis (80). An HLA analysis of acute tubulointerstitial nephritis (ATIN) including patients with TINU and drug hypersensitivity-related ATIN (D-ATIN) in the Chinese population identified genome-wide significant association of HLA-DQA1*01:04, and HLA-DRB1*14:05 in both TINU and D-ATIN and HLA-DQB1*05:03 in D-ATIN (81).



Other Systemic Immune-Related Diseases

Uveitis is also observed in systemic immune-related diseases such as juvenile idiopathic arthritis (JIA) and inflammatory bowel disease (IBD). Several susceptibility genes have been identified in these diseases. However, the frequency of uveitis in these diseases is not high, i.e., 10–30% in JIA (82) and 2–4% in IBD (47). Therefore, whether the reported susceptibility genes are really involved in the pathogenesis of uveitis remains unclear.

Haasnoot et al. compared patients with JIA with and without uveitis and reported that amino acid serine at position 11 (serine 11) of HLA-DRβ1 was strongly correlated with uveitis in JIA (OR=2.60, P=5.43×10-10) (82). In addition, the susceptibility of serine 11 was found only in girls and not in boys (Pgirls=7.61×10-10, Pboys=0.18). Epidemiologically, uveitis is more prevalent in girls with JIA (83), and this genotype-sex interaction may be a factor to elucidate this sexual dimorphism.

Taleban et al. identified the susceptibility of a region of RBM19 according to GWAS of uveitis in IBD (47). While the novel susceptibility locus was detected, none were identified from the several known regions of IBD in the study, due in part to the small sample size and low statistical power. Although little is known on the function of RBM19, it is probably involved in the regulation of ribosomal biogenesis. Replication studies are warranted to confirm the susceptibility of RBM19 to IBD uveitis.




Immunogenetics of Non-Infectious Uveitis


MHC

The genetic findings from several GWASs provide evidence to elucidate pathogenesis of non-infectious uveitis (Figure 1). To date, studies have consistently found that all major non-infectious uveitis diseases were genetically most strongly associated with HLA alleles, classified into the MHC class I and MHC class II. MHC molecules play an essential role in the adaptive immune system by presenting peptide antigens derived from pathogens and self-proteins on the surface of cells, specialized antigen-presenting cells for MHC class II and nearly all cells for MHC class I.




Figure 1 | Pathogenesis of non-infectious non-infectious uveitis elucidated by immunogenetic findings. Susceptibility genes of Behçet’s disease (red boxes), sarcoidosis (green boxes), Vogt-Koyanagi-Harada disease (purple boxes), acute anterior uveitis (yellow boxes), birdshot chorioretinopathy (orange boxes), and tubulointerstitial nephritis and uveitis syndrome (light blue boxes) are indicated in the figure. The direction on gene expression or function of risk alleles are described with arrows, where identified. APC, antigen presenting cell; CTL, cytotoxic T cell; NK, natural killer cell; Treg, regulatory T cell.



From the point of view of MHC susceptibility, non-infectious uveitis can be divided into two groups. BD, AAU and BCR are associated with MHC I molecules and sarcoidosis, VKH and TINU are associated with MHC II molecules.

The MHC class I molecule is involved in cell-mediated immunity by presenting antigens to CD8-positive cytotoxic T cells. In contrast, MHC class II molecules influence humoral immunity by presenting antigens to CD4-positive helper T cells. However, there is not a one-to-one correspondence between each non-infectious uveitis and abnormality in one immune pathway. For instance, for BD, although the strong MHC class I association suggests a role of CD8-positve T cell-mediated immunity, the associations of IL23R-IL12RB2 and IL10, identified by the initial GWAS for BD, are genes involved in the immune pathway of CD4-positive T cells (22, 23). In addition, several genes identified thereafter were genes involved in innate immunity (26, 27). These findings indicate that abnormalities in multiple immune pathways intricately contribute to each disease pathogenesis.

In BD, independent risk or protective variants of HLA-B amino acids identified by the stepwise conditional analysis were mainly located within the antigen-binding grove of the HLA molecule (21, 84).. The strongest association was observed for threonine at position 97, including HLA-B*51, followed by leucine at 116, glutamic acid at 152, and phenylalanine at 67, with independent associations (21). Amino acid position 97 also showed the most significant association in patients with AS and AAU compared with patients with AS without AAU (77). After the conditioning on amino acid position 97, independent associations of positions 67 and 70 in HLA-B were revealed (77). Amino acid positions 116, 67, and 97 located in the HLA-B antigen-binding groove are known to be key determinants that remotely influence the HLA-B alleles binding affinity of KIR3DL1 and KIR3DS1 receptors (85). These findings further implicate peptide binding on MHC molecules in the pathogenesis of non-infectious uveitis.

While MHC class I molecules are present in all nucleated cells and present with intracellular antigens, MHC class II molecules are expressed on dendritic cells, macrophages, and B cells and present extracellular antigens such as bacteria, viruses, and soluble proteins to CD4-positive T cells. Considering that flu-like symptoms are often observed in the prodromal phase of patients with VKH, a viral infection is considered to be a trigger for disease development. In this hypothesis, MHC class II molecules that recognize specific viral antigens that may elicit an immune response by cross-reaction with self-proteins associated with melanocytes (67). Patients with VKH are sensitized to melanocyte antigens, and the melanocyte peptide binding capacity of the HLA-DRB1 allele is thought to influence disease susceptibility. Susceptible HLA-DRB1 alleles such as HLA-DRB1*0405 may broadly recognize melanocyte associated antigens (86), whereas protective alleles such as HLA-DRB1*0401 showed a vulnerable binding capacity (87).



Genetic Interaction With MHC Class I


ERAP1/ERAP2

ERAP1, which is a common susceptibility gene to AAU and BD, and ERAP2, identified in the GWAS of birdshot retinopathy, encode endoplasmic reticulum aminopeptidase 1 and 2 proteins (ERAP1 and 2), respectively. ERAP1 and ERAP2 are enzymes that trim proteasome-processed precursor peptides in the ER for loading onto the MHC I molecule. The rs1044354 C allele in high linkage disequilibrium (LD) with the rs7705093 T allele, which is associated with susceptibility to BCR, is associated with high mRNA expression of ERAP2 in LCL cells and homozygotes of the non-risk allele showed little or no protein expression in B cells from controls (45).

A missense mutation in ERAP1 p.Asp725Gln showed susceptibility in patients with BD uveitis only under HLA-B*51 positivity, and ERAP1 susceptibility was abolished in HLA-B*51-negative patients (27). Analysis of ERAP1 haplotypes in BD showed strong susceptibility to Hap10 in HLA-B*51-positive patients with OR of 10.96 compared with those with neither HLA-B*51 nor ERAP1 Hap10 (88). It is suggested that polymorphisms in ERAP1 Hap10 affect trimming efficiency and peptide length (89).

Epistasis between ERAP1 and MHC class I was also observed in other MHC-I-opathies, such as AS and psoriasis (74, 90, 91). In contrast to BD, ERAP1 p.Asp725Gln acts protectively for AS under HLA-B*27 positivity and also for psoriasis under HLA-Cw6 positivity (27). The differential effects of ERAP1 variants in conjunction with disease-specific MHC class I alleles among these diseases may be explained by differential availability of disease-specific peptides.

In BD, an inefficient ERAP1 enzyme could fail to degrade a disease-promoting peptide. Majority of the position 2 of the peptidome bound to HLA-B51:01 is Ala with lower affinity or Pro with higher affinity for HLA-B*51:01 (92). Guasp et al. compared the peptidome of HLA-B*51 trimmed by homozygotes of ERAP1 Hap10 and ERAP1 Hap1/Hap8 and found that Hap10 increased the Ala/Pro ratio at position 2 in addition to affecting the amino acid length distribution (92). In HLA-B51/ERAP1 Hap10 individuals, the low affinity of the HLA-B51-peptide complex is assumed to enhance the activation of NK cells.

On the other hand, in AS and psoriasis, an inefficient ERAP1 enzyme could fail to produce a disease-promoting peptide. A gene interaction was analyzed between a nonsynonymous SNP located in ERAP1 rs30187, which showed suggestive association with AAU, and HLA-B*27. Genome-wide association was revealed when comparing patients with HLA-B*27-positive AS with AAU and without AAU. In contrast, ERAP1 susceptibility disappeared when comparing patients with HLA-B*27-negative AS with AAU and without AAU (77).

Both a tag SNP of ERAP1 Hap10 haplotype, which is associated with decreased ERAP1 protein expression and enzymatic activity, and rs10044354, which is associated with increased ERAP2 expression, showed strong association in patients with HLA-A*29-associated BCR. The combined haplotype of ERAP1-ERAP2 resulted in a genome-wide association with BCR by meta-analysis (OR 2.75, P=2.6 × 10-8) (46).



Killer Immunoglobulin-Like Receptors

Killer cell immunoglobulin-like receptors (KIR) are receptors on natural killer cells, which ligate to the MHC class I molecules (93). The KIR family clustered on chromosome 19q13.4 is divided into activating KIRs (aKIRs) and inhibitory KIRs (iKIRs) according to the length of the cytoplasmic tail, short (S) and long (L), respectively.

Although the role of KIRs may be critical in the pathogenesis of BD, an MHC-I-opathy, GWASs of non-infectious uveitis have not revealed genome-wide association with KIRs, and many candidate gene approach studies did not find a statistical association with KIRs (94–96). A recent study showed the frequency of KIR3DL1*004, which encodes a misfolded protein of this iKIR, was decreased in patients with BD with or without HLA-B*51 (97). Evaluating functional KIRD3L1/S1 alleles, increasing risk of BD was observed in individuals with KIR3DL1LOW/KIR3DS1genotypes (OR = 2.47), and individuals with KIR3DL1HIGH/KIR3DL1NULL genotypes showed a protective effect to the disease (OR=0.53) (98).

Evaluated by absence or presence of 16 KIR genes, KIR3DL1-/2DS3- was significantly associated with increased risk of uveitis in patients with AS (96).

The association between KIR and VKH disease has also been evaluated despite the lack of evidence of association with MHC class I. No statistical difference of KIRs was identified in Mestizo individuals living in Southern California by Levinson et al. (99). They also conducted KIR analysis in the Japanese population, a more genetically homogeneous population. A high frequency of aKIRs, KIR3DS1, 2DS1, and 2DS5 and a low frequency of an iKIR of KIR3DL1 were observed in Japanese patients with VKH disease compared with healthy controls (42.2% vs 21.4% and 76.9% vs 98.8%, respectively) (100). Sheereen et al. reported a high frequency of KIR2DS3 and KIR Bx genotypes, which includes 2DS2, 2DS3, and 2DS4, in Saudi Arabian patients with VKH disease (101). They also found weak associations of MHHHC class I genes, HLA-Cw*14 and -Cw*17, and protective association in the combination of KIR2DL2/2DL3 and HLA-C1 (101).

Immunogenetics of the MHC genes, ERAP1/ERAP2, and KIRs strongly suggest that pathways influencing peptide-MHC class I binding affinity and regulation of CTL and NK cell activation play crucial roles in the pathogenesis of several causes of non-infectious uveitis.




IL-23/Th17 Pathway

The most common susceptibility gene outside the MHC region is IL23R, encoding interleukin 23 receptor (IL-23R), identified from GWASs of several major non-infectious uveitis causes, such as BD, sarcoidosis, VKH, and AAU. Although disease risk alleles of BD and sarcoidosis were located in the IL23R locus, those are not in the same LD block, and the BD-associated SNP was not associated with susceptibility to sarcoidosis (36).

The IL-23 receptor is expressed on the surface of Th17 cells and involved in the maintenance of Th17 homeostasis and IL-17 production with recognition of IL-23 as a ligand (102). IL-23 is a key checkpoint for naïve T cell to differentiate into pathogenic Th17 cells and also contribute to homeostasis of Th17 cells and Th17 cell cytokine production, such as IL-17, IL-6, interferon γ, and granulocyte macrophage colony-stimulating factor (103).

In vivo studies on each non-infectious uveitis have supported these genetic findings. The serum IL-17 level was increased in patients with BD uveitis, and the IL-23 level was also elevated in peripheral blood mononuclear cells (PBMCs) from patients with active BD and VKH disease compared with inactive patients and healthy controls (104). The proportions of IL-17A+ cells contained in circulating memory CD4+ T cell populations were increased in patients with sarcoidosis (105). Increased IL-17A+ cells were also observed in the lamina propria from biopsies containing granulomas compared with those from biopsies from healthy controls or non-granulomas biopsies (105). Elevated IL-23p19 mRNA and IL-23 protein production levels in PBMCs, increased serum IL-23 level, and increased IL-17 level in polyclonally stimulated PBMCs and CD4+ T cells were reported in patients with VKH disease (106). Serum IL-23 level was elevated in patients with BCR with active disease naïve to systemic treatment compared with that in controls (107). These data suggest that IL-23/Th17 pathway cells, in which the IL-23 receptor is involved, are the basis of a common pathophysiology of non-infectious uveitis, regardless of inflammatory properties, such as serous and granulomatous properties, or the class of MHC association with the disease.



Biological Defense

Functional studies have revealed how susceptible polymorphisms affect the expression or function of genes in the locus. The risk allele of rs1518111 for BD, the lead SNP in the IL10 locus, is associated with decreased IL10 expression in monocytes (23). This polymorphism may decrease IL-10 production, which is an anti-inflammatory cytokine, leading to Th1 polarization. The risk allele of rs7574070 is associated with increased gene expression of STAT4, which plays a role in the differentiation of naïve T cells into Th1 and Th17 cells (108). These functional findings of risk alleles may lead to hyperinflammation of immune pathways, contributing to the development of non-infectious uveitis.

Interestingly, it is reported that some risk alleles for BD in gene loci involved in innate immunity act in the opposite direction, which could suppress inflammation and impair the biological defenses against pathogens. For example, risk alleles of SNPs in the CCR1 locus reduce CCR1 expression levels and monocyte migration in PBMC from healthy controls (48). The risk allele of the lead SNP, rs4402765 in the locus of IL1A-IL1B, is associated with reduced production of IL-1α, which is an important contributor to biological defense in the skin, but interestingly, it is also associated with increased production of IL-1β (26), an important antimicrobial inflammatory molecule. The evidence that a BD-associated genetic locus downregulates IL-1α production in conjunction with upregulation of IL-1β raises the intriguing possibility that the combination of impaired barrier function and excessive inflammatory response to invading microorganisms contribute to BD risk.

The risk allele of rs117633859, a disease-associated SNP for sarcoidosis in both the Chinese and Japanese populations, and VKH disease in the Han Chinese population reduced IL23R transcription activity in HEK-293A cells and IL23 expression (36, 41). This suggests that impairing host defense against pathogens by downregulating the IL-23R/Th17 axis plays an important role in the development of VKH disease and sarcoidosis.

Although consensus has yet to be reached, it has been thought that transient or occult microbial infection may play a role as a trigger in disease onset of non-infectious uveitis (67, 109). These immunogenetic findings may help clarify the involvement of pathogens in the development of non-infectious uveitis.




Bench to Bedside


Genetics and Clinical Manifestation

Disease susceptibility genes identified by genetic approaches, such as GWAS, help clarify pathways leading to the onset of non-infectious uveitis. Moreover, the identified genes and pathways have the potential to be applied to drug discovery as targets for new treatments and for prediction of prognosis and drug efficacy based on the genetic attributes of individual patients. Because subgrouping by clinical manifestations results in analyses with smaller sample size that may limit the detection of statistical associations, the evidence connecting genetics to clinical manifestations has been seldom reported.

Although the evidence connecting genetics to clinical manifestations has not been sufficiently reported yet, some studies showed that HLA alleles may affect disease clinical features and prognosis. Uveitis is more common in patients with HLA-B*51-positive BD compared with those with HLA-B*51-negative BD (110). In addition, HLA-A*26-positive patients have a poor visual prognosis (111).

In patients with sarcoidosis, HLA-DRB1*04 is associated with eye involvement (112). The association between HLA alleles and extraocular manifestations of non-infectious uveitis has been reported. HLA-DQB1*06:01 was more common in Japanese patients with cardiac sarcoidosis (113). HLA-DRB1*04/*15 increased the risk of extrapulmonary involvement (including uveitis) in the European population (114). HLA-DRB1*03:01 showed association with Löfgren syndrome, a subtype of sarcoidosis with acute onset of systemic inflammation disorder (58). Mackensen et al. performed HLA analysis on European patients with TINU and TIN and reported that the incidence of HLA-DRB1*01:02 was increased only in patients with TINU compared with those with TIN and healthy controls (115).

Meguro reported that, in Japanese and Czech populations, the OR of the rs4728493 risk allele at the CCL24 locus decreases with the progression of the sarcoidosis chest X-ray (CXR) when compared in the CXR stage 0 + I, stage II, and stage III + IV subgroups (36). The highest OR was observed for susceptible SNPs in both CCL24 and STYXL1-SRRM3 in the acute systemic Lofgren’s syndrome compared with sarcoidosis with any chest X-ray stage in the Czech population (36). The risk allele of rs4728493 was associated with decreased CCL24 expression in fibroblasts and skin. CCL24 is an eotaxin, which is upregulated by Th2-biased immune responses; thus, these findings indicate that Th1 polarization associated with decreased expression of CCL24 might be important in onset and maintenance of the early stage and acute subtype of sarcoidosis (36, 116).



Treatment Based on Immunogenetics

Anti-inflammatory treatment by topical or systemic administration of corticosteroids and immunosuppressants have been the basic treatment for non-infectious uveitis (117). In recent years, the development of biologics targeting specific molecules involved in pathological conditions has progressed, and multiple biologics have been used in the treatment of non-infectious uveitis (118). In particular, anti-TNF reagents have significantly improved the visual acuity prognosis of patients with intractable uveitis due to their strong anti-inflammatory effect. Multicenter double-masked randomized clinical trials of adalimumab for non-infectious uveitis with insufficient control by corticosteroids (VISUAL I, VISUAL II, and VISUAL III) reported efficacy of adalimumab with a lower risk of ocular flare and visual impairment (119–121).

However, while the efficacy of TNF inhibitors is noteworthy, there are still cases of refractory non-infectious uveitis who do not respond to TNF inhibitors. Therefore, it is desirable to establish treatment based on the pathogenesis of each disease and the genetic factors of the individual as precision medicine.

IL-1β encoded from IL1B, identified in the BD Immunochip study, is an inflammatory cytokine and plays an important role in biological defense through activating NF-κB. In healthy donor PBMCs homozygous for rs4402765, the lead SNP for BD in the IL1B region, IL-1β was expressed higher than in cells homozygous for the non-risk allele (26). IL-1 inhibitors, anakinra and canakinumab, showed a significant reduction of ocular attacks, resolution of active retinal vasculitis, and a decrease in steroid dosages in patients with BD uveitis (122). Other studies with a small sample size also reported the effectiveness of IL-1 inhibitors in BD uveitis (123–125).

Other candidate treatment targets for non-infectious uveitis may be molecules involved in the IL-23R/Th17 pathway according to the susceptibility of IL-23R in BD, sarcoidosis, VKH disease, and AAU as previously described. Ustekinumab, an inhibitor of the p40 subunit of IL-23, effectively suppressed eye inflammation in patients with BD in concurrence with its efficacy in psoriasis (126–128). Ustekinumab also showed effectiveness for oral ulcers in patients with BD, which were resistant to colchicine (129, 130). IL-6 is a pleiotropic cytokine involved in the differentiation of TH17 cells and activation of STAT3 in the JAK-STAT pathway (131). A multicenter study including 11 patients with BD treated by tocilizumab, an IL-6 inhibitor, reported 8 of 11 achieved a complete remission at 9.5 months with two withdrawn due to severe infusion reaction (132). Secukinumab is a fully human monoclonal antibody that binds to IL-17A, leading to neutralization. Hueber et al. reported that secukinumab suppressed ocular inflammation in 11 of 16 patients with active non-infectious uveitis (133). Letko et al. reported efficacy and safety for the treatment of intravenous secukinumab in remission rates of non-infectious uveitis compared with subcutaneous administration (134, 135). However, three multicenter RCTs, including 118 patients with BD uveitis, 31 patients with active non-BD uveitis, and 125 inactive non-BD uveitis reported that no statistical effectiveness in recurrence of non-infectious uveitis was observed in all three studies compared with placebo groups (136). The authors noted that patients in both groups were treated with high doses of concomitant immunosuppressive drugs with and without secukinumab in the study and that these may have contributed to the lack of significant differences between secukinumab and placebo groups (136). In addition, for non-infectious uveitis with variable clinical manifestation, a larger sample size and longer observation period may be necessary to accurately evaluate the anti-inflammatory effect of secukinumab.




Conclusions

We have described the immunogenetics of major non-infectious uveitis, focusing on the genetic findings by GWASs. Similar to other immune-related disorders, HLA genes are the strongest genetic factors in major non-infectious uveitis, and evidence from studies on ERAP1/ERAP2 and KIR suggests that the binding of peptides to MHC molecules and immune response through MHC antigen presentation are considered central to these pathological conditions. Outside of the MHC, the fact that disease susceptibility of IL23R has been reported for several non-infectious uveitis conditions at a genome-wide significant level, suggests that the IL-23/TH17 pathway may be a common basis for the pathogenesis of non-infectious uveitis. Based on the immunogenetics of non-infectious uveitis, it is expected that the development of molecular-targeted drugs based on the pathophysiology of non-infectious uveitis and selection of treatment options based on the genetic attributes of individual patients are required to increase efficacy and reduce side effects.
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During recent Zika epidemics, adults infected with Zika virus (ZIKV) have developed organ-specific inflammatory complications. The most serious Zika-associated inflammatory eye disease is uveitis, which is commonly anterior in type, affecting both eyes and responding to corticosteroid eye drops. Mechanisms of Zika-associated anterior uveitis are unknown, but ZIKV has been identified in the aqueous humor of affected individuals. The iris pigment epithelium is a target cell population in viral anterior uveitis, and it acts to maintain immune privilege within the anterior eye. Interactions between ZIKV and human iris pigment epithelial cells were investigated with infectivity assays and RNA-sequencing. Primary cell isolates were prepared from eyes of 20 cadaveric donors, and infected for 24 hours with PRVABC59 strain ZIKV or incubated uninfected as control. Cytoimmunofluorescence, RT-qPCR on total cellular RNA, and focus-forming assays of culture supernatant showed cell isolates were permissive to infection, and supported replication and release of infectious ZIKV. To explore molecular responses of cell isolates to ZIKV infection at the whole transcriptome level, RNA was sequenced on the Illumina NextSeq 500 platform, and results were aligned to the human GRCh38 genome. Multidimensional scaling showed clear separation between transcriptomes of infected and uninfected cell isolates. Differential expression analysis indicated a vigorous molecular response of the cell to ZIKV: 7,935 genes were differentially expressed between ZIKV-infected and uninfected cells (FDR < 0.05), and 99% of 613 genes that changed at least two-fold were up-regulated. Reactome and KEGG pathway and Gene Ontology enrichment analyses indicated strong activation of viral recognition and defense, in addition to biosynthesis processes. A CHAT network included 6275 molecular nodes and 24 contextual hubs in the cell response to ZIKV infection. Receptor-interacting serine/threonine kinase 1 (RIPK1) was the most significantly connected contextual hub. Correlation of gene expression with read counts assigned to the ZIKV genome identified a negative correlation between interferon signaling and viral load across isolates. This work represents the first investigation of mechanisms of Zika-associated anterior uveitis using an in vitro human cell model. The results suggest the iris pigment epithelium mounts a molecular response that limits intraocular pathology in most individuals.
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Introduction

Zika virus (ZIKV) is a single-stranded RNA flavivirus, which was first isolated from non-human primates in Uganda in 1947, and from humans in the same country in the early 1950s (1). Zika virus disease is generally considered to pose little risk to human health unless it is contracted in utero. In recent epidemics from 2013 to 2014 in French Polynesia, and from 2015 to 2016 in Brazil and other American nations, women who were infected while pregnant delivered infants with a spectrum of developmental abnormalities (2, 3), now referred to as congenital Zika syndrome (4). Characteristic abnormalities in this disease include severe microcephaly, thinned cerebral cortex with subcortical calcification, extrapyramidal motor disturbances and contractures. In addition, approximately 70% of babies with congenital Zika syndrome develop ocular abnormalities, including retinal dystrophic lesions that show a preference for the macula, and therefore cause blindness (5). However, in some adults, infection with ZIKV results in serious inflammatory conditions (1).

Uveitis –or intraocular inflammation– represents a diverse spectrum of diseases, classified according to anatomical localization within the eye and by specific phenotype (6). Different types of uveitis have been reported in adult patients infected with ZIKV (7). The most common form is anterior uveitis –based in the iris and ciliary body– which occurs in approximately 50% of patients who present with “red eyes” in the context of Zika fever (8). This uveitis is typically bilateral, may impact the visual acuity, and often is accompanied by an elevation of intraocular pressure, as we (9) and others (8, 10, 11) have documented (Table 1). In one of the first reports of Zika-associated anterior uveitis, aqueous humor was collected from the eye of a patient treated with corticosteroid eye drops alone; ZIKV RNA was recovered from fluid taken at 8 days after the onset of systemic symptoms, but not at 16 days (9). This implies that Zika-associated anterior uveitis is associated with the presence of ZIKV inside the eye.


Table 1 | Clinical features of ZIKV-associated anterior uveitis diagnosed in patients presenting to the Ophthalmology Clinic of Ribeirão Preto General Hospital, Ribeirão Preto, São Paulo or reported in the medical literature.



Several independently conducted studies have explored the pathogenic mechanisms of congenital Zika syndrome in mouse models (12–15), and human retinal cells or cell lines (16–19). However, the pathogenic mechanisms that are responsible for Zika-associated anterior uveitis have not been investigated previously. In the anterior eye, iris pigment epithelial cells play a major role in controlling the immune microenvironment (20). In herpes viral anterior uveitis, which is the most studied viral anterior uveitis, pathological changes involving these cells result in a variety of gross ocular changes, including tissue defects that may impact iris appearance (21). To address the important knowledge gap around the pathogenesis of Zika-associated anterior uveitis, we investigated interactions between ZIKV and primary human iris pigment epithelial cells using infectivity assays and next generation sequencing of cellular RNA content (RNA-Seq).



Methods


Human Iris Pigment Epithelial Cells

Iris pigment epithelial cell isolates were prepared from paired human cadaver donor eyes, using methods that were adapted from the technique published by Mai et al. (22). Irises were carefully dissected from the two posterior eyecups, digested in 0.25% trypsin (Thermo Fisher Scientific-Gibco, Grand Island, NY) for 45 minutes at 37°C, and transferred to phosphate buffered saline (PBS) with 2% fetal bovine serum (FBS; Bovogen Biologicals, Keilor East, Australia) at room temperature. Pigment epithelial cells were gently brushed from the tissue using the bent tip of a Pasteur pipette. The cell suspension was pelleted at 10 x g for 5 minutes at room temperature, washed with PBS with 2% FBS, and re-suspended in Epithelial Cell Medium (ScienCell Research Laboratories, Carlsbad, CA; catalog number 4101, consisting of basal medium, 2% FBS, Epithelial Cell Growth Supplement and a penicillin-streptomycin solution). Cells were expanded at 37°C and 5% CO2 in air, with medium refreshed twice a week, initially in a 6 cm diameter dish, subsequently trypsin-passaged and transferred to a T75 flask, and finally stored frozen in liquid nitrogen on reaching confluence. Cell phenotype was confirmed for all cell isolates by immunocytochemical detection of cytokeratin-8 indicating epithelial lineage and absence of α-smooth muscle actin, which is expressed during mesenchymal differentiation (see Cytoimmunofluorescence). All cell isolates were demonstrated to be free of Mycoplasma species contamination by quantitative real-time polymerase chain reaction (qPCR) of DNA extracted from culture supernatant.



Zika Virus

Zika virus (strain PRVABC59: National Center for Biotechnology Information Nucleotide (GenBank) Accession Number, KU501215; originally isolated from human serum in Puerto Rico in 2015) was propagated in C6/36 mosquito cells (American Type Culture Collection [ATCC], Gaithersburg, MA) that were grown in Eagle’s basal medium, 1 mM sodium pyruvate, 1x MEM Non-Essential Amino Acids Solution, 2 mM L-glutamine and 10% FBS (all from Thermo Fisher Scientific-Gibco), and transferred to a medium modified by the removal of the amino acid supplement and reduction of FBS to 7.5%, and with the addition of 10 mM HEPES, ahead of infection. Virus stocks were titered by plaque assay on Vero cells, with plaques detected by neutral red overlay and expressed as plaque forming units/mL, as previously published (23).



Viral Infection of Human Iris Pigment Epithelial Cells

Human iris pigment epithelial cells were rapidly thawed and plated in 10 cm diameter tissue culture dishes in Epithelial Cell Medium with 2% FBS. After cells reached confluence, they were subcultured to 6 cm dishes (2 x 106 cells/dish) or 6-well plates, including wells with coverslips (2 x 105 cells/well), and rested overnight. Subconfluent monolayers of iris epithelial cells were infected with ZIKV at multiplicity of infection (MOI) of 1 or 5, or mock-infected, in a minimum amount of FBS-free Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific-Gibco; catalog number 11965). After 90 minutes, the inoculum was removed, and the infected cultures were returned to incubation in fresh Epithelial Cell Medium for a total of 24 hours, when cells were either lyzed with TRIzol Reagent (Thermo Fisher Scientific-Invitrogen, Carlsbad, CA) and stored at -80°C ahead of RNA extraction, or fixed with 2% paraformaldehyde for 30 minutes and stored in 70% ethanol at 4°C for cytoimmunofluorescence. Culture supernatant was snap-frozen at -80°C. A 24-hour time interval was selected to obtain a comprehensive picture of the host cell response to replicating virus. All work with live virus was conducted in a Physical Containment Level 2 Facility, under a Microbiological Dealing issued by the Flinders University Institutional Biosafety Committee (dealing number: 2016-07.1).



Focus Forming Assay

Supernatants from ZIKV-infected and uninfected human iris pigment epithelial cell monolayers were tested for infectious virus with a high throughput plaque assay performed on an Operetta High-Content Analysis System (PerkinElmer, Waltham, MA), modifying a previously reported method (24). In brief, Vero cells were seeded at 1 x 104 cell/well in 96-well plates and rested overnight, subsequently exposed in triplicate to serially diluted supernatant –or medium only control or ZIKV (3 x 106 pfu/mL) positive control– for 90 minutes, and finally incubated in fresh medium for 24 hours. Cell monolayers were fixed with 2% paraformaldehyde, permeabilized with 0.05% IGEPAL CA-630, and labeled with mouse anti-flavivirus envelope protein (ENV) antibody (ATCC HB-112TM hybridoma [clone 4G2] culture supernatant diluted 1:10, applied overnight at 4 °C), followed by Alexa Fluor 488-tagged donkey anti-mouse immunoglobulin antibody (Thermo Fisher Scientific-Molecular Probes, Eugene, OR; catalog number A21202; working concentration, 10 µg/mL, applied for 1 hour at room temperature) with Hoechst 33342 (2’-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5’-bi-1H-benzimidazole trihydrochloride trihydrate) counterstain. Wells were imaged using the Operetta High-Content Analysis System (11 fields/well, 100x magnification), and images were analyzed using the Columbus Image Data Storage and Analysis v2.7 (PerkinElmer) to quantify the number of labeled infected cell clusters per well. Data was processed in Vortex v2014.03.71496.59-s (Dotmatics, Bishops Stortford, UK), including calculation of focus forming units/mL for each supernatant sample and dilution.



Cytoimmunofluorescence

Human iris pigment epithelial cell monolayers were fixed with 2% or 4% paraformaldehyde in preparation for cytoimmunofluorescence labeling. For cell phenotyping, monolayers were labeled overnight at 4°C with one of following rabbit polyclonal antibodies diluted in 0.05% Triton X-100 and 2% bovine serum albumin in PBS: anti-human cytokeratin 8 (Abcam, Cambridge, United Kingdom; catalog number ab53280; working dilution, 1:250, equivalent to 0.132 µg/mL), α-smooth muscle actin (Abcam, catalog number ab5694; working dilution, 1:100, equivalent to 2 µg/mL) and rabbit immunoglobulin (Vector Laboratories, Burlingame, CA; catalog number I-1000, working concentration, 2 µg/mL). Cell monolayers were incubated with Alexa Fluor 488-tagged donkey anti-rabbit immunoglobulin antibody (Thermo Fisher Scientific-Molecular Probes; catalog number A11008; working concentration, 1 µg/mL) for 1 hour at room temperature, counterstained with DAPI (4′,6-diamidino-2-phenylindole) for 2 minutes, and imaged by fluorescence microscopy at 200x magnification. For demonstration of viral infection, ZIKV-infected and uninfected cell monolayers were labeled for 1 hour at room temperature with mouse anti-flavivirus envelope protein antibody, used as hybridoma culture supernatant diluted 1:10 in Hanks’ balanced salt solution with 2% goat serum. Cell monolayers were incubated with Alexa Fluor 488-tagged goat anti-mouse immunoglobulin antibody (Thermo Fisher Scientific-Molecular Probes; catalog number A11001; working concentration, 13 µg/mL) for 30 minutes at room temperature, counterstained with Hoechst 33342 for 10 minutes, and imaged by confocal microscopy at 100x magnification.



RNA Extraction

Total RNA was recovered from ZIKV-infected and uninfected iris pigment epithelial cells by phenol/chloroform extraction using Trizol Reagent, according to the manufacturer’s protocol. RNase-free glycogen was added to all samples during precipitation to maximize RNA yields. RNA was frozen at -80°C prior to use for RNA-Seq and reverse transcription (RT)-qPCR. Nucleic acid concentrations were determined using the Qubit 2.0 Fluorometer (Thermo Fisher Scientific-Life Technologies, Carlsbad, CA).



Reverse Transcription-Polymerase Chain Reaction

Reverse transcription was carried out using iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad, Hercules, CA). Total RNA input was 500 ng per reaction, yielding 20 μl of cDNA which was diluted 10-fold ahead of use in qPCR.

Quantitative real-time PCR was performed using the CFX Connect Real Time PCR Detection System (Bio-Rad), and a reaction mix consisting of 4 μL of iQ Sybr Green Supermix or SsoAdvanced SYBR Green Supermix (Bio-Rad), 1.5 μL each of 20 μM forward and reverse primer, 11 μL of nuclease-free water and 2 μL of diluted cDNA. Primer sequences (and expected product sizes)  were as follows: ZIKV ENV forward 5’-GCTGGDGCRGACACHGGRACT-3’, reverse 5’-RTCYACYGCCATYTGGRCTG-3’ (304 bp); interferon-β (IFN-β) forward 5’-AAACTCATGAGCAGTCTGCA-3’, reverse 5’-AGGAGATCTTCAGTTTCGGAGG-3’ (168 bp); peptidylprolyl isomerase A (PPIA) forward 5’-GAGCACTGGAGAGAAAGGATTT-3’, reverse 5’-GGTGATCTTCTTGCTGGTCTT-3’ (355 bp); and ribosomal protein lateral stalk subunit P0 (RPLP0) forward 5’-GCAGCATCTACAACCCTGAA-3’, reverse 5’-GCAGATGGATCAGCCAAGAA-3’ (235 bp). Primer efficiency for all primer sets was greater than 85.0% except in the case of ZIKV ENV, for which efficiency was 76.5%. Melting curves were included in each RT-qPCR run to confirm a single peak was produced, and amplicon sizes for all primers were confirmed by agarose gel electrophoresis.

Absolute quantification of viral genome equivalents was carried out by generating a standard curve for ZIKV ENV using purified PCR product serially diluted 10-fold from an initial concentration of 10 pg/μL. Starting quantity in ng (SQ) was determined for ZIKV-infected and uninfected samples using CFX Manager software v3.1 (Bio-Rad). Viral genome equivalent number was calculated using the equation ([SQ/109]/[bp molecular mass x product size]) x 6.02214 x 1023. Relative expression of IFN-β was determined by the Pfaffl method (25) and normalized to two reference genes –PPIA and RPLP0– which were stable as indicated by CV-value less than 0.25 and M-value less than 0.5.



RNA Sequencing

An RNA integrity number of at least 8 was confirmed on the LabChip GX Touch 24 Nucleic Acid Analyzer (Perkin Elmer, Hopkinton, MA). The cDNA libraries were prepared with the TruSeq Stranded Total RNA Kit (Illumina, San Diego, CA), strictly in accordance with the manufacturer’s instructions. Pooled libraries were sequenced on the NextSeq 500, with the High-Output Kit for 2 x 75 cycles of sequencing, and aiming for an average depth of 50 x 106 reads per sample. The PhiX Control v3 library (Illumina) was used as a sequencing control.



Processing and Analysis of RNA Sequencing Data

Quality of the data obtained by RNA sequencing was assessed with FastQC v0.11.3 (26). Sequences were trimmed with Trimmomatic v0.38 (27) for minimum and maximum lengths of 50 and 75 nucleotides, respectively, and a 4-nucleotide sliding window with an average Phred score of 25. Reads passing quality control were aligned to the GRCh38 human genome using HiSAT2 v2.1.0 (28) set to default parameters. FeatureCounts v1.5.0-p2 (29) was employed to count reads aligning to genes, as annotated in Ensembl v93, and counts of those genes uniquely mapped to the human genome were taken forward in the analysis. To investigate samples for contamination with non-human organisms, sequence reads were classified against the NCBI RefSeq database of bacterial, archaeal, viral and eukaryotic microbial genomes, as well as the human genome, using Kraken2 (30).

Further statistical analyses and visualization were performed in R v3.5.0 (31). The EdgeR v3.22.3 (32) package from Bioconductor was used to perform library size normalization (with the trimmed mean of M-values [TMM] method), multi-dimensional scaling, and differential expression analyses (with the glmQFit function). Variation in the data from unknown sources was examined using svaseq (33), and differential expression analysis was performed in a genewise negative binomial generalized linear model in EdgeR that controlled for donor effect (see Data Availability Statement for link to BitBucket data repository). Differentially expressed genes were defined by two-fold or greater change, and a Benjamini and Hochberg corrected p-value or false discovery rate (FDR) (34) less than 0.05. Pathway and Gene Ontology enrichment analyses were performed in InnateDB (35). To identify differentially expressed genes associated with estimated viral load, host gene expression was correlated with read counts per million assigned to the ZIKV genome in each sample by Kraken2 (Spearman correlation, p-value less than 0.05). Transcription factor binding site analysis was performed using the findMotifs.pl program in HOMER v4.10 (36), with the human promoter set. A network of molecular interactions between differentially expressed genes, products encoded by those genes and/or their first neighbor interactors was constructed using the Contextual Hub Analysis Tool (CHAT) (37) in Cytoscape v3.8.1 (38), with annotations by Interferome v2.0 (39) and InnateDB (35). This tool identifies “nodes” in the network that are more highly connected to differentially expressed genes than is expected by chance alone (FDR less than 0.05).




Results

Iris pigment epithelial cells were sourced from 12 men and 8 women cadaveric donors, whose ages at death ranged from 44 to 78 years (median = 61.5 years). Time from death to processing of the human eyecups ranged from 7 to 23 hours (median = 12.5 hours), and iris pigment epithelial cells were isolated over a period of 13 to 19 days (median = 16 days). The cells presented as rounded bodies, with some spindle morphology when plated subconfluent ahead of infection (Figure 1A). Across all 20 isolates, cytoimmunofluorescence on cells from the same passage as used for subsequent infections indicated homogeneous expression of cytokeratin-8 and complete absence of α-smooth muscle actin, indicating highly pure epithelial cell isolates with no evidence of mesenchymal differentiation (Figure 1B).




Figure 1 | (A) Light photomicrograph of human iris pigment epithelial cells immediately prior to infection. Original magnifications: 40x (main image) and 100x (inset image); Scale bars: 500 µm (main image) and 200 µm (inset image). (B) Fluorescence photomicrographs of human iris pigment epithelial cells immunolabeled to detect presence of cytokeratin 8 (CK8) and absence of alpha-smooth muscle actin (SMA), with negative control labeled with species-matched immunoglobulin (IgG). Alexa Fluor 488 (green) with DAPI nuclear counterstain (blue). Original magnification: 200x; Scale bar: 100 µm. (C) Fluorescence photomicrographs of ZIKV-infected and uninfected human iris pigment epithelial cells immunolabeled to detect flavivirus envelope protein. Alexa Fluor 488 (green) with Hoechst 33342 nuclear counterstain (blue). Original magnification: 100x; Scale bar: 100 µm. (D) Correlation plots showing cellular viral load in genome equivalents and infectious foci generated from culture supernatant for human iris pigment epithelial cells infected for 24 hours with ZIKV (multiplicity of infection = 1 and 5). Circles represent individual cell isolates from 20 donors. Line indicates trend. Data were analyzed by Pearson correlation coefficient. (E) Graph presenting normalized expression of interferon (IFN)-β transcript, calculated relative to peptidylprolyl isomerase A (PPIA) and ribosomal protein lateral stalk subunit P0 (RPLP0), in human iris pigment epithelial cells infected for 24 hours with ZIKV (multiplicity of infection = 5). Circles represent individual cell isolates from 20 donors. Crossbars indicate mean, and error bars indicate standard deviation. Data were analyzed by Wilcoxon signed-rank test.



To investigate the susceptibility of human iris pigment epithelial cells to infection with ZIKV, subconfluent cell monolayers were exposed to the PRVABC59 strain for 24 hours at an MOI of 1. Cytoimmunofluorescent labeling of cell monolayers for the flavivirus ENV identified ZIKV in all 20 isolates following exposure, with viral antigen detected in between 4.4% and 43.2% (median = 14.3%) of cells across the isolates (Figure 1C). The RT-qPCR analysis of cellular RNA and focus forming assay of culture supernatant also indicated productive infection of cells at 24 hours, with obvious variation in susceptibility between the 20 isolates, and this result was replicated at an MOI of 5 (Figure 1D). For an initial assessment of the type I IFN response of human iris pigment epithelial cell to infection with ZIKV, IFN-β was measured by RT-qPCR in isolates infected at an MOI of 5. This indicated substantial, but variable, increase in cellular IFN-β transcript following infection (Figure 1E). These results demonstrated that human iris pigment epithelial cells were moderately susceptible to ZIKV infection, and suggested that this cell population mounted a strong anti-viral response. The results also indicated considerable variation in these parameters across cells isolated from eyes of different individuals.

To explore the molecular response of human iris pigment epithelial cells to infection with ZIKV at a whole transcriptome level, RNA-Seq was performed on total RNA extracted from the 20 primary cell isolates 24 hours following infection with the PRVABC59 strain at an MOI of 5. Across the samples from uninfected isolates, there were 33.6 x 106 mean paired reads, with 33.4 x 106 (99.5%) of reads aligned to the human genome, and 25.0 x 106 (74.5%) mean paired reads assigned to annotated genes. After correction for library size differences, reads aligned to the flavivirus genome in samples infected with ZIKV averaged 9.9% (range = 2.0-24.9%) (Supplementary Figure 1). Comparison with a RefSeq database of bacterial, archaeal, viral and eukaryotic genomes indicated negligible contamination with other organisms, including Mycoplasma species. Alignment statistics are presented in Supplementary Table 1.

Multidimensional scaling of the gene expression data indicated clear separation of the total RNA transcriptome of ZIKV-infected versus non-infected human iris pigment epithelial cell isolates (Figure 2A). Data visualization with svaseq (33) indicated that the largest source of variation in the data related to donor (Kruskal Willis, p = 0.005), but this was not explained on the basis of donor age at death or sex, or time from death to cell isolation, and also was not related to batch. Thus, in order to focus on the common cellular response to ZIKV, differential expression analysis was performed controlling for the impact of donor. A total of 7,935 genes (47% of all annotated genes) were differentially expressed between infected and uninfected cells at FDR less than 0.05, including 606 genes that were increased and 7 genes that were decreased at least two-fold in the infected cells (Figure 2B, Supplementary Table 2). Heat maps showed obvious separation of the set of all differentially expressed genes between ZIKV-infected and uninfected samples (Figure 3A), although the 1,000 most variable genes were less discriminating (Figure 3B).




Figure 2 | (A) Multidimensional scaling plots showing global gene expression in ZIKV-infected (red) and uninfected (blue) human iris pigment epithelial cell isolates. Numbers indicate the 20 individual donors from whose eyes each isolate was generated. PC = principal component. (B) Volcano plot displaying differentially expressed genes between ZIKV-infected and uninfected human iris pigment epithelial cells, based on normalized counts per million (false discovery rate < 0.05 and fold change > 2). Red dots indicate significantly upregulated transcripts, and blue dots indicate significantly downregulated transcripts.






Figure 3 | (A) and (B) Heat maps indicating normalized counts per million from sequencing of total RNA from ZIKV-infected (red) and uninfected (blue) human iris pigment epithelial cells isolated from eyes of 20 individual donors. Z-score is shown for (A) all differentially expressed genes and (B) the 1,000 most variable genes. Color scale changes from orange to blue, with higher intensity orange representing higher counts for each transcript. (C–E) Graphs presenting the 15 most enriched categories –by (C) Reactome or KEGG pathways, (D) Gene Ontology biological processes and (E) Gene Ontology molecular functions– for genes that were upregulated in ZIKV-infected cells, as annotated in InnateDB (35).



Pathway and Gene Ontology biological process analyses of genes significantly upregulated (ie. two-fold or greater change and FDR less than 0.05) in ZIKV-infected iris pigment epithelial cells compared to uninfected cells revealed a strong transcriptional response to infection, involving over 200 different pathways or processes. Molecules involved in immune functions were highly enriched among differentially expressed genes. More specifically, differentially expressed genes were enriched for groupings that included activation of pathogen recognition systems –with retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) and toll-like receptor (TLR) signaling– and anti-viral and inflammatory cytokine responses –with type I and type II IFN signaling (Figures 3C, D, Supplementary Table 3). Gene ontology molecular function analysis of differentially expressed genes similarly indicated an active response to the virus. Highly enriched functions included broad terms, such as cytokine and chemokine activities, as well as more specific categories, such as single- and double- stranded RNA binding –signifying viral recognition– and 2′,5′-oligoadenylate synthetase (OAS) activity and tumor necrosis factor (TNF) receptor binding –consistent with anti-viral responses (Figure 3E, Supplementary Table 3). Transcription factor binding site analysis identified 13 regulatory motifs that were enriched in promoter regions of significantly upregulated genes, including multiple IFN-regulating factors (Table 2). No binding sites were enriched in genes with significantly downregulated expression.


Table 2 | Transcription factor binding sites that were enriched in promoters of highly up-regulated genes (target sequences) in comparison with all genes (background sequences) in human iris pigment epithelial cells 24 hours following infection with ZIKV.



A system-level CHAT network (37) was built around genes that were significantly differentially expressed between ZIKV-infected and uninfected human iris pigment epithelial cells, including first-neighbor interactors. This network included 6275 nodes (Figure 4, Supplementary Table 4). There were 24 contextual hubs that interacted with differentially expressed genes more frequently than predicted by chance alone (Table 3). The most highly connected contextual hubs –with greater than 15 contextual neighbors and greater than 200 total neighbors– were members of the Janus kinase (JAK)-signal transducer and activator of transcription (STAT), or nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) intracellular signaling pathways, indicating their involvement in type I IFN anti-viral responses and inflammation. These six hubs included: inhibitor of NF-κB kinase, regulatory subunit γ (IKBKG); rela protooncogene, NF-κB subunit (RELA); TNF receptor-associated factor 6 (TRAF6); STAT1; STAT3; and ubiquitin-like modifier ISG15 (ISG15). Receptor-interacting serine/threonine kinase 1 (RIPK1) was the most significantly connected contextual hub (p = 5.49 x 10-5), with 16 contextual neighbors and 102 total neighbors.




Figure 4 | Network of interactions between differentially expressed genes and the first-order interactors of these genes or their encoded products in ZIKV-infected human iris pigment epithelial cell isolates from 20 individual donors. CHAT (37) identified nodes in the network that were connected to differentially expressed genes more than expected by chance. Node size is scaled to -log10 of the false discovery rate where larger nodes are those that were identified as being more statistically significant. Purple nodes are type I interferon (IFN)-stimulated genes (ISGs); green nodes are type II IFN ISGs; red nodes are type I and II IFN ISGs; blue nodes are not IFN-responsive, as annotated by Interferome v2.0 (39). Diamond-shaped nodes represent differentially expressed genes (false discovery rate < 0.05 and fold-change > 2). Edges between nodes represent molecular interactions, as annotated by InnateDB (35). Type I and II IFN ISGs were statistically over-represented in this network. Hypergeometric test, p < 0.0001.




Table 3 | Contextual hubs (highly connected molecular nodes) that were found to interact with differentially expressed genes more frequently than expected by chance in human iris pigment epithelial cells 24 hours following infection with ZIKV.



Associations between gene expression by the host cell and intracellular ZIKV load were identified by correlating upregulated genes with normalized read counts assigned to the viral genome in the infected iris pigment epithelial cell isolates across the 20 human donors. This analysis identified 146 upregulated genes that were significantly correlated with read counts assigned to ZIKV, including 122 that were positively correlated and 24 that were negatively correlated (Supplementary Table 5). Reactome pathway enrichment analysis of these genes indicated ‘IFN signaling’ and ‘immune system’ were negatively correlated with ZIKV read counts, while cell cycle-related pathways were positively correlated (Figure 5A). Examples of upregulated IFN-stimulated genes that were negatively correlated with ZIKV load included: adenosine deaminase, RNA-specific (ADAR); IFN-induced protein 44 (ITI44); IFN-induced protein with tetratricopeptide repeats 5 (IFIT5); and OAS1 (Figure 5B).




Figure 5 | (A) Correlations between genes upregulated in ZIKV-infected human iris pigment epithelial cells and read counts per million assigned to the ZIKV genome (ZIKV load). Spearman correlation, p < 0.05. Gray circles indicate upregulated genes. Red lines indicate positive correlations, and blue lines indicate negative correlations. Enriched Reactome pathways achieving false discovery rate < 0.05 are listed left of the relevant grouping, with annotations by InnateDB (35). (B) Examples of negative correlations between interferon (IFN)-stimulated genes and ZIKV load. Red dots indicate 20 individual donors. Line indicates trend. ADAR, adenosine deaminase, RNA-specific; IFI44, IFN-induced protein 44; IFIT5, IFN-induced protein with tetratricopeptide repeats 5; OAS1, 2’-5’-oligoadenylate synthetase 1.





Discussion

Zika virus disease is often asymptomatic or manifest as a mild and self-limited systemic illness in adult patients. However, serious inflammatory complications may occur, and these include anterior uveitis, which has been linked with presence of ZIKV in the anterior eye (8, 9). Our work represents the first research to examine mechanisms of Zika-associated anterior uveitis, focusing on the interactions between the virus and iris pigment epithelial cells, and using the PRVABC59 strain isolated during the American epidemic and primary cells isolated within 24 hours of death from human cadaveric donors. Human iris pigment epithelial cell isolates generated from 20 donors were permissive to ZIKV infection, and supported replication and release of the virus. RNA-Seq indicated a vigorous molecular response of the host cell to ZIKV. Almost 50% of annotated genes were differentially expressed between infected and uninfected cells, and 99% of the 613 genes that changed at least two-fold were up-regulated. Pathway, Gene Ontology and network analyses indicated strong activation of viral recognition and defense, as well as biosynthesis mechanisms consistent with production of virus. Although all iris pigment epithelial cell isolates mounted a type I IFN response, intracellular virus load correlated inversely to overall IFN signaling across the donors.

When uveitis occurs in the context of a systemic infectious disease, the pathology usually represents a combination of tissue damage induced by the microbe and reactive inflammation by the host. Although some forms of infection-associated uveitis are believed to be primarily immune-mediated (40), recent widespread molecular testing of ocular fluids has demonstrated that a broad range of both dangerous and innocuous viruses access the eyes in immunocompetent persons to cause uveitis –for example, cytomegalovirus (CMV), rubella virus and Ebola virus (EBOV) (41–43). ZIKV also has been recovered from the aqueous humor in anterior uveitis (Table 1). Studies in mice suggest that ZIKV accesses the eye from the blood stream in myeloid cells that become hypermotile (44, 45), as is also the case for more common ocular pathogens such as Toxoplasma gondii (46). Various ocular cell populations are preferred hosts for different organisms, including retinal pigment epithelium for EBOV and Mycobacterium tuberculosis (47, 48), and retinal Müller glial cells for CMV and T. gondii (49, 50). Given that ZIKV causes serious retinal pathology in utero, previous research in the field has focused on cells of the posterior eye, including Müller cells, retinal pigment epithelial cells and retinal vascular endothelial cells (17, 19, 51). Iris pigment epithelial cells are key players in inflammation of the anterior segment of the eye, which defines anterior uveitis. They have a dual role, as key regulators of ocular immune privilege (20), and as the source of an array of inflammatory cytokines (52). Our data indicate that ZIKV is capable of productively infecting human iris pigment epithelial cells.

While all 20 primary human iris pigment epithelial cell isolates were susceptible to infection with ZIKV, infectivity varied across donors, as demonstrated by RT-qPCR measurement of intracellular viral load and a focus forming assay of supernatant collected from cultures of infected cells. Variation in response to infection, as well as at baseline, is likely to be caused by multiple technical and biological factors. A consistent method of cell isolation and culture was used, but donor eyes were necessarily sourced on different dates. There was also unavoidable variation in time from death to cell isolation and time in culture, although these intervals were minimized to avoid mesenchymal transition of cells. Biological variation relates to individual genetics and epigenetics, as well as health and disease status. In work with other primary human ocular cells –including retinal and choroidal endothelial cells, Müller cells and retinal pigment epithelial cells– we (53–55) and other groups (56–59) have demonstrated variation in gene expression by human donor. This highlights the importance of not relying on results from individual cell isolates in drawing conclusions about pathobiological mechanisms. A major strength of our study is the large number of human donors, affording a comprehensive overview of the gene expression of the human iris pigment epithelium by RNA-Seq, while also identifying inter-individual variations.

Intracellular viral recognition is coordinated by two pattern recognition receptor families: TLRs and RLRs (60). Pathway and Gene Ontology analyses indicated high activation of RIG-I and melanoma differentiation-associated protein 5 (MDA5) signaling; TLR3, which recognizes double-stranded RNA specifically, was identified as a contextual hub by CHAT network analysis. Viral defense relies on IFN responses. IFN-β –the prototype type I IFN– was the most highly differentially expressed transcript in infected human iris pigment epithelial cells, with an approximately 900-fold upregulation across the 20 isolates. Enrichment analyses identified activation of type II IFN signaling, as well as type I. Type III IFNs –including IFN-λ1, IFN-λ2 and IFN-λ3– also were substantially increased following infection. The IFNλ receptor is a heterodimer of IL10RB, which is ubiquitously expressed, and IFNLR1, which has considerably restricted expression, but was identified in this cell population by RNA-Seq. The type III IFN system protects barriers (61), including the female reproductive tract in Zika (62). Recent work has identified Type III IFN signaling on the ocular surface, with corneal epithelium also expressing both subunits of IFNλR1 (63). Expression of type III IFNs and IFNR1λ is consistent with the role of iris pigment epithelial cells in maintaining ocular immune privilege. The transcription factor analysis also indicated activity in pathways that would increase IFN-stimulated genes. Interestingly, key players in noncanonical NF-κB signaling were upregulated, suggesting the possibility of negatively regulating induction of type I IFNs (64). NF-κB signaling also would be expected to promote inflammatory responses and trigger a breach in immune privilege, consistent with the development of anterior uveitis.

While anti-viral IFN responses were highly upregulated in ZIKV-infected iris pigment epithelial cells, the intracellular viral load correlated inversely with IFN signaling. Consistently, multiple ISGs were upregulated at a relatively low level in heavily infected isolates. This result suggests ZIKV directly interferes with IFN signaling in epithelial cells. The ZIKV polypeptide yields 7 nonstructural (NS) proteins in addition to 3 structural proteins (65). ZIKV NS5 in particular has multiple actions that target IFN signaling. On binding to RIG-I, NS5 represses the ubiquitination that promotes RIG-I-mediated signaling (66). NS5 binds TANK-binding kinase 1 (TBK1), interfering with its ability to phosphorylate and activate IRF3 ahead of nuclear translocation (67); NS5 also binds IRF3 to limit its activity (68). Together with IRF9, STAT1 and STAT2 form the IFN-stimulated gene actor-3 complex (ISGF-3), but NS5 targets STAT2 for proteosomal degradation, by either binding it directly or binding the E3 ubiquitin ligase, seven in absentia homolog 2 (SIAH2), which subsequently binds STAT2 (69, 70). Other nonstructural proteins also may impact IFN production and/or induction of ISGs (68, 71). While NS5 suppresses type I and III IFN signaling, it enhances type II IFN signaling by destabilizing STAT2 and limiting formation of ISGF-3, and promoting formation of STAT1-STAT1 homodimers that bind γ-activated sequence (GAS) elements (72). Thus, increased viral replication could promote anterior uveitis by increasing type II IFN signaling. NS5 also facilitates the assembly of the NLRP3 (NLR family, pyrin domain-containing 3) inflammasome (73).

The “central controller” of cell fate –RIPK1 (74)– was the most significant contextual hub in the molecular network generated from the list of 613 differentially expressed genes in iris pigment epithelial cells following ZIKV infection. While not differentially expressed per our definition of two-fold change and FDR less than 0.05 (Supplementary Table 2), RIPK1 increased highly significantly (FDR = 8 x 10-30) by 1.5-fold post-infection. Originally described as an activator of necroptosis, involvement of RIPK1 in different pathological processes is now known to be multifaceted. The protein has a C-terminal death domain, an N-terminal serine/threonine kinase domain, and an intermediate domain that participates in NF-κB activation (74). In addition to necroptosis, RIPK1 may trigger apoptosis and promote inflammation, and conversely, it may act as a regulator of each of these processes (75–77). The ultimate impact of RIPK1 signaling in ZIKV-infected human iris pigment epithelial cells is thus difficult to predict. Recent work in a mouse central nervous system model of ZIKV infection indicated RIPK1 signaling directed a “metabolic reprogramming” in infected neurons characterized by inhibition of succinate dehydrogenase, which suppressed viral replication (78), suggesting RIPK1-controlled activities might have anti-viral effects.

To interrogate the mechanisms of Zika-associated anterior uveitis as it occurs in the patient, we selected an in vitro system with iris pigment epithelial cells isolated from human cadaver eyes. Iris biopsy is not performed in the clinical setting, and thus it is not feasible to conduct such research using tissue from patients diagnosed with this condition. Removing the cells from the local microenvironment and the culture procedure is expected to induce some change in cell phenotype. We used early passage cell isolates, all of which were checked for presence of epithelial and absence of mesenchymal markers. The most common in vivo models are induced by systemic inoculation of virus into mice, including animals with deficient type I IFN signaling (12–15). A non-human primate model in the Rhesus macaque has recently been described (79). However, these studies have not involved adult animals. Indeed, in descriptions of several mouse models, Zhao and colleagues (13) commented that wild-type mice infected intraperitoneally with ZIKV lost susceptibility to ocular pathology from one week of age, and A129 mice –with null mutations in the IFN-α/β receptor– showed no ocular disease after 10 weeks. Past works also have focused largely on posterior eye pathology. An interesting new experimental model for investigating anterior uveitis involves injecting ZIKV into the aqueous humor of 1-month-old mice; the animals develop raised intraocular pressure, and pattern recognition receptors and inflammatory chemokines are induced in anterior segment tissues (80).

Zika-associated anterior uveitis occurs when ZIKV accesses the eye during a systemic infection. However, the eye is able to clear the virus, and the inflammation resolves either spontaneously or with the short-term use of corticosteroid eye drops. Our work represents the first observations around basic mechanisms of this emerging form of uveitis in a human-based experimental system. Our results suggest that the iris pigment epithelium is susceptible to ZIKV infection, but also mounts a rigorous pan-IFN response, which when combined with other elements of ocular immune privilege, may limit ocular pathology in the majority of affected individuals. Those persons in whom the virus replicates robustly within the iris pigment epithelium, may generate a stronger inflammatory response and thus be at higher risk of developing anterior uveitis.
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Previous studies have established that disturbed lymphocytes are involved in the pathogenesis of Vogt-Koyanagi-Harada (VKH) syndrome. Accordingly, glucocorticoids (GCs), with their well-recognized immune-suppressive function, have been widely used for treatment of VKH patients with acute relapses. However, the systemic response of diverse immune cells to GC therapy in VKH is poorly characterized. To address this issue, we analyzed immune cell subpopulations and their phenotype, as well as cytokine profiles in peripheral blood from VKH patients (n=25) and health controls (HCs, n=21) by flow cytometry and luminex technique, respectively. For 16 patients underwent GC therapy (methylprednisolone, MP), the aforementioned measurements as well as the transcriptome data from patients before and after one-week’s GC therapy were also compared to interrogate the systemic immune response to GC therapy. Lymphocyte composition in the blood was different in VKH patients and HCs. VKH patients had significantly higher numbers of T cells with more activated, polarized and differentiated phenotype, more unswitched memory B cells and monocytes, as compared to HCs. MP treatment resulted in decreased frequencies of T cells and NK cells, inhibited NK cell activation and T cell differentiation, and more profoundly, a marked shift in the distribution of monocyte subsets. Collectively, our findings suggest that advanced activation and differentiation, as well as dysregulated numbers of peripheral lymphocytes are the major immunological features of VKH, and GC therapy with MP not only inhibits T cell activation directly, but also affects monocyte subsets, which might combinatorically result in the inhibition of the pathogenic immune response.
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Introduction

Vogt-Koyanagi-Harada syndrome (VKH syndrome) is an acute diffuse uveitis characterized by bilateral, diffuse granulomatous resulted from stromal choroiditis, accompanied by neurologic manifestations consisting of headache and nausea (1). Ocular manifestations of this disease include retinal detachment or subretinal fluid, papilledema and hyperemia of the optic disk at initial onset. The prevalence of VKH varies among different countries and ethnic groups. In Asian, VKH represents one of the most common uveitis entities (2).

The pathogenesis of VKH has been extensively studied during the past decades. It is well established that an autoimmune response against melanocytes is considered to be involved in the pathogenesis of this disease (3). Early studies found that peripheral lymphocytes from patients with VKH could be activated by bovine uveal pigment (4). Subsequently, activated T cells were demonstrated as the predominant cell types in choroidal inflammation, accompanied by the presence of choroidal melanocytes that express HLA-DR, a major histocompatibility complex class II (MHC II) molecule, suggesting activated T cells as the pathogenic cells and the potential role of choroidal melanocytes in antigen presentation and T cell activation (5, 6). Later, different T cell subsets, including cytotoxic T cells (7), T helper (Th) 1 cells (8), and Th17 cells (9), were identified to be pathogenic in the settings of experimental autoimmune uveitis (EAU), a classical animal model for human uveitis, and/or clinical uveitis. In addition to T cells, other immune cells also contribute, including NK cells, B cells and myeloid cells (6). However, the role of these cells in the pathogenesis of VKH is not systemically addressed.

Tissue resident dendritic cells and macrophages are the major professional APCs, while monocytes are regarded as their counterparts in peripheral blood. In addition to antigen presentation (10), monocytes can also release inflammatory cytokines such as interleukin (IL)-6, IL-1β, and TNF-α, thereby directly mediating inflammation. Human monocyte is a heterogeneous cell population that can be classified into three subpopulations based on the differential expression levels of CD14 and CD16 (11). Classical monocytes, which is the major population of human monocytes (~90%), express high levels of CD14 but lack CD16 expression (CD14++CD16−). The remaining ~10% of human monocytes are further subdivided into the intermediate subset, with low CD16 and high CD14 expression (CD14++CD16+), and the non-classical subset, with high CD16 but relatively lower CD14 expression (CD14+CD16++). Classical monocytes express high levels of chemokine receptor CCR2 and low levels of CX3CR1, and perform better in phagocytosis compared to other monocyte subsets, thus contribute to anti-microbial responses (12–14). In contrast to this major subset, human intermediate monocytes express high levels of CCR5, CX3CR1 and HLA-DR, and low levels of CCR2 (13, 15), thus are specialized in antigen processing and presentation. Non-classical monocytes are less characterized, nevertheless, they are demonstrated to have the capacity to patrol blood vessels, resist viruses and stimulate T cell proliferation (16, 17). Although the involvement of these monocyte subsets has been reported in various inflammatory conditions, such as tuberculosis (18), asthma (19), rheumatoid arthritis (RA) (20) and Crohn’s disease (21), their contributions to the pathogenesis of VKH are not fully understood. In addition, a new monocyte subset, CD56+ monocyte, was identified and found to be expanded in certain autoimmune diseases such as rheumatoid arthritis and Crohn’s disease (21–23), but their role in VKH remains unclear.

Although numerous new drugs have been developed within the last few decades, the most widely used treatment for acute VKH remains high-dose MP pulse therapy, to which most patients respond well and achieve an amelioration of symptoms within a few days (24, 25). It has been reported that GCs downregulate the expression levels of pro-inflammatory cytokines and adhesion molecules, which are required for cells to pass the blood-brain barrier (BBB). The GC response was reported to be highly cell type-specific in magnitude, and even in terms of the direction of transcriptional regulation (26). It is believed that patients profit most from the direct or indirect dampening effects on T cells by GC treatment, which can inhibit T cell activation, promote apoptosis in immune cells, and additionally exert inhibitory effects on inflammatory mediators such as nitric oxide (NO) (27). However, the effect of GCs on other immune cells including monocytes in VKH is not well characterized. Although it has been demonstrated that in vitro treatment of monocytes from healthy donors with GC induced an upregulation of transcripts associated with an anti-inflammatory phenotype, as well as enhanced cell survival, phagocytosis, and chemotaxis (28), the subset-specific response of monocytes to GC treatment and the underlying mechanism in VKH remain to be defined.

This study was designed to systemically characterize and compare the immunological profiles of peripheral blood from patients with VKH and healthy controls. The influence of MP, which has been the most widely prescribed GC in VKH therapy, on immune phenotypes in peripheral blood from VKH patients was also evaluated. Our investigation will offer a better understanding of the function, activation and differentiation status of the leukocyte subpopulations during autoimmune VKH and after GC therapy, and may facilitate a more specific therapeutic regimen for this particular disease, which is a major cause of visual impairment.



Materials and Methods


Patients

All patients with uveitis were recruited at the retinal and vitreous diseases department of Wuhan Aier Eye Hospital from April 8, 2017 to December 17, 2020. Healthy controls (HCs) matched for gender and age were recruited among the employees of the hospital. The study protocol was approved by the Ethics Committee of Wuhan Aier Eye Hospital (Clinical Ethical Approval No. 2019IRBKY04). The diagnosis of VKH was based on the newly revised diagnostic criteria of the International Uveitis Conference. Written informed consent was obtained from all patients and HCs before study entry. A venous blood sample was taken from acute VKH patients prior to MP therapy (n=25), after MP therapy for seven consecutive days (n=16), as well as HCs (n=21) (Tables 1 and 2). The numbers of subjects used for each assay were indicated in the relevant tables or figures.


Table 1 | Clinical features of VKH patients and healthy controls.




Table 2 | Clinical features of VKH patients before and after GC treatment.





PBMC Isolation

Peripheral blood samples were collected in heparinized vacutainer tubes (BD bioscience, San Jose, CA, USA). After diluted two times by PBS, the blood was added carefully onto the Ficoll-Hypaque layer (3 ml Ficoll-Hypaque per 10 ml blood/PBS mixture), and centrifuged at 800 × g for 30 minutes with brake off, room temperature. Mononuclear layer was obtained and washed twice by PBS. The PBMC aliquots were used immediately for flow cytometry staining, or stocked frozen in fetal calf serum containing 10% DMSO and 5% dextran at -80°C for further test.



Cell Staining and Flow-Cytometric Analysis

Flow-cytometric analysis was performed according to our standard institutional protocols. All reagents were obtained from BD bioscience unless otherwise indicated. For surface staining, 50 μl freshly collected blood was aliquoted and stained by fluorochrome-conjugated monoclonal antibodies (FCmAbs) against CD45 (HI30), CD14 (M5E2), CD56 (NCAM16.2), CD3 (HIT3a), CD19 (HIB19), CD4 (RPA-T4), CD8 (RPA-T8), HLA-DR (G46-6), CD314 (NKG2D, 1D11), CD25 (M-A251), CD127 (HIL-7R-M21), CCR7 (3D12), CD45RA (HI100), IgD (IA6-2), CD27 (M-T271), CD335 (NKp46, 9E2/NKp46) and CD16 (3G8), to characterize general leukocyte populations and the phenotype of and T, B, NK and monocyte subsets using different staining panels (Table S1). After incubated with indicated mAbs for 30 minutes at 4°C in dark, blood samples were lysed by 2 ml red blood cell lysis buffer for 8 minutes, washed twice with 2 ml ice-cold staining buffer (2% FCS and 0.1% sodium azide in 1 × PBS), and then fixed in 300 μl of 1% paraformaldehyde (PFA) for flow cytometric analysis. For intracellular cytokine staining, 5 × 105 PBMCs were stimulated by a cocktail containing phorbol myristate acetate (PMA), ionomycin and brefeldin A for 5 hours in 24-well flat-bottom plates, thereafter the cells were harvested and washed once with PBS. The cells were then stained by fixable viability staining dye (FVS), FCmAbs against CD3 and CD8 for 30 minutes at 4°C in dark, followed by intracellular staining with FCmAbs against IFN-γ (B27), IL-17A (N49-653), and IL-4 (8D4-8) after fixation and permeabilization. Finally, cells were washed twice and re-suspended in 300 μl of 1% PFA. Flow cytometric analysis was performed on a BD Verse instrument and data were analyzed by FlowJo V10 (BD bioscience, San Jose, CA, USA).



Cytokine Measurements

Blood samples were collected from HCs and VKH patients. After centrifugation, plasma was extracted and stored at −80°C. A human Premixed Multi-Analyte kit (LXSAHM-21 R&D Systems) was used to measure the concentrations of a panel of soluble factors (TNF-α, IL-6, IL-8, CXCL10, IL-10, CCL2, IL-1-β, IFN-γ, CCL20, CCL3, CCL22, IL-4, IL-17, IL-2, IL-13, CXCL9, IL-12, CCL17, IL-21, IL-23, IL-18) in one sample at the same time. Since the concentration of some cytokines from most plasma samples is lower than the detection limit of this assay, as determined by our preliminary experiment, 250 μl plasma is lyophilized and re-suspended in 50 μl PBS (5:1 concentrated). Luminex assays were performed according to the manufacturer’s protocol with standard curves and quality and background controls included. Samples and standards were run in duplicate and mean values were used for data analysis. The concentrations of TGF-β1 in the plasma were assayed using human ELISA kits (Cat# 88-8350, Invitrogen) according to the manufacturer’s instructions.



RNA Sequencing

Total RNAs of whole blood cells were extracted in accordance with the manual of PAXgene tube (BD bioscience, San Jose, CA, USA). Preparation of library and transcriptomic sequencing were carried out using Illumina Novaseq 6000 (Novogene Bioinformatics Technology Co., Ltd., Beijing, China). Differential expression analysis of two conditions/groups (two biological replicates per condition) was performed using the DESeq2 R package (1.16.1). DESeq2 provide statistical routines for determining differential expression in digital gene expression data using a model based on the negative binomial distribution. The resulting P values were adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with an adjusted P value < 0.05 found by DESeq2 were assigned as differentially expressed.

Gene Ontology (GO) enrichment analysis of differentially expressed genes was implemented by the cluster Profiler R package, in which gene length bias was corrected. GO terms with corrected P value less than 0.05 were considered significantly enriched by differential expressed genes.

Kyoto Encyclopedia of Genes and Genomes (KEGG) is a database resource for understanding high-level functions and utilities of the biological system, such as the cell, the organism and the ecosystem, from molecular-level information, especially large-scale molecular datasets generated by genome sequencing and other high-throughput experimental technologies (http://www.genome.jp/kegg/). We used cluster Profiler R package to test the statistical enrichment of differential expression genes in KEGG pathways.



Statistical Analysis

General statistical analysis was performed using GraphPad Prism software. Throughout the study, n refers to the number of subjects where every subject is one data point. Unpaired two-group comparisons were done with Mann–Whitney U-test. Paired group comparisons were done with Wilcoxon test. P < 0.05 was considered statistically significant.




Results


Dysregulated Peripheral Leukocyte Compartment in Acute VKH Patients

To explore immune cell-mediated mechanisms in the development and progression of VKH disease, we examined leukocyte populations in patients with active VKH by flow cytometry (Figure 1A). Compared with healthy controls, the number of total leukocytes in peripheral blood of acute VKH patients was increased significantly (Figure 1B). There were no significant changes in granulocytes, total lymphocytes and CD3+CD56+ T cells in terms of both absolute number and relative frequency (Figures S1A, B), however, the numbers of T cells and B cells displayed an increased tendency, although this difference failed to reach statistical significance (Figures 1C, D). Interestingly, markedly decreased proportion but not absolute number of NK cells was found in VKH patients (P = 0.0063) (Figure 1E). Finally, both the absolute number and relative frequency of monocytes were significantly increased in VKH patients, as compared to that in HCs (P = 0.0201 and P = 0.0056, respectively) (Figure 1F). Thus, our results in VKH elaborate the proposed notion that T cells and B cells might be pathogenic and NK cells could be protective in most autoimmune diseases, and also raise a question regarding the functional role of increased monocytes.




Figure 1 | Changes of white blood cells in peripheral blood of VKH patients compared with healthy controls. (A) Gating strategy used for the characterization of leukocyte subpopulations. (B) The absolute number of leukocytes. (C) The absolute number and proportion of T cells. (D) the absolute number and proportion of B cells. (E) The absolute number and proportion of NK cells. (F) the absolute number and proportion of monocytes. Statistical analysis was performed using Mann–Whitney test. WBC, white blood cells; LYM, lymphocytes; MON, monocytes; T, T lymphocytes; B, B lymphocytes; NK, natural killer cells; NKT, natural killer T cells.





Over-Activation of Peripheral T Cells in VKH Patients

Activation is a necessary step through which lymphocytes differentiate and exert their function. In this regard, we next determined the activation status of lymphocyte populations by analysis of the expression levels of established T cell and NK cell activation markers HLA-DR, NKG2D and NKp46 (Figure 2A). HLA-DR+ cytotoxic T lymphocytes (CTLs) have been shown to be increased in patients with HIV infection (29) and in systemic lupus erythematosus (30). In our study, the percentage and absolute number of HLA-DR+ T cells in peripheral blood of VKH patients were increased (Figure 2B), and these changes were observed in both CD8+ and CD4+ T cell compartments (Figures 2C, D), whereas NKG2D+ and NKp46+ NK cells did not show much difference (Figures S2A, B). NKG2D and NKp46 expression can also be used to reflect the activation status of T cells. In humans, naïve CD8+ T cells express NKG2D, whereas CD4+ T cells generally do not express NKG2D even after activation, but its expression can be induced under certain pathological conditions, such as Crohn’s disease, juvenile-onset lupus and cytomegalovirus infection (31, 32). In this study, we found that the absolute number of NKG2D+ T cells was upregulated (Figure 2E), whereas no difference was observed for NKp46+ T cells in VKH patients. Together, the elevated expression of HLA-DR and NKG2D in T cells suggested that T cells are over-activated in the context of VKH.




Figure 2 | Comparison of activated immune cells between VKH patients and healthy controls. (A) Gating strategy used for analysis of activated immune cells. (B) The absolute number and proportion of HLA-DR+ CD3+ T cells. (C) The absolute number and proportion of HLA-DR+ CD8+ T cells. (D) The absolute number and proportion of HLA-DR+ CD4+ T cell. (E) The absolute number and proportion of NKG2D+ T cells. Statistical analysis was performed using Mann–Whitney test. Th, helper T cells; Tc, cytotoxic T cells.





Advanced Differentiation of T Cells in VKH Patients

Th1 and Th17 cells have been shown to be critical in the pathogenesis of VKH (33, 34). Thus, we next sought to determine the polarization status of peripheral T cells in VKH patients (Figure 3A). Compared with healthy controls, VKH patients had significantly increased number of IFN-γ+ cytotoxic T cells (Tc), and regulatory T cells (Tregs) (Figures 3B, C), whereas Th1, Th2, Th17, IL-4+ Tc and IL-17+ Tc did not show much difference, in terms of both relative frequency and absolute number (Figures S3A–E). Furthermore, after examining the concentration of various cytokines in the plasma of VKH patients and HCs (Table 3), we found that CCL17, a chemokine with the potential to recruit Tregs, and TGF-β, a regulatory cytokine mainly secreted by Treg, were also increased in VKH patients (Figure 3D).




Figure 3 | Comparison of T cell subsets defined by cytokine profile and differential status between VKH patients and healthy controls. (A) Gating strategy used for T cell classification. (B) The absolute number and proportion of IFN-γ+ CD8+ T cell. (C) The absolute number and proportion of Treg. (D) plasma levels of CCL17 and TGF-β1 (pg/ml) of HCs and VKH patients. (E) The absolute number and proportion of TEM in total T cells, CD4+ T and CD8+ T cells in HCs and VKH patients. (F) The absolute number and proportion of TEMRA in total T cells, CD4+ T and CD8+ T in HCs and VKH patients. Statistical analysis was performed using Mann–Whitney test. Treg, regulatory T cells; TN, naïve T cells; TCM, central memory T cells; TEM, effector memory T cells; TEMRA, CD45RA+ effector memory T cells.




Table 3 | Comparison of plasma cytokines between VKH patients and healthy controls.



CCR7 and CD45RA have been widely used to define the differentiation status of T cells (35). According to this paradigm, naïve T cells (TN) express both CCR7 and CD45RA, central memory T cells (TCM) express CCR7 but not CD45RA, while effector memory T cells (TEM) lack the expression of both CCR7 or CD45RA. In humans, there is a third memory T cell subset, TEMRA cell, which expresses CD45RA but lack CCR7 expression. Further analysis of T cell subpopulations demonstrated that certain differentiated subsets were variably affected in VKH patients. Although there were no significant changes in naïve T cells and TCM cells in terms of both absolute number and relative frequency (Figures S3F, G), the number of CD4+ TEM cells was increased (Figure 3E), and the frequencies of TEMRA cells were also increased in both CD8+ and CD4+ T cell compartments in VKH patients (Figure 3F). In sum, these results demonstrated that VKH patients harbor more polarized IFN-γ+ Tc cells, as well as more differentiated TEM and TEMRA cells in peripheral blood, suggesting the pathogenic role of these cells. However, the clinical meaning of increased Tregs and Treg-related cytokines in VKH patients requires further investigation.



Increased Number of Unswitched Memory B Cells in VKH Patients

Since we observed an increased tendency of B cells in VKH patients (Figure 1D), and because of the heterogeneity of B cells, we next examined B cell subsets by flow cytometry (Figure 4A), to determine the specific B cell subsets that may play an important role in VKH. There are four relatively well-characterized CD19+ B cell subpopulations in human peripheral blood, naïve (CD27-IgD+), unswitched memory (CD27+IgD+), switched memory (CD27+IgD-) and double negative late memory (CD27-IgD-) B cells (36). As demonstrated in Figure 4B, the number of unswitched memory B cells was markedly increased in VKH patients. The numbers of naïve B cells, switched memory B cells and late memory B cells tended to be increased as well, but these differences failed to reach statistical significance (Figures S4A–C). Our findings thus suggest the pathogenic role of B cells, especially unswitched memory B cells, in VKH.




Figure 4 | Comparison of B cell subsets between VKH patients and healthy controls. (A) Gating strategy used for the characterization of B cell subsets. (B) The absolute number and proportion of unswitched B cells. Statistical analysis was performed using Mann–Whitney test.





Alteration of Monocyte Subsets in VKH Patients

Monocytes have been considered as the precursors of tissue macrophages and monocyte derived DC in periphery. Increased number of monocytes was noted in VKH patients (Figure 1C). Therefore, we went on to examine the changes of monocyte subsets in the peripheral blood (Figure 5A) and concentration of cytokines related to monocyte in the plasma of VKH patients. We found that IL-8, which could be secreted by monocytes and other cells in the peripheral blood, was increased in VKH patients (Figure 5B). This result is consistent with the increased number of monocytes in VKH patients. Moreover, the numbers of classical, non-classical and CD56+ monocytes were all significantly increased in VKH patients as compared to HCs (Figures 5C–E). However, both the proportion and number of intermediate monocytes were not statistically different between these two groups (Figure S4D).




Figure 5 | Changes of monocyte subsets in VKH patients compared with healthy controls. (A) Gating strategy used for the characterization of monocyte subsets. (B) Plasma level of IL-8 (pg/ml) of HCs and VKH patients. The absolute number and proportion of (C) classical monocytes, (D) non-classical monocytes and (E) CD56+ monocytes. Statistical analysis was performed using Mann–Whitney test.





GC Treatment Influences White Blood Cells in VKH Patients

Previous studies have found that treating healthy subjects with high dose of GC (400 mg) resulted in transient neutrophil demargination and a decrease in circulating lymphocytes peaking at 4 hours post treatment (37). In our study, we examined the changes of leukocyte subpopulations in VKH patients after GC therapy for seven consecutive days. The total number of white blood cells in peripheral blood of patients was increased after GC therapy (Figure 6A), which was mainly ascribed to the increase of granulocytes, the most abundant leukocytes in human peripheral blood (Figure 6B). The average number of total monocytes was increased from 3 × 105 to 5 × 105 after GC treatment (Figure 6C). In contrast, the number of total lymphocytes did not change significantly, whereas the percentage of lymphocytes decreased after treatment (Figure 6D). When lymphocyte subsets were compared, the proportion of T cells and NK cells were decreased (Figures 6E, F), whereas B cells and NKT cells did not change significantly in response to GC treatment (Figures S5A, B). In together, our results indicated that GC treatment resulted in increased numbers of monocytes and granulocytes, but decreased proportions of T cells and NK cells in VKH patients.




Figure 6 | Changes of white blood cells in acute VKH patients before and after GC treatment (n = 16). (A) Changes in the total number of white blood cells. The absolute number and proportion of granulocytes (B), monocytes (C), lymphocytes (D), T cells (E) and NK cells (F). Statistical analysis was performed using Wilcoxon test.





GC Treatment Inhibits the Activation of NK Cells and the Differentiation of T Cells

In order to determine the effects of GC therapy on cell activation, we next analyzed the activation and inhibition markers on the surface of T cells and NK cells. Although NKp46+ NK, HLA-DR+ T, HLA-DR+ Th, HLA-DR+ Tc, NKG2D+ T, NKp46+ T and Treg cells did not show any significant changes (Figures S6A–G), the percentage of NKG2D+ NK cells was decreased significantly after GC therapy (Figure 7A), indicating that GC therapy inhibits the activation of NK cells. We also compared the content of various cytokines in the plasma of VKH patients before and after GC therapy (Table 4), and found that CCL22, one of the chemokines with the potential to recruit Tregs, was decreased after GC treatment (Figure 7B). Next, we focused on cytokine profile-defined T cell subsets, GC treatment did not change both the absolute numbers and relative frequencies of Th1, Th2, Th17, IFN-γ+ Tc, IL-4+ Tc and IL-17+ Tc subsets (Figures S7A–F). When T cell differentiation status was examined, the relative frequencies of CD4+ TN, TCM (within both CD4+ and CD8+ T cell compartments) and CD8+ TEM cells changed significantly after GC therapy (Figures S8A–C). TCM/TEM ratio has been used to reflect the differentiation status of T cells (38), We therefore compared this parameter before and after GC treatment and found a highly significant increase (P = 0.0004) of the TCM/TEM ratio among CD8+ T cells after GC treatment (Figure 7C).




Figure 7 | Assessment of the activation status of NK cells and the differentiation status of T cells in VKH patients before and after GC treatment. (A) The absolute number and proportion of NKG2D+ NK cells. (B) plasma level of CCL22 (pg/ml) in HCs and VKH patients. (C) The TCM/TEM ratio of CD8+ T cells. Statistical analysis was performed using Wilcoxon test.




Table 4 | Comparison of plasma cytokines in VKH patients before and after GC treatment.





GC Treatment Affects the Distribution of Monocyte Subsets in VKH Patients

After GC treatment, the proportions of the three monocyte subsets defined by the expression of CD14 and CD16 were significantly altered (Figure 8A). Both the proportion and absolute number of CD14++CD16− classical subset were increased (Figure 8B), whereas the proportion of CD14++CD16+ intermediate subset, and the proportion and absolute number of CD14+CD16+ non-classical subset were decreased (Figures 8C, D). Interestingly, the newly defined CD14+CD56+ monocyte subset were significantly increased after GC treatment in terms of both relative frequency and absolute number (Figure 8E), indicating that this monocyte subset might play a role in the remission of VKH. Additionally, we examined the concentration of cytokines related to monocyte in the plasma of VKH patients before and after GC treatment, and found that CCL2, a chemokine with the potential to recruit monocyte and T cell to the sites of inflammation induced by either tissue injury or infection (39), were also decreased after GC treatment. In addition, IL-10, a regulatory cytokine secreted by monocyte and Treg, was decreased after GC treatment as well, however, plasma IL-10 levels were extremely low in both groups and the biological meaning of this difference is questionable (Figures 8F, G). Therefore, whether IL-10 and CCL2 are involved in the function of CD14+CD56+ monocytes in GC treatment of VKH patients warrants further investigations.




Figure 8 | Changes of monocyte subsets in VKH patients before and after GC treatment. (A) Monocyte subsets in a VKH patient before and after GC treatment. The absolute number and proportion of classical monocytes (B), intermediate monocytes (C), non-classical monocytes (D) and (E) CD56+ monocytes. Statistical analysis was performed using Wilcoxon test. Plasma levels of IL-10 (F) andCCL2 (pg/ml) (G) in VKH patients before and after GC treatment.





GC Treatment Affects the Proliferation, Activation, Differentiation and Migration of Immune Cells at the Transcriptomic Level

To further interrogate the effects of GC treatment on peripheral immune cells in the context of VKH, we analyzed transcriptomic changes in peripheral blood from healthy controls and VKH patients before and after GC treatment. For this purpose, peripheral blood samples were collected from HCs, as well as patients before and after GC treatment for one week (seven samples per group). Transcriptomic profiles of these samples were examined by RNA sequencing. Our RNA-seq analysis revealed 1268 differentially expressed genes (DEGs), of which 676 genes were upregulated and 592 genes were downregulated in VKH patients compared to healthy controls (P < 0.05) (Figure 9A). NK cell-related genes in VKH patients were significantly downregulated, which is in agreement with our finding by flow cytometry that the percentage of CD56+ NK cells was significantly reduced in the VKH patients (Figure 1E). However, genes that are associated with NK cell activation (e.g., SH2D1B and KLRF1) and inhibition (e.g., KIR2DL3 and KIR3DL2) were both reduced, suggesting the complex role of NK cells in the pathogenesis of VKH diseases. In addition, BOK, the gene related to apoptosis, was down-regulated, and genes related to inflammation (e.g., SLPI and VNN1) were upregulated in VKH patients (Figure 9B).




Figure 9 | Gene expression in the peripheral blood from VKH patients before (before, n=7) and after (after, n=7) GC treatment for one week, as well as healthy controls (HC, n=7). (A) Volcano plots illustrating the differential RNA expression levels between VKH patients and healthy controls. (B) Heatmap shows differentially expressed genes in VKH patients and HCs. (C) Volcano plots illustrating the differential RNA expression levels between patients before and after GC treatment. Functional enrichment analysis revealing differentially expressed genes in VKH patients before and after GC by KEGG (D) and GO enrichment (E). (F) Genes up-regulated in VKH and down-regulated after GC therapy. (G) Genes down-regulated in VKH and up-regulated after GC therapy. (H) Violin plot of NOS3 expression in HCs, VKH patients before and after GC treatment.



Differential gene expression analysis of VKH patients before and after GC treatment revealed that 1925 genes were upregulated and 2015 genes were downregulated with P value less than 0.05 after GC treatment (Figure 9C). GO enrichment analysis showed that genes associated with lymphocyte (especially T cell) activation and differentiation were downregulated (Figure 9D). KEGG enrichment analysis of the differential genes revealed that gene modules associated with Th1, Th2 and Th17 cell differentiation, as well as ‘chemokines and chemokine receptor interaction’ were all downregulated (Figure 9E). Therefore, these results indicated that GC treatment might counteract VKH disease through inhibiting T cell activation, differentiation and cytokine/chemokine interaction, which is consistent with our results that the total number of T cells, the number and proportion of activated T cells were increased in the peripheral blood of VKH patients (Figure 1C and Figures 2A–E). GO pathway analysis also revealed that genes associated with granulocyte activation and degranulation were mostly upregulated after GC therapy, which is consistent with the increased number of granulocytes after GC therapy found by flow cytometry (Figure S9A). In addition, KEGG analysis indicated that pathways associated with apoptosis were upregulated after GC therapy (Figure S9B). Together, these results demonstrated that GC treatment of VKH may function through inhibiting the activation, proliferation and differentiation, and promoting the apoptosis of immune cells.

In order to identify the key genes that contribute to both the occurrence of VKH and the effects of GC treatment, we performed integrated analysis of DEGs in all three groups. We found that 66 genes were upregulated in VKH patients but downregulated after GC therapy (Figure 9F), and 40 genes were downregulated in VKH patients but upregulated after GC therapy (Figure 9G). Among these 106 genes, a key gene NOS3 (Nitric oxide synthase), which plays crucial roles in regulating vascular tone, cellular proliferation, leukocyte adhesion and platelet aggregation through production of NO in the vascular endothelium (40), was elevated in VKH patients and can be reduced after GC therapy (Figure 9H), suggesting the dysregulated inflammatory response in VKH patients, and the anti-inflammatory effect of GC treatment in VKH.




Discussion

VKH is a complex disease involving multiple interactions between different immune cell populations. Although much effort has been made in elucidating the pathogenesis of VKH (3), the role of different leukocytes in this disease remains incompletely understood. In addition, despite the widely use of GCs in clinical management of VKH, the specific anti-inflammatory effects of GCs (i.e. MP) on different cellular compartments in VKH disease are yet to be defined. In this observational study, we performed a comprehensive analysis of the peripheral immune system in VKH patients before and after GC treatment. Our analysis included the subsets of T lymphocytes, NK cells, B cells, monocytes and granulocytes, as well as the functional potential of these cell subsets. The major findings of this study are presented as follows: Firstly, VKH patients harbor a dysregulated lymphocyte compartment in peripheral blood, including higher numbers of T cells, unswitched memory B cells and monocytes, as compared to healthy controls. Secondly, peripheral T cells from VKH patients are more activated, polarized and differentiated than those from HCs. Thirdly, leukocytes from VKH patients are generally more inflammatory and less prone to apoptosis than those from HCs, as indicated by transcriptomic analysis. Finally, GC treatment is not only able to inhibit the activation of NK cells and the differentiation of T cells, but also capable of polarizing monocytes toward an inhibitory phenotype, thereby counteracting the pathogenic immune response in VKH.

Dysregulated T cell compartment has been well-recognized as a prominent feature of multiple autoimmune diseases including VKH. Increased numbers of activated T lymphocytes have been reported in patients with active uveitis (41, 42), and polarized Th1 and/or Th17 lymphocytes are thought to play a major role in the pathogenesis of VKH (9, 33, 34). In our study, total T cells are elevated in VKH patients, and the percentages of CD4+HLA-DR+, CD8+HLA-DR+ and NKG2D+ T cells are significantly higher in VKH patients than that in HCs, elaborating previous findings that activated T cells play a pathogenic role in VKH. With regard to T cell polarization, the number of Th1 cells in VKH patients is only slightly higher than in controls, and the difference was not significant. However, we do notice an increase in the number of IFN-γ-secreting CD8+ T cells, suggesting that T cells from patients with VKH disease are apt to produce IFN-γ, thereby promoting inflammation. Upon antigen challenge, naïve T cells further differentiate into central memory T cells (TCM), which home to T cell areas of secondary lymphoid organs and have little effector function, but are able to readily proliferate and differentiate to effector cells in response to antigenic stimulation, and effector memory T cells (TEM) that migrate to inflamed peripheral tissues and display immediate effector function. Another memory T cell subset in human, TEMRA cells, which express CD45RA but lack CCR7 expression, is also thought to be able to exert rapid effector function (43). Our results demonstrated a significant increase in the percentage of TEMRA and CD4+ TEM cells in VKH patients. Furthermore, after GC treatment, we found that CD8+ TCM was increased while CD8+ TEM was decreased, which resulted in an increased ratio of TCM/TEM, suggesting that T cells are more differentiated in VKH, and switch to a relatively static memory state from an activated state upon GC treatment.

Regarding the changes of peripheral Tregs (e.g., number, frequency and functionality) in autoimmunity, conflicting results have been reported in a variety of autoimmune diseases, including type 1 diabetes, multiple sclerosis, systemic lupus erythematosus (SLE), myasthenia gravis, rheumatoid arthritis (RA) (44–47). In this study, we observed that the number of CD4+CD127-CD25++ Tregs was increased, accompanied by elevated plasma levels of chemokines and cytokines that recruit and induce differentiation of Tregs, such as CCL17 and TGF-β. Moreover, CCL22, another chemokine with the potential to recruit Tregs, was decreased after GC treatment. The increase of Tregs in VKH is somewhat counterintuitive given the well-established protective role of these cells in autoimmunity. Several interpretations could be applied to these results: Firstly, the number of peripheral Tregs is simply not reflective of that of tissue Tregs, which are more related to autoimmunity. Secondly, in addition to CD4, CD127 and CD25, other markers are needed to identify functional subsets of Tregs, especially those autoimmune-protective Treg subsets. Finally, the increased number of these cells in VKH patients may simply reflect a compensatory response of our immune system in an effort to maintain immune homeostasis but unfortunately fail to control the inflammatory response (48), either due to the still limited numbers or their potential functional impairment. In support of the latter notion, recent reports have demonstrated that APCs from patients with autoimmune diseases (such as RA) could inhibit the function of Tregs in their peripheral blood, suggesting that APCs (e.g., monocytes, will discuss later) may be critical for secondary Treg cell dysfunction in autoimmune patients (49).

B lymphocytes could contribute to the pathogenesis of autoimmune diseases by producing autoantibodies and/or through acting as APCs (50). B cell infiltration was found in uveal tissues obtained from two patients with VKH, indicating its involvement in VKH (51). Here we found that peripheral B cells were increased in VKH patients, further support the pathogenic role of B cells in VKH. Moreover, among all B cell subsets, IgD+CD27+ B cell was the most increased subset. As a typical memory B cell subset, IgD+CD27+ B cell has key features of enhanced responsiveness, metabolism, proliferation, as well as a propensity to differentiate into plasmablast, together arguing for these cells being antigen-experienced. In various functional activation assays, the IgD+CD27+ B cells showed a higher and faster reactivity than naïve B cells (52). Thus, the increase of IgD+CD27+ memory B cells may suggest a prominent role of memory B cells in the pathogenesis of VKH. However, we did not find significant changes of B cell subsets after GC treatment (Figures S10A–E). It’s likely that GC treatment may not be able to counteract the dysregulation of B cell subsets, although B cells express the glucocorticoid receptor throughout development and GC therapy has been effective in treating autoimmune diseases in which antibody contributes to pathology, such as rheumatoid arthritis (53).

With both regulatory and promoting effects, NK cells seem to act as a two-edged weapon in autoimmune disorders. On the one hand, decreased NK cell frequency and impaired NK cell cytotoxicity were observed in a variety of autoimmune diseases (e.g., systemic juvenile rheumatoid arthritis, SLE, psoriasis and Graves’ disease), implying a protective role of NK cells in controlling autoimmunity (54, 55). NK cells may limit autoimmune responses by inhibiting the proliferation and activation of auto-reactive T lymphocytes, and hampering the activation of monocytes. Accordingly, deficiency or decreased NK cell activity might result in sustained activation of auto-reactive T cell and increased monocytes, thus aggravate inflammatory responses and tissue injury. On the other hand, NK cells also have deleterious roles in the pathogenesis of autoimmune diseases. Increasing evidence has demonstrated that NK cells may participate in nearly all steps in the pathogenesis of autoimmunity, including direct killing, leading to the release of self-antigens, priming T cell activation at the initial and late stages, and finally resulting in tissue destruction (56). In this study, the proportion of NK cells was decreased, accompanied by the downregulation of NK cell-related genes in VKH patients, supporting the overall regulatory role of NK cells in VKH, and the decrease of these cells may result in sustained activation of autoimmune T cells. However, NKG2D+ NK cells were decreased after GC treatment, suggesting the complex role of NK cells in VKH. NKG2D+ NK cells may represent a pro-inflammatory NK cell subset, which could be eliminated by GC treatment.

It has been well-established that GCs increase bone marrow-derived granulocytes in the blood stream. This effect is utilized clinically to combat granulocytopenia, usually in combination with G-CSF (57). In this study, GC treatment resulted in elevated neutrophils in VKH patients, which is in agreement with previous reports. The increased number of peripheral neutrophils in response to GC treatment could result from the release of these cells from marginal pool to circulation. In fact, it has been reported that GCs could suppress cell adhesion via reducing L-selectin expression in PMNs and E-and P-selectin in endothelial cells (58, 59). This notion is further supported by our transcriptomic analysis in which the upregulated expression of genes related to granulocytes, and the decreased expression of cell adhesion molecules were simultaneously observed following GC treatment. Similar mechanisms could also be used to explain the changes of blood monocytes in VKH patients after GC treatment.

Monocytes are rapidly mobilized in large numbers to inflamed sites, where they exert both T cell-dependent function through antigen presentation, and T cell-independent effects such as phagocytic activity as well as secretion of pro-inflammatory cytokines and chemokines. The three major monocyte subsets had differential functional properties (12). Classical monocytes are particularly potent in phagocytosis and resisting bacterial infection, intermediate monocytes are more capable of antigen presentation and stimulating T cell differentiation, whereas non-classical monocytes are specialized in patrolling blood vessels, resisting viruses and stimulating T cell proliferation (12, 60). In contrast to these three major monocyte subsets, the function of the newly identified human CD14+CD56+ monocytes remains undefined, despite increased number of these cells found in certain pathological conditions, such as Crohn’s disease and rheumatoid arthritis (21, 23). In this study, peripheral monocytes, especially classical monocytes and CD56+ monocytes were expanded in VKH patients. Intermediate and non-classical monocytes are also showing a tendency to increase in VKH patients. These findings suggest that the overall effect of peripheral monocytes in VKH patients may be pro-inflammatory. Furthermore, IL-8, a chemokine produced by multiple cell types including peripheral monocytes, was upregulated in VKH patients. IL-8 is the primary cytokine involved in the recruitment of neutrophils to the site of damage or infection and plays important roles in the ocular inflammation and inducing ocular angiogenesis in any parts of the eyes (61). This result suggests that IL-8 may be responsible for the overall pro-inflammatory effect of monocytes in VKH.

Widely used in clinic practice to contain inflammation-related diseases, GCs are well-recognized as an anti-inflammatory agent. With regard to monocytes, GC treatment not just suppresses the pro-inflammatory properties of monocytes but rather induces a distinct functional phenotype. Transcriptomic analysis found that GC-treated monocytes are able to limit tissue damage by improving the anti-oxidative properties and increasing the capacity for phagocytosis in response to pro-inflammatory stimuli (e.g., microbial agents, particles, and cellular debris) (62). Our data elaborate this finding at the cellular level, indicating that GC treatment results in significantly increased number of classical monocytes that have strong phagocytic capacity, accompanied by the decreased proportion of intermediate and non-classical monocytes which possess stronger antigen presentation capacity. These results are in agreement with previous in vivo studies in healthy individuals and patients with certain autoimmune disorders (63), but are contradictory to the findings by the Nussenblatt group, which showed that the proportion of intermediate monocytes are increased in uveitis patients received GC therapy, and after in vitro treatment of purified monocytes with dexamethasone (64). However, the in vivo short-term effect of GCs on monocyte subsets observed by us and others may be different from the long-term effect of GCs described by the Nussenblatt group. In addition, in vitro treatment of purified monocyte or monocyte subsets with GCs may not faithfully recapitulate what happened in vivo, in which multiple cell types and cell-cell interactions are all subject to the regulation of GCs, and the combined effects could be fundamentally different. Our finding that GC treatment resulted in a further increase of the already expanded CD56+ monocytes in VKH patients is not reported in the literature, to the best of our knowledge. It is possible that these cells are regulatory and are increased in VKH patients in an effort to inhibit exaggerated inflammatory response, while in response to GC treatment, these cells quickly improve their quantity and quality, thereby contributing to the successful control of VKH. However, the exact functional properties of CD56+ monocytes and underlying mechanisms of their response to GC treatment in VKH require further investigations.

NOS3 is one of the several forms of nitric oxide synthase, which catalyzes the formation of nitric oxide (NO). It has been already known that NO is synthesized by many cell types that are involved in immune responses and inflammatory reactions (40), but the role of NO in immune diseases and inflammation is still unclear. It has been reported that the increased serum nitrite (NO surrogate) in patients suffering from active RA is associated with disease activity, inflammatory cytokines, and endothelial function (65). As demonstrated by our RNA-Seq results, NOS3 was increased in VKH patients, but decreased after GC treatment, indicating that the concentration of nitrite in peripheral blood may be related to VKH activity, and the measurement of nitrite could be a diagnostic and prognostic candidate for the management of VKH patients.

In conclusion, the comprehensive analysis of blood leukocytes from VKH patients and HCs described in this study reveals a perturbation of the lymphocyte compartment in VKH, exemplified by the increased activation and proliferation of T cells in VKH patients. GC therapy not only affects the proliferation and apoptosis of lymphocytes, especially T cells, but also affects the distribution of monocyte subsets. Our results also indicate that CD56+ monocytes may be involved in the remission of inflammatory autoimmune diseases such as VKH, suggesting that this monocyte subset could represent a potentially useful cellular therapeutic target in certain inflammatory diseases, especially when patients have strong side effects in response to GC therapy.
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A Corrigendum on 


Immune Phenotyping of Patients With Acute Vogt-Koyanagi-Harada Syndrome Before and After Glucocorticoids Therapy 
By Jiang H, Li Z, Yu L, Zhang Y, Zhou L, Wu J, Yuan J, Han M, Xu T, He J, Wang S, Yu C, Pan S, Wu M, Liu H, Zeng H, Song Z, Wang Q, Qu S, Zhang J, Huang Y and Han J (2021). Front. Immunol. 12:659150. doi: 10.3389/fimmu.2021.659150


In the original article, there was a mistake in Figure 3 as published. For the left panel of Figure 3B, the label of the y-axis should be ‘% of Tc’ instead of ‘% of Th’. The corrected Figure 3 appears below.




Figure 3 | Comparison of T cell subsets defined by cytokine profile and differential status between VKH patients and healthy controls. (A) Gating strategy used for T cell classification. (B) The absolute number and proportion of IFN-γ+ CD8+ T cell. (C) The absolute number and proportion of Treg. (D) plasma levels of CCL17 and TGF-β1 (pg/ml) of HCs and VKH patients. (E) The absolute number and proportion of TEM in total T cells, CD4+ T and CD8+ T cells in HCs and VKH patients. (F) The absolute number and proportion of TEMRA in total T cells, CD4+ T and CD8+ T in HCs and VKH patients. Statistical analysis was performed using Mann–Whitney test. Treg, regulatory T cells; TN, naïve T cells; TCM, central memory T cells; TEM, effector memory T cells; TEMRA, CD45RA+ effector memory T cells.



In the original article, there was another error. In the Results section, ‘serum IL-10 levels’ should be changed to ‘plasma IL-10 levels’.

A correction has been made to Results, GC Treatment Affects the Distribution of Monocyte Subsets in VKH Patients:

‘After GC treatment, the proportions of the three monocyte subsets defined by the expression of CD14 and CD16 were significantly altered (Figure 8A). Both the proportion and absolute number of CD14++CD16− classical subset were increased (Figure 8B), whereas the proportion of CD14++CD16+ intermediate subset, and the proportion and absolute number of CD14+CD16+ non-classical subset were decreased (Figures 8C, D). Interestingly, the newly defined CD14+CD56+ monocyte subset were significantly increased after GC treatment in terms of both relative frequency and absolute number (Figure 8E), indicating that this monocyte subset might play a role in the remission of VKH. Additionally, we examined the concentration of cytokines related to monocyte in the plasma of VKH patients before and after GC treatment, and found that CCL2, a chemokine with the potential to recruit monocyte and T cell to the sites of inflammation induced by either tissue injury or infection (39), were also decreased after GC treatment. In addition, IL-10, a regulatory cytokine secreted by monocyte and Treg, was decreased after GC treatment as well, however, plasma IL-10 levels were extremely low in both groups and the biological meaning of this difference is questionable (Figures 8F, G). Therefore, whether IL-10 and CCL2 are involved in the function of CD14+CD56+ monocytes in GC treatment of VKH patients warrants further investigations.’

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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The profound impact that vision loss has on human activities and quality of life necessitates understanding the etiology of potentially blinding diseases and their clinical management. The unique anatomic features of the eye and its sequestration from peripheral immune system also provides a framework for studying other diseases in immune privileged sites and validating basic immunological principles. Thus, early studies of intraocular inflammatory diseases (uveitis) were at the forefront of research on organ transplantation. These studies laid the groundwork for foundational discoveries on how immune system distinguishes self from non-self and established current concepts of acquired immune tolerance and autoimmunity. Our charge in this review is to examine how advances in molecular cell biology and immunology over the past 3 decades have contributed to the understanding of mechanisms that underlie immunopathogenesis of uveitis. Particular emphasis is on how advances in biotechnology have been leveraged in developing biologics and cell-based immunotherapies for uveitis and other neuroinflammatory diseases.
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Introduction

The vertebrate immune system is comprised of the adaptive and innate immune systems and the two limbs have unique as well as overlapping functions that are seamlessly integrated (1). During antigen priming in secondary lymphoid or peripheral tissues, innate immune cells such as dendritic cells (DC) secrete cytokines that instruct the naïve lymphocyte to differentiate and generate effector lymphocyte subsets that orchestrate humoral or cell-mediated immunity to pathogens (2). The immense capacity of lymphocyte response to diverse antigens derives from diversity of their cell surface antigen receptors and a critical function of the immune system is to establish tolerance against self-antigens while allowing selective immunity to pathogens (3, 4). Thus, exuberant effector immune responses that cause pathogenic autoimmunity are restrained or prevented by specialized regulatory cells that secrete immune-suppressive cytokines (5). Defects in central and/or peripheral tolerance mechanisms can result in autoimmune diseases such as uveitis, the focus of this review. Uveitis is a group of potentially blinding intraocular inflammatory diseases of infectious or autoimmune etiology and accounts for more than 10% of severe visual handicaps in the United States (6, 7). Although steroids and other anti-inflammatory drugs are effective therapies, renal toxicity and other adverse effects preclude their prolonged usage. Development of effective and safe therapies thus requires a better understanding of molecular and cellular mechanisms that maintain ocular immunity and how dysregulation of these pathways contribute to pathogenesis of uveitis. In this review, we highlight recent advances in understanding of mechanisms that underlie susceptibility to uveitis and summarize emerging therapeutic approaches that show promise in suppressing ocular inflammation and uveitis.



The Vertebrate Eye

The eye is segregated from the peripheral immune system and is arguably one of the most anatomically complex organs in mammals (Figure 1). It is composed of: (i) the outer coat of the eye comprised of the opaque sclera (outer white layer of the eyeball) and the transparent cornea which is a continuation of the sclera; (ii) The retinal pigment epithelium (RPE) is a single layer of hexagonal pigmented cells overlying the retina and attached to the underlying choroid. It functions in phagocytosis of photoreceptor outer segment membranes, light absorption, epithelial transport and nourishment of visual cells of the neuroretina. (iii) The Mueller/Glia cell is a specialized glial cell type that supports and supplies nutrients and oxygen to retinal neurons and serves in maintaining the functional stability of retinal cells. The Mueller cell also insulates neurons from each other, uptakes neurotransmitters and regulates the extracellular environment. (iv) The uvea is the pigmented middle layer of the eye beneath the cornea and sclera and is comprised of the vascularized choroid, iris and ciliary body. It performs most visual functions of the eye including focusing on objects at various distances to the retina and changing the pupil size in response to light intensity. (v) The neural retina is the innermost, light-sensitive layer consisting of five types of neurons that receive photons transmitted through the cornea and lens. It consists of the photosensitive ganglion cells, amacrine cells, bipolar cells, horizontal cells and photoreceptors (rods and cones). They generate two-dimensional image of an object and converts it to electrical signals that are then transduced to the brain to create visual perception. The embryonic vertebrate retina and optic nerve derive from the diencephalon of the developing brain and are considered part of the CNS. Similar to brain, the retina is an immune privileged tissue.




Figure 1 | Structure of the Vertebrate Eye. The eye is composed of: (i) the outer tunic of the eye comprised of the sclera and cornea (ii) the uvea comprised of the choroid, the iris and the ciliary body; (iii) the neural retina comprised of five types of neurons (ganglion cell, amacrine cells, bipolar cells, horizontal cells and photoreceptors (rods and cones); (iv) Muller cell; (v) RPE.





The Eye as an Immune Privileged Site

Developments in ocular immunology led to appreciation of the special relationship between the eye and the immune system and this foundational research led to our current concept of immune privilege. Sir Peter Medawar who shared the 1960 Nobel Prize in physiology and medicine with Sir Frank Macfarlane Burnet coined the term “Immune Privilege” based on studies showing that tumor or skin allograft when placed in the anterior chamber of the eye is not rejected (8). Immune privilege was then viewed as a unique feature of the eye and failure to reject an allograft or alloantigen was attributed to the lack of blood vessels in retina (9). A modern explanation of immune privilege is that proteins in immune privileged tissues of the CNS are sequestrated from the peripheral immune system by the blood-retina barrier (BRB), blood-brain-barrier (BBB) and the neurovascular unit (NVU) comprised of pericytes, perivascular macrophages, neuronal dendrites, glia limitans of the Müler/microglia and tightly bound endothelial cells that surround the NVU (10, 11). The avascular immunosuppressive environment of the retina lacks lymphatic drainage, contains resident regulatory cells that secrete neuropeptides and anti-inflammatory cytokines and also contributes to immunological sequestration of the retina (10). In addition, the RPE and resident retinal cells that express inhibitory cell surface associated proteins (TGF-β, FAS/FAS ligand, CD46 and CD59) limit inflammation in the retina by inactivating lymphocytes (12–14). Normal development of the gut microbiome during early infancy is now recognized to play important roles in establishing the BBB or BRB (15) and studies in mice with defective gut microbiome have established a link between dysbiosis and susceptibility to inflammatory diseases including, acute anterior uveitis (AAU) (16, 17). Despite these safeguards, intense and persistent inflammation can still overwhelm the multilayered barriers and peripheral tolerance mechanisms that maintain immune privilege. Th17 cells play important roles of in early events that initiate pathogenesis of inflammatory diseases (18–20). They produce granzyme B that promotes disruption of the BBB and initiate CNS autoimmune diseases including multiple sclerosis and experimental autoimmune encephalomyelitis (EAE) (21). Similar to other CNS autoimmune diseases, adoptive transfer studies have shown that as few as 1x107 uveitogenic Th1 and Th17 cells also promote breakdown of the BRB and the retinal NVU, resulting in the recruitment of bystander lymphocytes and myeloid cells that exacerbate uveitis (20). However, individuals with intact immune system eventually re-establish immune privilege via induction of regulatory T cells (Tregs, Tr1, Tr3) and B cells (Bregs) that secrete immune-suppressive cytokines in the retina and lymphoid tissues.



Human Uveitis

CNS inflammatory diseases present unique challenges because the need to eliminate a pathogen is as important as avoiding exuberant inflammatory response associated with photoreceptor cell deficit and development of severe uveitis. A cross-sectional study in California documented an incidence rate of 25.6 /100,000 person-years and prevalence rate of 69 cases/100,000 persons (22). However, infectious uveitis accounts for less than 20% of uveitis/scleritis, with incidence rate of 18.9/100,000 and prevalence of 60.6/100,000 persons (23). Uveitis is classified as anterior, intermediate, posterior or pan uveitis depending on the anatomic location (24). Anterior segment uveitis is the most common form and manifests as iritis or iridocyclitis while Intermediate uveitis is characterized by vitritis and peripheral retinal vasculitis. Posterior uveitis is a disease of the posterior segment (retina, choroid and vitreous) and symptoms include blurred vision, photophobia, retinal neovascularization, retinal detachment and macular edema. Although the precise etiology of most uveitis is difficult to ascertain, Fuchs’ heterochromic iridocyclitis, birdshot retinochoroidopathy, multifocal choroiditis, pars planitis and sympathetic ophthalmia are thought to be of autoimmune etiology (24). Uveitis can also be associated with systemic diseases such as sarcoidosis, psoriatic arthritis, ankylosing spondylitis, juvenile rheumatoid arthritis (JRA), MS, Vogt-Koyanagi-Harada’s disease, Behçet’s disease, systemic lupus erythematosus (SLE) and collagen vascular diseases (24).



Animal Models of Uveitis

Animal models of human uveitis have contributed to understanding of immunopathogenic mechanisms of uveitis. Two of the best characterized models of anterior uveitis are endotoxin-induced uveitis (EIU) (25) and experimental autoimmune anterior uveitis (EAAU), also called experimental melanin-induced uveitis (EMIU) (26, 27). Posterior uveitis poses the greatest risk of blindness and the best characterized model of posterior uveitis is experimental autoimmune uveitis (EAU) (28–30). Study of EAU using a variety of genetically modified mouse strains have identified critical pathways that mediate posterior uveitis. These studies have identified transcription factors (STAT3, IRF4, IRF8), regulatory proteins (SOCS1, SOCS3) or cytokine signaling pathways that regulate EAU and can serve as potential therapeutic targets for ameliorating uveitis (20, 31–35). Of particular interest is a transgenic mouse strain expressing a TCR specific for IRBP161−180 that develops spontaneous ocular autoimmunity. Analysis of EAU in these mice has revealed that gut commensals might be a source of signals that prime autoreactive retina-specific T cells to trigger uveitis (36).


Experimental Models of Anterior Uveitis

Endotoxin-induced uveitis (EIU) is a rodent model of acute anterior segment inflammation induced by subcutaneous or intraperitoneal injection of lipopolysaccharide (LPS) and is characterized by infiltration of inflammatory cells into the anterior segment (37). Although EIU exhibits immunohistopathologic features of human anterior uveitis, duration of the inflammatory response is relatively short (< 72h) and does not cause lasting tissue damage (37). On the other hand, EAAU is induced by peripheral administration of proteins bound to melanin granules and the inflammatory response is more representative of human anterior uveitis (26, 27, 38). EAAU is characterized by massive infiltration of mononuclear and polymorphonuclear cells into the anterior chamber, iris and ciliary body vessels, with limited posterior segment involvement. Although none of these models manifest full spectrum of clinical and histopathological features of human uveitis, each contributes to understanding of particular aspects of the disease process.



Experimental Autoimmune Uveitis: Model of Posterior Uveitis

Experimental autoimmune uveitis (EAU) is a T-cell-mediated intraocular inflammatory disease induced in susceptible species by active immunization with ocular-specific proteins or peptides in an emulsion containing Complete Freund’s Adjuvant (CFA). Full-blown disease requires coadministration of pertussis toxin and heat-killed tuberculosis bacteria, which activate bacterial pattern recognition receptors on innate immune cells (28). Commonly used retinal protein for inducing EAU in mice and rats are S-Antigen (S-Ag or arrestin) and interphotoreceptor retinoid-binding protein (IRBP) (39, 40). EAU is considered a useful model of posterior uveitis because of its immunopathologic features that include iritis, choroiditis, vitritis, retinal vasculitis, destruction of photoreceptor cells and retinal edema (20). The disease is transferable to naive syngeneic animals by injection of in vitro activated CD4+ T cells specific to retinal antigens (28–30).




Cellular and Molecular Mechanisms That Determine Susceptibility or Resistance to Uveitis

Although lymphocytes from uveitis patients respond to retinal S-Ag in vitro and a number of retinal antigens induce disease in rodents and non-human primates, the putative retinal antigens involved in human uveitis have not been defined. On the other hand, it has been suggested that the response to S-Ag might be secondary to retinal tissue damage induced by inflammation. Nevertheless, animal models of uveitis exhibit essential immunopathogenic features of human uveitis. In this section of the review, we summarize what we know of the molecular pathogenesis of uveitis with particular focus on: molecular basis of susceptibility to autoimmune uveitis and source of the autoreactive memory T cells that mediate relapsing-remitting inflammation that characterize potentially blinding chronic uveitis.


Defects in Central Tolerance Mechanism and Susceptibility to Uveitis

The mature T lymphocyte derives from bone marrow hematopoietic stem cells (HSC) and acquires capacity to mediate immunological responses following maturation in the thymus. At very early stages of its development, bone marrow-derived lymphoid-primed multipotent progenitor (LMPP) and common lymphoid progenitor (CLP) enter the thymic cortex and undergo positive and negative selection processes (central tolerance) that endows the developing T cell with the capacity to discriminate between self and non-self-antigens (41, 42). T cells that express a functional TCR and develop tolerance for self-antigens encountered in the thymus exit the thymus to enter secondary lymphoid organs and the peripheral circulation (Figure 2). The AIRE transcription factor (autoimmune regulator) plays a critical role in central tolerance mechanism by promoting the expression of self-proteins on medullary thymic epithelial cells (mTEC) at levels detectable by the maturing T cells. T cells with very high affinity for cognate self-protein are eliminated because they pose danger of pathogenic autoimmunity (1, 43). However, some T cells that detect cognate antigens just below the threshold required for tolerance induction are not eliminated and these renegade autoreactive T cells are thought to be the cause of organ-specific autoimmune diseases (44). In immune-competent hosts, these potentially autoreactive T cells are maintained at low levels by an immune-suppressive T cell subset that also develops in the thymus (45). These specialized Foxp3+ T cells are called natural regulatory T cells (nTregs) and they constitutively secrete IL-10, an immune-suppressive cytokine that suppresses autoreactive T cells and inflammation (5). These nTregs also migrate from the thymus into peripheral tissues and play critical roles in peripheral tolerance.




Figure 2 | Immunopathogenic Mechanisms of experimental autoimmune uveitis (EAU). (A) Central tolerance mechanism: Bone marrow derived lymphoid-primed multipotent progenitors (LMPPs) and common lymphoid progenitors (CLPs) enter the thymus near the cortico-medullary junction. Thymus-settling progenitors cells give rise to early T cell progenitors (ETPs), double negative 1 (DN1), DN2 and DN3 thymocytes that then migrate to the subcapsular zone for further development (42). DN3 thymocytes that express functional pre-T cell receptor and CXCR4 receive survival signals that promote proliferation and eventual differentiate to DN4 and then double positive (DP) thymocytes. The DP thymocytes (CCR9Hi) undergoing positive selection interact with self-peptide/MHC complexes on cortical thymic epithelial cells, upregulate CCR7 and mature into single positive (SP) mature T cells that migrate to the thymic medulla (42). The medullary thymic epithelial cells (mTEC) in collaboration with the AIRE transcription factor (autoimmune regulator) in the medulla, promiscuously express tissue-restrictive antigens of major proteins in peripheral tissues. AIRE also contributes to mechanism of negative selection, which eliminates self-reactive T cells that would cause autoimmune diseases. T cells with normal low affinity/avidity recognition of self-antigens are induced to upregulate sphingosine-1-phosphate receptor 1 (S1P1), exit the thymus and enter the blood and peripheral lymphoid tissues. (B) Peripheral tolerance mechanisms mediated by nTregs render potentially autoreactive T cells anergic or “ignorant”. Naïve T cells that enter the circular or peripheral tissues differentiate to various T-helper subsets in response to PAMPs (pathogen associated molecular patterns) or molecular mimicry mechanism. During EAU, active immunization with ocular antigens (e.g. IRBP or S-Ag) in CFA emulsion induces clonal expansion of Th1 and Th17 resulting in disease by day 14-20 followed by Treg and Breg-mediated resolution of the acute inflammatory response between days 25-32 after disease induction. However, few autoreactive memory T cells expressing IL-7Rα persist and they eventually migrate to the bone marrow (BM) where they reside and can be reactivated to mediate recurrent uveitis. (C) Schematic representation of early events associated with loss of immune privilege of the eye and induction of retinal protective mechanism in rodent model of uveitis. Effector molecules such as Granzyme B and proinflammatory cytokines secreted by Th17 cells facilitate breakdown of blood retina barrier (BRB), resulting in the influx of other inflammatory cells such as Th1, Th2, and monocytes. The inflammatory cells entering the eye encounter hostile environment of the neuroretina consisting of anti-inflammatory molecules as well as regulatory T and B cells secreting IL-10 and/or IL-35. RPE, retinal pigment epithelium; OPN, optic nerve; CON, control retina; EAU, OCT image of mouse with uveitis.



A major contribution of ocular immunology and uveitis to our current understanding of the molecular basis of resistance or susceptibility to organ-specific autoimmune diseases derived from a series of EAU studies performed in the late nineties. Genetic and molecular studies of the thymus of mouse strains (B10RIII, B10A, C57BL/6 and BALB/c) and rat strains (Lewis and Brown-Norway) that vary in their relative susceptibility to EAU provided direct evidence that ocular proteins are not sequestered from the peripheral immune system and are accessible for tolerance induction in the thymus (43). These studies showed that ocular proteins are expressed in the thymus, but the level of expression varied even among animals of the same species including mice, rats and non-human primates (43, 46, 47). High level expression of ocular proteins (IRBP or S-Antigen) in the thymus correlated with resistance to EAU development while low levels correlated with susceptibility to uveitis. This observation was subsequently validated in a mouse model of PLP-induced EAE (48) and in human studies showing that transcription levels of the insulin gene in the thymus correlated with susceptibility to type 1 diabetes (49). This seminal discovery from EAU studies thus provided mechanistic explanation for differential susceptibility to autoimmune uveitis and suggested that resistance to uveitis is regulated at least in part by capacity to establish central tolerance to retinal autoantigens (43).



Pro-inflammatory T-Helper Cells Mediate Acute and Chronic Relapsing-Remitting Uveitis

Uveitis correlates with HLA class I or class II genes, with HLA-DR4 strongly associated with sympathetic ophthalmia or VKH while HLA-A29 is strongly associated with birdshot retinochoroidopathy (50, 51). On the other hand, HLA-B27 is strongly associated with anterior uveitis and patients with acute anterior uveitis and ankylosing spondylitis (52). Similar to humans, susceptibility of mice to uveitis is linked to certain genetic loci, with strong correlations to certain MHC class II haplotypes (53). Among mouse strains the most susceptible is B10.RIII with decreasing susceptibility: B10.RIII (H-2r)> B10.BR (H-2k) >C57BL/6 (H-2b) (53). However, the genetic influences of the MHC molecules are not the only predisposing factors.

The heterodimeric IL-12 family of cytokines play critical roles during Ag-presentation in developmental decisions of differentiating naïve lymphocytes and in determining the intensity, duration and nature of the inflammatory response (54). The family is comprised of IL-12 (IL-12p35/IL-12p40), IL-23 (IL-23p19/IL-12p40), IL-27 (IL-27p28/Ebi3), IL-35 (IL-12p35/Ebi3), and IL-39 (IL-23p19/Ebi3) (54, 55). Studies in the late nineties demonstrated that IL-12 skewed the uveitogenic T cell response towards the Th1 developmental pathway while IL-12p40-deficient mice were found to be resistant to EAU, leading to the suggestion that Th1 cells mediated EAU (56). Subsequent discovery of IL-23 that shares the IL-12p40 subunit with IL-12 led to appreciation of the role of IL-23 in several autoimmune diseases and eventual identification of the Th17 as the lymphocyte subset that mediated these diseases (19). IL-12 was subsequently shown to confer protection against EAU (57), leading to the revised conclusion that IL-23 rather than IL-12 is critical for the development of EAU induced by immunization with IRBP in CFA (58). Soon after the discovery of Th17, its role in EAU was established (59). This was confirmed by studies showing that mutant mice with targeted deletion of STAT3 in the CD4 T cell compartment do not develop EAU because their T cells cannot differentiate into Th17 cells (31). The EAU-resistant CD4-STAT3KO mice exhibited exaggerated increase of Th1 cells and elevated levels of IFN-γ, providing suggestive evidence that increase in Th1 cells does not cause EAU (31). Subsequent studies revealed that Th1 expansion during EAU antagonized Th17 responses through IFN-γ/STAT1-dependent expression of IL-27 cytokine, an immune-suppressive member of the IL-12 family (59). It is notable that involvement of Th17 cells in a human autoimmune disease was first demonstrated in study of uveitis and scleritis patients. Blood of patients with active uveitis or scleritis contained elevated levels of Th17 which correlated with increase in IL-2 (59).

Organ-specific CNS autoimmune diseases such as uveitis and multiple sclerosis are characterized by repeated cycles of remission and recurrent inflammation and it is not known where the auto-reactive memory T cells that initiate recurrent uveitis or MS reside during periods of disease remission. This age-old question was addressed in a chronic uveitis model by monitoring IRBP-specific autoreactive memory T cells (IL-7RαHighLy6CHighCD4+) for 6 months and showing that the uveitogenic T cells relocated from the retina and peripheral lymphoid tissues into the bone marrow (BM) (20) (Figure 2). The autoreactive memory T cells resided in a resting state in the BM and upon restimulation converted to Th17 effector cells (IL-7RαLowLy6CLowCD4+). It is notable that while BM cells from WT EAU mice transferred uveitis to naive mice, IRBP-specific autoreactive memory T cells of CD4-STAT3KO mice could not traffic to the BM and BM cells from the IRBP-immunized CD4-STAT3KO mice could not transfer EAU upon reactivation (20). These studies identified BM as a niche for IRBP-specific memory T cells that caused recurrent uveitis and suggested that BM stromal cells provide survival signals to autoreactive memory T cells through STAT3-dependent mechanisms (20). Taken together, analysis of mouse uveitis model and the blood of human uveitis patients identified roles of Th17 cells and STAT3 pathway in uveitis and that STAT3 pathway is a potential target for treatment of uveitis.




Treatment of Uveitis

Topical or systemic steroids are effective therapies for uveitis. While topical corticosteroid is effective for anterior uveitis, severe intermediate or posterior uveitis might require periocular corticosteroid injections. On the other hand, standard of care for vision-threatening uveitis, especially if accompanied by cystoid macular edema is systemic immunosuppression with oral corticosteroid (prednisone). If ineffective, low dose prednisone in combination with cyclosporin A, antimetabolites (methotrexate, azathioprine) or anti-inflammatory (colchicine) is indicated. When combination of corticosteroid with these second line drugs are ineffective, alkylating agents such as cyclophosphamide or chlorambucil which are associated with significant adverse effects are employed as a last resort. Nonetheless, prolonged use of systemic corticosteroids increases risk of infections, malignancy and decreased lifespan. Thus, the adverse effects of prolonged use of corticosteroids, alkylating agents and immunosuppressive drugs such as cyclosporin A, FK-506 or rapamycin are impetus to develop less toxic and more specific therapies for uveitis.



Posterior Uveitis therapy


Targeting Cytokines and Cytokine Receptors

Commonly used therapies for posterior uveitis are steroids and although they are effective in suppressing ocular inflammation, they do not directly target memory autoreactive T cells that perpetuate cycles of recurrence and remission that characterize blinding posterior uveitis.

Besides steroids, biologics that target T cell receptors or effector functions are gaining acceptance although Adalimumab (Humira) is the only FDA approved biologic for uveitis. Other biologics include: (i) Blockage of T cell signaling pathways (cyclosporine, FK-506 and rapamycin); (ii) Anti-CD4 T cell function (anti-IL-2R, anti-IFN-γ Abs; (iii) Targeting TNF-α (Etanercept (Enbrel®), Infliximab (Remicade®), Thalidomide); (iv) Biologics that target immune modulatory molecules (adhesion, co-stimulatory molecules) (60–63). This section of the review will focus on new therapeutic strategies that target signal transduction pathways utilized by pathogenic lymphocytes.



Targeting Janus Kinases

The JAK/STAT pathway regulates growth and survival of mammalian cells and signal transduction through this evolutionarily conserved pathway is mediated by Janus kinases (Jak1, Jak2, Jak3 and Tyk2) and Signal Transducers and Activators of Transcription (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6), a 7-member family of latent cytoplasmic transcription factors (64). Immunoregulatory cytokines secreted by innate cells (IL-12, IL-23, IL-27) or lymphocytes (IFN-γ, IL-2, IL-4, IL-6, IL-10, IL-21) mediate their biological activities through receptor-associated Janus kinases (Jaks) and Stat proteins (65). Cytokine-binding to its cognate receptor selectively activates Jaks by transphosphorylation of specific tyrosine residues, followed by recruitment of cytokine-specific Stats to the receptor complex (66). Tyrosine-phosphorylated Stats form homo- or hetero-dimers, translocate into the nucleus and mediate transcription of cognate genes. Thus, cytokine-mediated activation of Jak/Stat pathway provides a rapid membrane to nucleus mechanism for regulating gene expression and altering behavior of the cell (66). Because persistent activation of Jak/Stat signals dysregulate the immune system and cause many autoimmune diseases and cancer, cytokine responses are under stringent regulation. Thus, pharmacological regulation of Jak kinase activities has been exploited for treatment of autoimmune and neoplastic diseases (67–71). Of note, Jak inhibitors have been found to be effective in treating anterior uveitis and associated macular edema (72).


Targeting Stat3 Pathway Utilized by Th17 Cells

Most cytokines that regulate lymphocyte growth, development, survival or effector functions activate STAT3 pathway (73, 74). CD4-STAT3KO mice do not develop EAU because of defect in generating Th17 cells (31), suggesting that STAT3 is a potential therapeutic target for modulating uveitis. Surprisingly, mice with loss of STAT3 in the CD19 B cell compartment (CD19-STAT3KO) have exacerbate EAU (32), suggesting that intrinsic functions of STAT3 are diametrically opposite in T and B cells. Another target of Stat3 that promotes ocular inflammation is miR-155-5p (miR-155). Stat3 activates miR-155 and the Stat3/miR-155 axis mediate severe uveitis by promoting the expansion of pathogenic Th17 cells (75). Inflammatory cytokines have also been shown to induce expression of miR-155 in human RPE cells (76), further suggesting that Stat3 is a potential therapeutic target for treating uveitis. We describe here strategies that have been successful in targeting Stat pathway and suppressing uveitis in mice.



Synthetic STAT3 Inhibitors

ORLL-NIH001 is a synthetic 406-kDa small chemical compound that targets STAT3 (Figure 3) by antagonizing Th17 cells, down-regulating α4;β1, α4β7, CCR6 and CXCR3 and inhibiting trafficking of lymphocytes into the retina (77). However, a drawback to therapeutic use of ORLL-NIH001 is its relatively poor bioavailability and frequent administration of the drug is required. Although delivery of the drug by intravenous injection is effective, oral administration or subcutaneous injection may be attractive alternatives.




Figure 3 | Emerging Therapies for Uveitis. (A) Regulation of STAT3 pathway. Cytokines such as IL-6 or IL-23 bind their cognate receptor on lymphocytes and activate receptor-associated JAK kinases. Following the recruitment of latent STAT3 proteins to the activated receptor complex, the STAT3 protein is Tyrosine-phosphorylated, forms pSTAT3:pSTAT3 homodimers that translocate to the nucleus and activate STAT3-responsive genes. SOCS (SOCS1, SOCS3) proteins are immediate early genes activated by pSTAT3 and they are negative feedback regulators of JAK/STAT pathway. They inhibit or terminate JAK/STAT signals by binding to Tyrosine-phosphorylated JAKs or cytokine receptors, targeting them for degradation in the proteosome. PIAS3 protein also inhibits STAT3 transcriptional activities by binding STAT3 DNA binding domain and physically preventing STAT3 binding to target genes. (B) Other emerging therapies for the treatment of uveitis include: (i) Immunotherapy with IL-35-producing Breg cells (i35-Breg) (ii) Administration of biologics (IL-35, IL12p35); (iii) Exosome treatment with IL-35-containing exosomes (i35-Exosomes).






Suppressor of Cytokine Signaling and SOCS Mimetic Peptide Therapy

Suppressor of cytokine signaling (SOCS) are an 8-member family of intracellular proteins that are rapidly induced in many cell types in response to cytokines (IFN-γ, IL-2, IL-4, IL-6, IL-10, IL-12, IL-21, IL-23, IL-27) or growth factors (CNTF, LIF, FGF, IGF-1, insulin). However, unabated stimulation of Stat signaling pathway during chronic inflammation or cellular stress induces SOCS proteins, particularly SOCS1 and SOCS3 that function as components of a negative feedback loop that regulate the initiation, intensity and duration of inflammatory cytokine responses (78). Their inhibitory effects derive from direct interaction with cytokine/growth-factor receptors, STAT proteins and Jak kinases, leading to proteasomal degradation of target proteins or receptor complex and termination of the signal (79, 80). SOCS1 and SOCS3 are well established as important regulators of inflammatory diseases including allergy, autoimmune diseases, diabetes, metabolic syndrome and cancer (79, 80). In context of potential involvement of SOCS proteins in uveitis, transgenic rats and mice with targeted overexpression of SOCS1 in the retina are protected from severe uveitis and scleritis patients exhibit a defect in SOCS1 expression as their lymphocytes could not induce SOCS1 in response to IL-2 (81). These observations suggest that enhancing SOC1 levels in the retina can be used to suppress uveitis. However, a major impediment to use of SOCS1 or SOCS3 for therapy is that they are intracellular proteins and the lack of efficient means to deliver these proteins into cells. A promising new approach is the development of SOCS1 and SOCS3 mimetic peptides that incorporate an N-terminal or carboxy-terminal lipid moiety, which then allows SOCS mimetic peptides to be delivered directly into cells.


Topical SOCS1 Mimetic Peptide Therapy

The SOCS1 protein possesses a kinase inhibitory region (KIR) and binding of the KIR to activated Jak1 or Jak2 suppresses their kinase activities (82). SOCS1 mimetic peptide of varying length have been shown to be effective in inhibiting Stat1/Stat3 signaling (83, 84). Topical administration of a formulation consisting of membrane-penetrating 16 amino acid SOCS1 peptide, with a lipophilic palmitoyl-lysine group attached to its NH2-terminus (SOCS1-KIR), was effective in suppressing uveitis in mice EAU (Figure 3) (85). The SOCS1-Mimetic ameliorated uveitis by suppressing the expansion of pathogenic Th17 cells and trafficking of inflammatory cells into the neuroretina during EAU. Photopic and scotopic electroretinograms confirmed the neuroprotective effects of the SOCS1-KIR in uveitis (85). Importantly, the SOCS1-Mimetic is non-toxic, indicating that topical administration of SOCS1-Mimetics can be exploited as a non-invasive treatment for uveitis.





Emerging Therapies for Uveitis


Therapeutic Cytokines

The IL-12 family of cytokines is comprised of proinflammatory (IL-12, IL-23, IL-39) and immunosuppressive members (IL-27 and IL-35) (54). In mouse models of uveitis, the increase of IL-12 or IL-23 during antigen priming in LN or the eye promotes uveitis (86) while increased secretion of IL-27 by microglial cells or lymphocytes during EAU suppressed EAU (59, 87, 88). These reports suggest that identifying factors that induce the immune-suppressive IL-27 and IL-35 cytokines or enhance their biological activities in vivo might be potential therapeutic targets that can be exploited to suppress human ocular inflammatory diseases.



Interleukin 35 Therapy

Following discovery that IL-35-producing Treg cells (iTR35) suppressed colitis in the mouse (89), Wang et al. showed that treatment of mice with recombinant IL-35 suppressed EAU by inhibiting Th-17 responses and inducing expansion of regulatory B cells (Breg) that produce IL-10 (B10) or IL-35 (i35-Bregs) (90). Adoptive transfer of ex-vivo generated i35-Bregs cells was also shown to suppress EAU, providing evidence that i35-Breg immunotherapy may also be efficacious in uveitis (90) (Figure 3). Mechanistically, the i35-Bregs also suppressed EAU by inhibiting expansion of pathogenic Th17 cells and converting conventional lymphocytes to B10, iTR35 or i35-Breg. These observations have led to significant interest in using IL-35 or i35-Bregs as treatment for uveitis. However, before i35-Breg immunotherapy can be brought to the clinic, additional preclinical investigations are needed to establish IL-35 pharmacokinetics and detailed characterization of human i35-Breg to demonstrate that it is a stable Breg phenotype with immune-suppressive activity and functions.



IL-35 Subunit Therapy

Despite significant interest in IL-35 as a potential biologic or use of i35-Breg immunotherapy for autoimmune diseases, less is known about mechanisms by which IL-35 mediates its immune suppressive functions. It is still not clear whether immune-suppressive activities of IL-35 derive exclusively by the pairing of IL-12p35 and Ebi3 subunits to form the heterodimeric IL-35 or if IL-12p35 or Ebi3 also possesses intrinsic functions independent of IL-35. Recent reports revealed that recombinant IL-12p35 (rIL-12p35) has immunoregulatory activities that regulated immunity and suppressed neuroinflammation in the EAE mouse model (91). Similar to IL-35, the rIL-12p35 subunit suppressed EAU and EAE by inducing expansion of B10 and i35-Bregs while inhibiting Th17 responses (91, 92). However, a major difference is that while IL-35 upregulates inhibitory receptor proteins (Lag3, PD-1) that induce T cell exhaustion, rIL-12p35 did not induce these inhibitory receptors but suppressed inflammation by inhibiting signals downstream of IL-6 receptor and cell-cycle proteins that inhibit T cell proliferation (91). Recapitulation of essential immunosuppressive activities of IL-35 suggests that IL-12p35 may also be used as immunotherapy for uveitis.



i35-Breg-Exosome Therapy

Although IL-35 shows promise as biologics for the treatment of autoimmune diseases, a major disadvantage of using the heterodimeric IL-35 cytokine for therapy is its instability and relatively short-half-life. Besides the technical challenges associated with ex-vivo generation of large amounts of functional i35-Breg, there is the difficulty of reproducibly administering the same dose of IL-35 each time. It is a very unstable heterodimeric cytokine because association of its IL-12p35 and Ebi3 subunits is not strong (non-covalent) and readily dissociate. This makes it difficult to ascertain the dose of the bioactive p35:Ebi3 heterodimer administered or required to ameliorate disease. An important development relating to the therapeutic use of IL-35 or i35-Breg is the recent discovery that i35-Bregs secrete copious amounts of exosomes that contain IL-35 (93). An impediment to i35-Breg immunotherapy for neuroinflammatory diseases are the BBB, BRB and NVU that limit entry of cells into the CNS. Exosomes are 30-150 nm nanosized extracellular vesicles and their relatively small size, making them suitable for delivering immunoregulatory molecules to the CNS. Mice treated with IL-35 containing exosomes (i35-Exosomes) were protected from developing severe uveitis and disease protection correlated with expansion of IL-10 and IL-35 secreting Treg cells with concomitant suppression of Th17 responses (93) (Figure 3). i35-Exosome therapy thus overcomes the technically difficult and labor-intensive effort required to produce sufficient amounts of IL-35-producing i35-Bregs for immunotherapy: as much as 32x1010 exosomes can be isolated from a mouse and 2x1010 i35-exosomes contain ~15ng IL-35. Another advantage of i35-Exosomes therapy is that IL-12p35/Ebi3 heterodimers are confined in the same vesicle which obviates the dosing issue of determining the precise amount of bioactive IL-35 administered to the subject (93). Taken together, i35-Exosomes are an attractive therapeutic option for delivering IL-35 to the retina.




Perspectives

The remarkable advances in ocular immunology over the past 3 decades have led to a better understanding of the molecular mechanisms that underlie etiology and susceptibility to uveitis. Genetically modified mouse strains with targeted deletion or overexpression of transcription factors, regulatory proteins or cytokines that control lymphocyte development or functions have led to identification of critical pathways that regulate uveitis. Results from these studies have ushered in a new era of targeted therapies for these family of potentially blinding diseases that are a major cause of morbidity. In conclusion, we highlight three promising and effective treatment modalities without the adverse effects associated with steroids, which are the commonly used drugs for uveitis. (i) Regulatory B cell (Breg) therapy: Breg immunotherapy with as few as 5x106 cells is sufficient to suppress uveitis by inhibiting Th17/Th1 lymphocytes and converting conventional lymphocytes into IL-10 and/or IL-35-producing regulatory cells. Because the Bregs proliferate in vivo they are able to sustain secretion of anti-inflammatory cytokines in target tissues. (ii) i35-Exosome therapy: i35-Exosomes suppress uveitis by upregulating inhibitory receptors (PD1, LAG3), propagating infectious-tolerance signals which induced conventional lymphocytes to acquire capacity for producing immunosuppressive cytokines. (iii) Topical SOCS1-Mimetic therapy: The SOCS1-Mimetic inhibits Jak kinases and is an effective non-invasive treatment for uveitis in mice. Although therapy for uveitis will continue to depend in part upon the location, underlying cause and any associated complications, availability of alternative therapeutic options for patients is clearly a major dividend.
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Behçet’s disease (BD) is a multisystem autoinflammatory condition characterized by mucosal ulceration, breakdown of immune privilege sites and vasculitis. A genetic basis for BD has been described in genome-wide and validation studies. Similarly, dysbiosis of oral and gut microbiomes have been associated with BD. This review will describe links between genetic polymorphisms in genes encoding molecules involved in gut biology and changes seen in microbiome studies. A potential decrease in bacterial species producing short chain fatty acids linked to mutations in genes involved in their production suggests a potential therapy for BD.
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Introduction

Behçet’s Disease (BD) is a multisystem autoinflammatory disorder characterized by inflammation at mucosal surfaces and break down of barriers at privileged sites including the eye, brain and joint (1). Many of the mucosal surfaces involved in BD host a community of microorganisms, and collectively their genetic content is known as the microbiome. The largest and most diverse of these microbial communities reside in the gut and have been shown to be important in the development and regulation of the immune system (2). Changes in the gut microbiome, also known as dysbiosis, have been associated with many human diseases including chronic kidney disease, diabetes, multiple sclerosis (3–5). The gut microbiome has also been shown to modulate the efficacy of immunotherapies in cancer patients (6, 7).

Since the first description of the disease triad in the 1930s, infectious microbial agents have always been speculated to be involved in the pathogenesis of BD, however, so far, no single pathogenic etiology has been found. Recent studies have investigated the association between the composition of the microbiomes and BD, which may provide a useful insight to the role of the microbiome in the disease process.


Gut Microbiome in Behçet’s Disease

The gut microbiome profile in BD was first reported by Consolandi and associates, whereby they compared the fecal microbiota of 22 patients with 16 age-matched cohabitating individuals. Recruiting healthy controls who lived in the same house as the BD patients is of particular importance as it is known that several factors contribute to variations in gut microbiota composition, including environmental factors, geographical location, diet, age and host genetics (6). There was significant reduction in the alpha diversity and depletion of butyrate-producing bacteria, such as Roseburia and Subdoligranulum genera, in the gut microbiome of BD patients compared to healthy controls (Table 1). The short chain fatty acid (SCFA) profile, by chromatography-mass spectrometry (GC-MS), revealed a significant reduction of butyrate levels in fecal samples of BD patients. Butyrate is important in regulating the host immune system and is responsible for inhibiting intestinal pro-inflammatory cytokines and promoting T cell differentiation into a T regulatory cell (Treg) lineage. Thus, it can be hypothesized that the dysbiotic microbiota seen in BD patients could have an important role in the pathogenesis of BD, whereby a reduction in butyrate causes downstream effects of promoting immune-pathological T-effector responses, leading to gut inflammation (18). Interestingly, a similar pattern is seen in patients with inflammatory bowel disease (IBD) and oral administration of butyrate in experimental IBD mice, has shown to enhance Treg differentiation and reduce colitis (8, 19).


Table 1 | Summary of microbiome dysbiosis in Behçet’s Disease patients compared to healthy controls or disease controls.



In a pilot 16S gut microbiome study of 12 Japanese patients with BD and 12 healthy controls (HC), Shimizu and colleagues reported a significant increase in the relative abundance of Bifidobacterium and Eggerthella, and decrease in the relative abundance of Megamonas and Prevotella in BD patients compared with controls, however there was correlation between the bacterial taxa and clinical manifestation of BD (9). (Table 1) Fecal soluble immunoglobulin A (sIgA) concentrations were also significantly increased in BD patients but did not correlate with any specific bacterial species (9). In a follow up study analysis of the taxonomic and predicted metagenome functional composition in the fecal sample of 13 Japanese patients with BD and 27 HC, the relative abundance of Lactobacillus, Bifidobacterium and Streptococcus spp. was significantly increased in patients with BD compared to HC, whilst Megamonas hypermegale and Butyrivibrio species were less abundant, which correlated with the previous study (Table 1). The latter species were suggested to produce SCFA, particularly butyrate and propionate, in the human intestine. Such a reduction in butyrate-producing-SCFA may be responsible for the skewed T cell differentiation, ie. an increase in Th17 with a concomitant reduction in Treg cells. Functional annotation analysis found links to the pentose phosphate pathway and inosine monophosphate biosynthesis, suggesting that changes in the microbiome could affect metabolic processes in patients with BD. Nevertheless, intestinal microbiome interactions with the immune response are complex and SCFA depletion may only be one of many contributing factors to BD pathogenesis (10).

Ye et al. compared the DNA extracted from fecal samples of 24 patients with active BD, who had only received topical steroids, and 52 gender, body mass index (BMI) and aged-matched healthy controls (HC) (11). Metagenomic analysis revealed significant differences in gut microbial composition between the two cohorts with sulfate-reducing bacteria (SRB) and opportunistic pathogens significantly enriched, and methanogens, Methanoculleus spp. and methanomethylophilus ssp. and butyrate-producing bacteria, Clostridium spp. were reduced in BD patients compared to controls. SRB are pro-inflammatory bacteria that can inhibit butyrate. The shortage of butyrate and methane, combined with an abundance of hydrogen sulphide, creates an atypical environment that may contribute to intestinal epithelial barrier damage. This may allow for subsequent invasion by Th1 and Th17 cells, reduction in Tregs, thus triggering downstream inflammatory processes within the gut in patients with BD. To address this Ye et al. used the animal model of experimental autoimmune uveitis in B10RIII mice. Mice were treated with antibiotics (ampicillin, neomycin, metronidazole and vancomycin) for 3 weeks, prior to daily transplantation of pooled fecal suspension either from patients with active BD or from healthy controls. After one week of daily fecal transplants, mice were immunized with an interphotoreceptor retinoid binding protein peptide (161-180) to induce EAU and the severity of uveitis was reported on day 14 following immunization. The results showed that severe uveitis (corneal oedema, posterior synechiae and infiltrates of inflammatory cells in retina, choroid and vitreous humor) was observed in the active BD-recipient group, whilst the HC-recipient group displayed a slight intraocular inflammatory reaction with very few inflammatory cells in the vitreous cavity, indicating that the components within the fecal samples from BD patients exacerbated the development of intraocular inflammation in these mice (11). This supports the hypothesis that gut microbiome composition may contribute to BD pathogenesis and severity.

In a novel study the gut microbiome composition of Turkish patients with neuro-BD was compared to patients with multiple sclerosis, an autoimmune condition, and to healthy controls. 16S rRNA gene sequencing revealed that neuro-BD patients had an increased relative abundance of Parabacteroides, Geminger and Prevotella, whilst Vampirovibrio and Lachnospiraceae were decreased (Table 1), although the differences did not reach statistical significance, probably due to the small cohort sizes. However, it is of interest that two neurological conditions were linked to different changes in the intestinal microbiota. Whether this is due to the different disease processes or treatment regimens for participants, as those with neuro-BD had commenced azathioprine (with or without colchicine treatment), whilst MS patients had commenced immunomodulatory drug treatment (drug treatment not specified), will have to be investigated further (12).

The gut microbiome was compared in patients with BD uveitis to patients with Familial Mediterranean Fever (FMF) and Crohn’s Disease (CD), both which have autoinflammatory processes, as well as healthy controls. In total seven patients with BD, 12 patients with FMF, 9 patients with CD and 16 healthy controls (HC) were analyzed by 16S rRNA gene sequencing. The results showed that Veionellaceae, Succinivibrionaceae families and Succinivibrio and Mitsuokella genera were enriched in patients with BD compared to the other groups. The relevance to uveitis is not yet elucidated (15).



Oral Microbiome in Behçets Disease

Oral ulceration is an important manifestation of BD and maintains a specific microbiome. To investigate the involvement of the oral microbiome in BD pathogenesis, Coit et al. collected stimulated saliva samples from 31 BD patients and 15 HCs, after 5 minutes of paraffin chewing, between 9-11am to address circadian rhythm of saliva secretion. Microbial DNA was isolated and sequencing revealed a significant difference in bacterial communities between the two cohorts. Haemophilus parainfluenzae and Alloprevotella were increased in BD patients, whilst Leptotrichia and Clostridiales were decreased compared to control samples. H. parainfluenzae, a gram-negative bacterium, is commonly linked to endocarditis, meningitis, septicaemia and gingival inflammation. While use of immunosuppressants (cyclosporin, azathioprine and prednisolone) had an impact on abundances of bacteria, there was no differences in bacterial communities between drug treatments (16).

In a second study, the oral microbiome profiles of BD patients (active vs. inactive disease) were compared to patients with recurrent aphthous ulcers (RAS), used as disease control, and healthy individuals. In total, unstimulated saliva samples were collected from 54 patients with BD, 8 patients with RAS and 25 HC together with mucosal samples from some patients. The results showed differences between the cohorts, with Neisseria more commonly isolated from HC compared to BD patients, whereas Staphylococcus salivarius and Streptococcus sanguinis were more abundant in BD patients with active oral disease when compared to those with inactive disease, patients with RAS and HC. Candida albicans was more frequently isolated from salivary samples taken from orally inactive BD patients when compared to HCs and RAS, however this could be attributed to steroid treatment. Samples taken from ulcerated and non-ulcerated mucosa of active BD patients was compared to those from HCs and RAS and revealed Rothia dentocariosa as the abundant organism in non-ulcerated mucosa of active BD patients, with a trend toward Rothia mucilaginosa from the ulcer sites of active BD patients (17).

In a recent study the oral microbiome in Mongolian patients with BD was compared to healthy controls. Saliva samples were obtained from 47 patients and 48 healthy individuals and the V3-V4 region of 16S RNA was amplified. Specifically, Prevotella, Veillonella, Streptococcus, and Haemophilus were the most abundant species in all samples However, three genera including, Akkermansia were significantly lower in patients compared to controls (20).



Gut and Oral Microbiomes in BD—Summary

These studies support a possible role for gut or oral dysbiosis in BD. Common features such as the reduction in butyrate producing species can be found in most studies, although different bacterial species are reported in different studies. Despite the evidence of microbial dysbiosis in BD patients, it is difficult to ascertain whether such differences are causative or reactive in BD. This is due to many confounding factors that could affect the microbiome including the type and duration of drug treatment, sampling and sequencing methodology, or host genetics. This could also be linked to the different manifestations of BD, which could only be addressed through large longitudinal studies.

To distinguish disease-associated determinants from country and methodology, the gut microbiomes of patients with BD from the Netherlands and Italy were analyzed by the same method and compared to each other and healthy controls. In both cohorts, alpha diversity were similar to controls. Beta-diversity analysis did not show clustering based on disease, however, there was segregation by country of origin. The Italian cohort showed a significant decrease in Barnesiellaceae and Lachnospira genera, which in the Netherlands cohort was only a trend. IgA coated of intestinal bacteria analyzed by RNA sequencing can identify distinct disease-associated species in fecal samples. Increased IgA coating of Bifidobacterium spp., Dorea spp., and Ruminoccoccus bromei spp. and reduced presence of IgA-coated Erysipelotrichaceae spp. in the Dutch BD cohort compared to healthy controls, although this was not analyzed in the Italian cohort (14). These data support the requirement for more, larger studies to determine the geographical and environmental changes compared to disease-induced changes in the BD gut microbiome.

Behçet’s Disease often involves variable disease manifestations at different body sites, such as the oral, skin, eyes, gastrointestinal, or nervous system, over time. To identify the clinical clusters of BD, Soejima and associates investigated the clinical phenotype of 657 patients with BD from the Yokohama City Hospital database and 6754 patients with BD from the Japanese Ministry of Health, Labour and Welfare database. They identified that gastrointestinal BD was associated with vascular but not eye involvement, while a second cluster had high incidence of eye involvement but no vascular or neurological involvement (13). Chronological analyses showed expansion of the gastrointestinal cluster in BD patients over 27 years in a relatively stable genetic cohort in Japan, indicating that environmental factors might be involved in the disease manifestation of BD.

Changes in the gut microbiome could drive the clinical phenotype in BD. To answer this, Yasar Bilge and associates compared the gut microbiome of 27 patients with BD (ocular, mucocutaneous, and vascular involvement), and 10 age- and sex-matched healthy controls. Linear discriminant analysis of this small patient cohort revealed a difference in the bacterial genera according to the manifestations of BD: Lachnospiraceae NK4A136 enriched in BD patients with eye involvement, Dialister, Intestinomonas, and Marvinbryantia enriched in BD patients with predominant mucocutaneous disease, Gemella in vascular BD. However, larger studies and functional relevance of such associations should be investigated (21).

This data, if validated in other patient cohorts, supports the stratification of individuals in relation to their gut microbiome profile (i.e. to determine if specific bacterial species are associated with specific manifestations or whether general alterations to the microbiome influences all manifestations). In either process, factors that may potentially influence the gut microbiome, such as diet, can be addressed by the potential of re-establishing a more balanced, symbiotic relationship might prove to be important in reducing the severity of active BD phases. To test this concept a randomized controlled trial the Modulation of Gut Microbiota through Nutritional Invention in Behçet’s Syndrome Patients (MAMBA) study, will recruit 90 patients with BD, to investigate the impact of three dietary interventions, a lacto-ovo-vegetarian diet, a Mediterranean diet, or a Mediterranean diet supplemented with butyrate on the severity of clinical manifestations of BD (22).

There is increasing evidence that the host genetic background shapes the gut microbiome profile (23, 24).



Link Between Gut Microbiome and Genetics in BD

There are more than 20 genetic susceptibility loci that meet the threshold for genome-wide level of significance in patients with Behçet’s disease and several other loci that have been associated with BD (25). To address the potential role of genetics in BD gut dysbiosis we have selected a potential pathway associated with production of SCFA in the gut and mutations in the genes involved. Activation of Toll-like receptors on systemic dendritic cells induces the release of IL-23, which activates innate lymphoid cells to release IL-22 which leads to a rapid α (1,2)-fucosylation of small intestine epithelial cells via the release of fucosyltransferase 2 (FUT2). Fucosylated proteins enter into the lumen of the gut where they release fucose molecules which are metabolized by bacteria present. As stated, products from these bacteria include short chain fatty acids, including butyrate which supports T regulatory cells (26). This complex series of interactions involve several of the gene mutations in which have been associated with BD.



Toll-Like Receptors

Toll-like receptors (TLR) are a family of transmembrane sensors for bacteria, fungi and viruses that are a vital component of innate immunity. The strongest associations between TLR and BD is in with TLR4 which recognizes bacterial lipopolysaccharide. Nine single nucleotide polymorphisms previously detected in TLR4 by direct sequencing were analyzed for an association with BD in Korean patients. The most frequent haplotype, TAGCGGTAA, was significantly increased in HLA-B*51-positive patients compared with healthy control participants and potential linked to joint disease (27). This was supported by targeted exonic resequencing of specific genes identified in the original GWAS, from 2,461 BD cases compared with 2,458 controls where a SNP in TLR4 was significantly associated with BD (28). In buccal lesions from patients with BD, TLR expression was increased compared with healthy controls, however, a similar increase was seen in lesion tissue from patients with lichen planus or gingivitis, suggesting that this was a generalized inflammatory response as opposed to a BD-specific response. In these patients no significant associations were seen with TLR4, but a gain of function mutation in the TLR adaptor molecule, TIR-adaptor protein (TIRAP) was significantly associated with BD in UK, but not Middle Eastern, patients (29). This mutation is associated with an more potent cytokine response to TLR stimulation.

In a study of 400 patients with ocular BD compared to 600 healthy Han Chinese controls frequencies of genotypes of TLR2 rs2289318 and rs3804099 were significantly higher in ocular BD patients compared with controls. A validation cohort of 438 patients with BD uveitis and 1000 healthy controls confirmed the associations. TLR2 mRNA expression in PBMC was increased in healthy carriers of the certain genotypes, although this did not affect the release of TNF-α, IL-6, IL-10, and IL-1β could be detected (30).

In Tunisians patients with Behcet’s Disease expression of SNP in TLR9 (1486 T/C) was different between BD patients and healthy controls but did not reach statistical significance (31). In Chinese patients with BD TLR7 had an increased copy number and increased expression in PBMC compared to healthy controls (32).

These data support a role for bacterial sensing in BD.



Interleukin-23

Two major GWAS studies in Turkish and Japanese patients with BD identified SNP at the IL23R-IL12RB2 locus (rs924080 and rs12119179) respectively. Meta-analysis of both data sets further identified rs1495965 as associated with BD (33, 34). These associations have been supported in several other studies in different patient cohorts (35–39). These mutations have been linked to enhanced expression of IL-23R and potential upregulation of the IL-17 pathway.

Lymphocytes isolated from the intestinal mucosa of 8 patients with intestinal symptoms, that had started within 6 months of collection, were cloned and analyzed for surface phenotype and cytokine production. Results showed more CD4+ clones compared to CD8+ with the majority of both showing Th1 profile secreting IFN-γ and TNF-α, with a substantial population produced both IFN-γ and IL-17 (Th1/Th17 profile). Most of the T-cell clones showed perforin-mediated cytotoxicity and Fas–Fas Ligand-mediated pro-apoptotic activity. Therefore, in the early stages of intestinal BD both Th1 cytokines, IL-17 and cytotoxicity are involved in inflammation of the mucosal tissue. This data would support the use of anti-TNF treatment and potentially anti-IL-17 in controlling intestinal BD (40).

In support of treatment altering the Th17 pathway, twenty-seven patients who received interferon alfa-2a for active BD uveitis and Treg and Th17 cells were assessed. Treg, Th17 cell frequencies and Th17 RORγt expression were significantly elevated, although IL-10 concentration in Treg culture supernatants was significantly lower with cells from BD patients compared to controls. IFN alfa-2a treatment led to clinical remission in 70% of patients which correlated with a significant reversal in Treg and Th17 cell frequencies, Treg IL-10 and Th17 cytokine production (41).



Interleukin-22

IL-22 is a member of the IL-10 cytokine family that is involved in inflammatory processes. Th22-type T cell clones from ocular samples taken from Behçet’s disease patients with active uveitis, produced IL-22 and TNF-a but not IFN-γ or IL-17. IL-22 can affect epithelial and stromal cells and has been involved the pathogenesis of inflammatory skin disorders, such as psoriasis, atopic eczema, and allergic contact dermatitis (42). Healthy IL-22-deficient mice had altered microbiome, with decreased abundance of Lactobacillus, and increased levels of others. Induction of experimental colitis caused more sever disease in deficient mice compared to controls. When the microbiome from IL-22 deficient mice was transmitted to wild-type animals along this led to an increased susceptibility to colitis, suggesting an important role for IL-22 the balance between immunity and colonic microbiota (43). Therefore, although no polymorphisms in IL22 have been reported in BD, a potential role in pathogenesis is likely.



Fucosyltransferase-2

Genome-wide array analysis of Iranian patients with BD and controls identified an association with five coding polymorphisms of the gene encoding fucosyltransferase -2 (FUT2), including the rs601338 nonsense variant which, in Caucasians, determines the secretion of the H antigen (precursor of the ABO blood group antigens) in body fluids and on the intestinal mucosa. These results were validated by comparison with GWAS analysis of Turkish patients with BD. A non-secretor phenotype is suggested to link with intestinal glycosylation (44). The association with FUT2 polymorphisms and BD was supported in an larger study of three populations. The rs601338 A allele, in Turkish and Iranian patients and the rs1047781 T allele in Japanese patients for which homozygosity leads to an ABO non-secretor phenotype were confirmed in this study. These non-secretor genotypes are also associated with Crohn’s disease risk (45).

The process by which FUT2 polymorphisms influence the gut microbiome is not yet clear. Secretor mothers produce milk containing α1-2 fucosylated human milk oligosaccharides and several strains of bacteria in the infant gut have the capacity to utilize these oligosaccharides (46). In vaginally born infants, the mother’s secretor status had no effect on the infants’ microbiome. By comparison, in children delivered by caesarean section several differences were seen in infants from secretor mothers compared to non-secretor mothers. In particular, Bifidobacteria were depleted and Enterococci increased among the caesarean-born infants of non-secretor mothers. Akkermansia was increased in infants of secretor mothers. In a study of 14 non-secretor (FUT2 rs601338 genotype AA) and 57 secretor (genotypes GG and AG) adult individuals of western European descent, the gut microbiota was analyzed. Results showed a several differences between the two groups with nonsecretors presenting lower species richness than secretors and different enterotypes in the two groups (46). This data supports the concept that FUT2 polymorphism can influence the composition of the gut microbiota and variation between individuals (47). By comparison, the association of rs601338 and intestinal microbiota composition was analyzed in 1,190 healthy individuals, and the results showed no association of the FUT2 genotype, secretor status and microbial alpha diversity, microbial composition or inferred microbial function after correction for multiple testing (48).

Non-secretors, who are homozygous for the loss-of-function alleles of FUT2 gene, have increased susceptibility to Crohn’s disease (CD). From 39 healthy individuals, 75 endoscopic lavage samples were profiled for microbiome, proteome and metabolome composition based on FUT2 genotype. Metagenomic analysis revealed differences in energy metabolism in the microbiome of non-secretor and heterozygote individuals, in particular enrichment of carbohydrate, vitamin and lipid metabolism, and depletion of amino-acid biosynthesis and metabolism. Metabolomic analysis of human specimens showed changes of many metabolites related to the different genotype groups. These results support compositional and functional differences in the microbiota of non-secretors that may be relevant for CD susceptibility (49).

Taken together polymorphisms in all genes encoding proteins in the pathway TLR-IL-23-IL-22- FUT2 have all been reported in patients with BD. Systemic activation of this pathway could lead to a reduction in beneficial SCFA either by increased targeting of SCFA-producing species or via reduced fucosylation and SCFA generation. This is one potential pathway initiated by systemic activation of tissue dendritic cells. The best direct evidence of cause and effect remains the induction of uveitis in B10RIII mice following transplantation of fecal material from patients with active BD (11). However, it is not known what induced the changes in the microbiome of these patients nor what processes drove ocular inflammation even in this genetically susceptible mouse model.



Summary

A possible link between gut and oral microbiome dysbiosis is supported by several studies and the involvement of the FUT2 pathway and gene polymorphisms in molecules involved may be relevant. However, there are several aspects that must be addressed. First, that different bacterial species and genera have been identified in the different studies. While there may be a commonality in decreased abundance of species linked to short chain fatty acid regulation that could link the studies more work needs to be done in larger cohorts with the same collection and preparation procedures. Second, certain demographic analysis does not support a link between manifestations of BD form example ocular involvement not associated with intestinal BD (13). Thirdly, many patients with BD do not have intestinal-BD, therefore there is no direct association between gut inflammation, the microbiome and other manifestations of BD. Fourth, several other sites affected by BD including oral and genital mucosa and skin harbor their own microbiome, which will need to be analyzed for association with manifestations of BD. Fifth, there is a significant non-genetic component in Behçet’s Disease. As stated, the MAMBA study (22) will address dietary influences on the gut microbiome. Recently the numbers of new patients being diagnosed with BD in Japan and Korea have been steadily decreasing (50, 51). Whether such changes involve factors such as a move to a more westernized diet would be interesting to address. Effects of different treatment regimes on the gut microbiome should be investigated. Finally, there are other gene loci that have been associated with BD that could impact on the composition of or the response to the gut microbiome, including HLA-B*51 and IL-10 and cells such as natural killer cells which can produce IL-10 when stimulated. Moreover, IL-10 production by Treg has been linked to Akkermansia which is altered in several studies.

In conclusion, while it is clear that dysbiosis of the gut microbiome is associated with Behçet’s disease and a role for known genetic mutations can be linked to these changes (Figure 1), further research is required to understand the combinations involved in the manifestations of this complex disease.




Figure 1 | Systemic inflammation leading to clinical features in Behçet’s disease may either be initiated by of causing changes in the gut microbiome in patients who are genetically predisposed to the condition.
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Ocular inflammation imposes a high medical burden on patients and substantial costs on the health-care systems that mange these often chronic and debilitating diseases. Many clinical phenotypes are recognized and classifying the severity of inflammation in an eye with uveitis is an ongoing challenge. With the widespread application of optical coherence tomography in the clinic has come the impetus for more robust methods to compare disease between different patients and different treatment centers. Models can recapitulate many of the features seen in the clinic, but until recently the quality of imaging available has lagged that applied in humans. In the model experimental autoimmune uveitis (EAU), we highlight three linked clinical states that produce retinal vulnerability to inflammation, all different from healthy tissue, but distinct from each other. Deploying longitudinal, multimodal imaging approaches can be coupled to analysis in the tissue of changes in architecture, cell content and function. This can enrich our understanding of pathology, increase the sensitivity with which the impacts of therapeutic interventions are assessed and address questions of tissue regeneration and repair. Modern image processing, including the application of artificial intelligence, in the context of such models of disease can lay a foundation for new approaches to monitoring tissue health.
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Introduction

Ocular inflammation is an important medical concern with a wide range of manifestations from the easily treatable to sight threatening. It arises both as an ocular specific condition and in association with systemic disease and it manifests as more than 30 defined uveitic phenotypes. The pathogenesis is complex and multifactorial and there is a lively debate as to the relative contribution of subclinical infection, autoinflammation and autoimmunity (1, 2). Conventional approaches to imaging do not distinguish between these different causes.

Animal models of uveitis are often autoimmune (e.g. experimental autoimmune uveitis; EAU), inspired in the mouse by early work identifying susceptible strains (3, 4) and used widely to probe important aspects of immune function including tolerance (5, 6), regulation (7, 8), microbiome (9), lymphocyte dynamics (10) and macrophage/monocyte function (11). But other models of ocular inflammation are also important, including endotoxin induced uveitis (EIU) (12–14) and primed mycobacterial uveitis (PMU) (15). Ocular infectious disease can also be studied and has proven to be an informative model of inflammation (16–18).

Over the last 15 years, techniques for imaging the mouse retina have advanced substantially, first with fundal photography, acquired by topical endoscopic fundal imaging (TEFI) (19–21) facilitating clinical grading by individuals blinded to the origin of the images. Then followed by adaptation of clinical tools (12) and development of the Micron system for imaging rodent eyes (Phoenix technologies, CA). These advances have made acquisition of experimental image data more accessible and routine (12, 22–24). The application of optical coherence tomography (OCT) to the mouse eye adds new information on changes deep in the tissue. The eye offers unique advantages for imaging studies of the autoimmune process in a target tissue, permitting serial assessment, and sophisticated quantification of different parameters of inflammation that go beyond more general clinical scores used in models such as experimental autoimmune encephalomyelitis.

Advances in image processing that have been developed in patient populations can also find application in experimental studies. There is potential for automatic segmentation of structures (in which the boundaries between, for example, different layers of the retina are identified in an unsupervised process), quantification of infiltration and disease classification by machine learning, which can be used to support unsupervised clinical assessment (25, 26). This is seen in the recent application of deep learning to EAU (27). Alternative powerful technologies are also available; using bioluminescent reporters, can delineate sequential cell population specific patterns of infiltration (28, 29), and multi-optical imaging approaches can produce data on phenotype and the spatial relationship between different cell types (30). Objective measurements, that provide a more granular multi-modal analysis of the state of the tissue, can then form the basis for quantifying the impact of treatment on ocular disease not limited to a single time-point but integrated across a longer disease course.



Ocular Tissue and Inflammation

EAU is often studied with a focus on the acute inflammation that occurs with the explosive influx of immune cells that flood into the tissue in the first wave of clinical disease. But it has been apparent for a number of years (31, 32) that it can also be used to develop insights into the processes of persistent disease and tissue remodeling. For example, memory cells that reside in the bone marrow are implicated in chronic retinal degeneration (33) and persistent inflammation can lead to retinal angiogenesis (34). In both mouse (35) and human (36), chronic disease can drive the development of ectopic lymphoid like structures and is accompanied by changes in the other lymphocyte populations and vascular remodeling (10, 34). The ocular tissue can therefore exist in a minimum of four well demarcated states (Figure 1).




Figure 1 | Tissue states in ocular inflammation. Healthy ocular tissue is ‘immune-privileged’ and under low-level immunosurveillance. Specific (ocular antigen driven) and non-specific (extra-ocular inflammation) stimuli disturb this homeostasis and increase interactions across the blood retinal barrier making the tissue more vulnerable to the development of disease. In uveitis following active immunization, this starts with the prodrome (8), which can resolve back to the healthy state. When the prodrome progresses to clinical EAU in immunocompetent animals, there is an influx of cells to a maximum (peak) followed by a reduction in immune cell content, which does not return to base line. The post-peak (in EAU described as secondary regulation) is distinguished from the pre-peak by changes in the relative proportion of different lymphocyte populations (CD4 T regulatory cells, CD8 T resident memory cells). There is currently no evidence that disease proceeds directly from pre-peak to post-peak, nor that eyes that have reached peak disease ever return to the normal healthy state.



Healthy tissue resists insult and maintains normal visual function. In the EAU model, there are a minimum of three non-healthy states, which correlate with changes in immune cell content and vascular function (31). Vulnerable tissue may be in the prodromal phase of EAU, at peak of disease, with active infiltration by many different leukocytes, or vulnerable but to a greater or lesser extent recovered, which state is described as post-peak. It is possible to observe experimentally that the pre-peak state can resolve to a state of health, or progress to peak disease. Tissue can reach peak disease from either the pre-peak state or as a relapse from the post-peak state (37). But it is unknown whether from peak or post-peak, tissue can ever return to a healthy state. In the broader context, a useful framework for these changes is found in the extensive literature describing the development and resolution of inflammation, but here too, the question of active resolution in the tissue and the mechanisms by which it occurs remains controversial (38). While this review focuses studies in the eye, it is evident that other diseases and disease models, such as arthritis, can be fitted into a similar framework (39).

One essential tool for advancing understanding of these different tissue states is a rigorous method of clinical assessment that separates healthy tissue from the vulnerable and that also distinguishes between different states of the vulnerable tissue. Such a scheme could then complement studies describing gene expression in different forms of ocular inflammation (13, 40). Recent advances in the range and quality of techniques that can be applied to quantify ocular inflammatory disease make such objective and transferrable assessments increasingly feasible.



Assessment of Ocular Inflammation

The measurement of inflammatory activity is a core objective for clinical studies of uveitis and has inspired work that seeks to improve its ability to discriminate between lower levels of disease as well as improving its sensitivity (41). Progress in this area can also inform animal studies.


Clinical Scoring

In human eye disease, improvements in imaging have driven diagnostic sensitivity and specificity (42, 43). Scoring systems serve as tools for categorizing disease activity into ordinal groups and as a convenient measure of clinical outcome and directional change. The first aqueous and vitreous inflammation scoring systems based on ophthalmic observation of cell counts in patients were published in 1959 (44, 45), but consensus recommendations did not emerge until 2005, under the umbrella of the Standardization of Uveitis Nomenclature (SUN) workshop (46). For some diseases, for example Behçet’s disease, specific scoring systems have proven useful is assessing treatment response (47). It is a recognized concern with scoring systems that there is a tension between precision and simplicity. Levels of interobserver agreement remain modest and non-linearity in the scaling can lead to poor resolution of differences in disease especially at lower levels of inflammation (48–50). The use of digital images, where biological data is quantified as pixel values, expands the possibilities for analysis by computer imaging (25) for example for automated grading of vitreous haze (51). Scoring of clinical disease in EAU has evolved from early approaches using slit-lamp aided visualization and semi-quantitative histological scoring to more sophisticated scoring approaches based on blinded assessment of fundal photographs (20, 21, 23, 52, 53) and most recently using machine learning. Scoring can be on a simple ordinal scale (0–4) or can categorize disease into three indicators of inflammation and one of structural damage with inflammation and structural damage reported independently or as a summary score (0–5) calculated as the total or average score for the eye (10, 21, 54) (Table 1). When applied as a summary score, this approach can be insensitive to differences in aspects of the underlying pathology, for example in Figure 2, the two images, although clearly different, received the same summary clinical score.


Table 1 | Scheme for scoring clinical ocular inflammation.






Figure 2 | Clinical score can be insensitive to underlying pathology. Mouse eyes imaged using Micron IV with OCT (Phoenix technology group, CA). Two mouse eyes (A, C) and (B, D) imaged using Micron IV (Phoenix technology group, CA) and assessed by fundal photography (A, B) and OCT (C, D). Retinal photographs scored in a set of images by an observer blinded to the treatment groups, both received the same summary clinical score. Scale bar 100 µm.



Complementing photography is optical coherence tomography (OCT). Developed in the 1990s (55, 56) it has rapidly become the state of the art for non-invasive retinal imaging. OCT is an interferometric technique providing depth resolved cross sectional images of the retina, known as B-scans. In normal eyes the vitreous is optically transparent, retinal layers show different degrees of backscatter, and in humans the RPE is one of the most hyper-reflective layers. Modern OCT in humans can also go some way to visualizing the choroid beneath the RPE (57). OCT can resolve retinal substructure and its vasculature, can be important in the diagnosis and image guided management of human uveitis and can capture changes in the state of the tissue through time in EAU (12, 24, 58, 59).



Ocular Tissue Analysis

In contrast to the wealth of sophisticated imaging that can be directed at the human eye in uveitis, access to human tissue is severely limited. Enucleation of the globe in uveitis is rare and is usually from individuals with long-standing disease (36). But in the EAU model, histology was the first accepted standard for disease assessment (60–62). Immunohistochemistry and immunofluorescence of retinal tissue revealed the profound structural disruption that accompanies acute inflammation, and was used, for example, to show how macrophages reciprocally alter their expression of CD68 and arginase-1 during the persistent (post-peak) phase of uveitis (34). For higher dimensional analysis of cell infiltrate, investigators have used multiparameter flow cytometry which can quantify many different cell populations (8, 63, 64). Sampling the cell infiltrate at different time points has been instrumental in demonstrating important changes in the relative frequencies of CD4 T regulatory cells (65) and CD8 cells (10). In EAU this is strong evidence that at the cellular level as well as in serial imaging studies, the tissue and the immune infiltrate change and adapt through time. Developing improved quantitative methods to assess tissue health in EAU offers more sensitive and specific approaches to analyze the impact of therapies for autoimmunity and inflammation.



Quantitative Assessment of EAU

Using formal criteria, EAU can be assessed semi-quantitatively, but interobserver disagreement and subjectivity limits the usefulness of direct comparison between results from different labs and even individual researchers (21). As with human clinical graders, experience is required to achieve the highest levels of interobserver agreement (66). Employing contemporary technology has the capacity to improve on these limitations. In addition, in EAU as in other medical images, these can be annotated, with the results of end point tissue analysis added to the meta-data associated with the image. This enriches their interpretation and provides a resource that can be applied to other studies. Pooling data from animal cohorts at selected timepoints runs the risk of obscuring subtle patterns, and overweighting the importance of the certain trends. This can be countered by the use of analysis that exploits modern image processing, with its scope for a higher degree of quantitation (66–68). A critical element of complementary analysis is therefore the use of non-invasive techniques and computational means to maximize information retrieved from the data.

Fundus photography, for example obtained by TEFI, correlates well with disease scores from histopathological analysis (20) but the images produce a 2D projection of 3D semi-transparent biological tissue. Spatial information is only available in two dimensions and artifacts are introduced by flattening depth information onto a plane. More accurate measures of infiltrate, oedema and structural changes, that are important manifestations of disease, can be obtained with OCT (24, 59). Because OCT produces a depth profile of different features, it can be more sensitive than 2D fundus imaging in monitoring the appearance and development of pathological changes. In particular, cross sectional images are more sensitive to early disease because they can visualize small amounts of infiltrate around the optic nerve, and measure changes in optic nerve diameter and retinal thickness due to inflammatory oedema (23, 59, 66, 68).



Aqueous and Vitreous Assessment

A defining characteristic of uveitis is cellular infiltrate, and grading is an important quantitative metric in preclinical animal model research. In human disease, anterior uveitis produces ‘flare’ which can be categorized by laser flare photometry and which correlates well with conventional clinical grading (69, 70) while in the vitreous, ‘haze’ is an accepted and clinically validated proxy for inflammatory status in patients (51). Moreover, these changes have a marked impact on visual acuity in humans and so are biologically and clinically relevant outcome measures (50).

In OCT, cells in either chamber appear as hyperreflective dots, whose profile is a function of many variables (71–73). Cells and exudate incrementally reduce the optical transparency of the ocular media leading to the aqueous and vitreous becoming inhomogeneous as disease severity increases. These changes reduce the contrast of object boundaries and the results of qualitative or quantitative image analysis lose precision.

Because of difficulty in imaging the anterior chamber of small eyes, literature for OCT based cell counting in these models is relatively sparse (74). However, automated counts of absolute cell numbers have been obtained with excellent correspondence to manual image counts. This approach has been developed into a fully automated pipeline for cell counting in volumetric OCT images, achieving 98% congruence to manual slit lamp counts. Importantly, the subjective manual element of the segmentation step was eliminated. The automated segmentation step involved removal of anatomical structures connected to image boundaries (75). Compared with counts from histological sections, OCT tended to undercount, which was attributed to insensitivity to cell clumps, sediments and exclusion of the extremities of the iris interface (74). It may also be contributory that histology is unaffected by overlying opacities, whereas OCT is vulnerable to signal degradation. However, histology introduces artifacts and postmortem changes that themselves affect tissue measurement (74).

Loss of precision becomes more evident when imaging the vitreous, where the optical pathway traverses deeper through affected media. Further complicating the analysis of the rodent vitreous, is the anatomical vestige of the hyaloid artery (71, 76), protruding upwards from the optic disc towards the lens. It confuses the vitreoretinal boundary and can appear somewhat discontinuous, with hyperreflective regions that are subjectively indistinguishable from cell clusters.

Automated counting algorithms usually require a preceding segmentation step, that defines a boundary for the area or volume of interest. Variations in signal quality and the ambiguity of discontinuous image features frustrate the development of accurate, fully automated methods of rodent image segmentation and analysis. Quantification of changes in the vitreous has largely been restricted to human images, and global signal parameters, as opposed to absolute cell counts.

To account for signal strength variations in human OCT images, the average intensity of the segmented vitreous compartment can be indexed relative to a hyperreflective reference layer such as the RPE, providing a relative intensity ratio. These ratios correlate moderately with clinical vitreous haze scores, along with other surrogates of disease such as retinal thickness (72, 77). This process has been fully automated using rule-based algorithms for segmentation, reducing subjectivity. The same operation was also performed using a textural descriptor of the vitreous, which was marginally better correlated to clinical scores than vitreous intensity (73). These operations were performed on 2D datasets, obtaining an averaged intensity ratio based on several B-scans and data analyzed in 3D may potentially offer further improvements.

Since the scan region is much smaller than the ocular globe, one consideration is the selection of a representative and informative region of interest (ROI) that must be equivalent between scans and subjects. Within human images, landmarks such as the macula can be located automatically and used as a central anchor point for region boundary positioning (73). In rodents, the optic disc is an obvious landmark choice, but the presence of the hyaloid remnant, particularly in severely diseased eyes warrants additional steps to remove its influence. Recently, an automated method of quantifying vitreous inflammation in clinical fundus photographs has been suggested (50, 51).



Retinal Layers

OCT of the healthy retina produces good definition of the different layers of light sensitive tissue. In uveitis it can resolve and localize lesions and pathologies, and identify vasodilation and perivascular exudate (24, 59). Standard clinical OCT has an axial resolution of less than 4 microns, which can produce images with near histological detail. Thickness is ascertained from OCT images by measuring the distance between two boundaries of choice (Figure 3). Before measurements can be taken, the layers must be defined.




Figure 3 | OCT of the normal mouse retina delineates layers and allows retinal dimensions to be quantified. Scale bars are 100 microns and illustrate differences in axial and lateral resolution. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane; IS/OS, inner and outer segments; RPE, retinal pigment epithelium (68).



Techniques for segmentation to define different retinal layers have progressed through manual, semi-automated and fully automated protocols, with work on human data leading rodent OCT imaging. Both rule-based algorithms and learner-based approaches have been applied to the problem and new approaches are under active investigation. Retinal thickness can be measured by OCT absolutely, using assumptions such as an average tissue refractive index (78), or by fold change compared to pre-disease measurements (66). Both are in high agreement with histological measurements (24, 59, 66, 78, 79). Several schemes exist for displaying changes in thickness. One that is commonly used shows thickness at different distances from the optic nerve head (Supplementary Figure 1).

Rule-based methods execute a pre-programmed set of instructions, designed with the expected properties of the image and the desired features in mind. Many image properties can be analyzed, including intensity variation, geometric contours and texture (80–84). The number of segmented layers defined varies between four and nine, and depends on the approach, with the most successful techniques to date being learner models (26, 80, 85–88)

OCT offers the potential of assessing layer deformation without the artefacts that can be introduced by tissue fixation, sectioning and staining (89). Mechanical deformation can also introduce ambiguous artifacts, with likeness to retinal detachments (78), and congenital abnormalities in the retina may also confound the definition of anatomical normality (90). The literature pertaining to automated quantitation of retinal structure is more extensive than that related to infiltrate, because retinal layer changes are associated with a wide variety of ocular diseases (91, 92). The laminated reflectance profile of the retina’s architecture also lends itself to image segmentation and the measurement of quantitative indices such as layer thickness and geometric descriptors. Protocols for automatic layer segmentation developed for human studies have been tested in different mouse strains. These performed well when assessing the inner retinal layers, but were less successful in defining the murine RPE, whose location displaced distally into the sclera (68).

Longitudinal studies of retinal thickness have revealed details about the kinetics of disease progression, with respect to other important manifestations of pathology (59, 66). In the pre-peak to peak phase of disease, retinal thickness increases rapidly due to inflammatory oedema, correlating with inflammatory infiltrate, measured longitudinally by OCT and confirmed by histology (66, 78). In the post-peak resolution phase, the clearance of exudate reveals features on OCT with greater clarity, such as infiltrate, photoreceptor atrophy, retinal folds and choroiditis (59). Photoreceptor damage persists beyond the peak phase of disease as retinal oedema is slower to resolve than inflammatory infiltrate. When the swelling does subside, the retina thins to below pre-disease levels because of photoreceptor loss. OCT confirms that neither infiltrate or retinal thickness returns to baseline in late disease or even after resolution is complete (20, 59, 78). Therefore, quantitative directional changes and relative rates of change between retinal thickness and inflammatory infiltrate can provide an additional metric for disease activity.

In severe uveitis, retinal layers are obscured by opacification of the vitreous and aqueous due to infiltrate and proteinaceous exudate (59) which presents a challenge for scoring systems, that must be robust to substantial signal variation and may need to incorporate metrics of opacity into the model as proxies of inflammation.



Vasculature

Important changes in the vasculature occur in uveitis, including ischemia, neovascularization and retinal/choroidal vasculitis (93). In disease models these are assessed less commonly than structural changes, but as in humans they are often interrogated by angiography. Confocal scanning laser ophthalmoscopy (SLO) can be coupled to fundus fluorescein angiography (FFA) to quantify vessel diameter and leakage in EAU. When average vascular dilation was measured immediately prior to sacrifice and histology, major vessel diameter was well correlated with retina-choroid thickness and with clinical and histological scores. This indicated that inflammatory vasodilation of superficial vasculature was a novel measure of EAU severity (66). Complementary to dye-based angiography are OCT based methodologies. Vascular dilation and perivascular exudate attributed to retinal vasculitis can be localized to specific retinal layers during the course of EAU (23, 59) and OCT has been used for imaging vasculature disturbances, such as choroiditis and retinal vasculitis (43). Blood flow can be visualized and depth resolved (94) using OCT angiography (OCTA) and this has been used to assess retinal microvascular changes (95, 96).

Many methods of segmenting retinal blood vessels from fundus photographs have been published (97). A much smaller number of approaches have been successfully devised using OCT images, which include the use of multimodal imaging (corresponding fundus photographs) and learner models (98, 99). In humans, segmentation of fine capillary networks has been achieved in OCTA enface images (100) while in mice segmentation of retinal vasculature using OCTA has been reported for longitudinal monitoring of angiogenesis (101). Current advances applying deep learning to vessel segmentation continue to improve the performance of these methods and this has been helped by the public access to data sets (102).



Functional

As EAU progresses, electroretinogram (ERG) amplitudes change. There is a dramatic reduction in function (a and b wave), that accompanies early disease (103), presenting before morphologic changes. These findings indicate that functional loss could be mediated by inflammation rather than just physical damage, and that retinal function is potentially a sensitive early indicator (59, 66). However, photoreceptor damage continues while inflammation is receding and in the post-peak phase, ERG amplitudes are correlated with OCT measures of retinal thickness. As swelling diminishes, photoreceptor atrophy becomes apparent and results in an overall retinal thinning compared to baseline. Neither retinal thickness nor functionality ever fully recover (59, 103).

Taken together, multimodal quantitative measures can provide information on perceptually subtle, but biologically significant changes whose quantification would aid clinical grading and pre-clinical research.




Examples of Multimodal Measurement

A multimodal approach to assessing uveitis is outlined in Figure 4. EAU was induced by the transfer of pathogenic autoantigen reactive T cells. Sequential imaging of all eyes was carried out by fundal photography and OCT. B-scans were segmented manually and measured by an observer blinded to treatment conditions. Measurements of retinal thickness were made at baseline from all eyes (n=11) and these were compared as a Z-score expressing the magnitude of change in thickness on day 13 color coded as the number of standard deviations from baseline (Figure 4D). Figures 4A–C shows images from a representative single eye at baseline and day 13. The retinal photographs (Figure 4A) show that at day 13 there is an enlarged optic nerve, sheathing of the vessels due to cell infiltration (white arrow) and infiltrates in the tissue (black arrow). B-scans (Figure 4B) through the optic nerve, were assembled from multiple averaged frames and are displayed with the accompanying 100 micron scale bars that were used to generate measurements of the retinal thickness following manual segmentation using ImageJ (104). At day 13 it is easy to see objects in the vitreous around the optic nerve. The 3D image (Figure 4C) is prepared from 512 sequential B scans, processed using code in MATLAB (Natick, Massachusetts: The MathWorks Inc) and ImageJ (26) adapted for use with murine images and rendered using ImageJ (1.53 3D viewer plugin). These pictures give a better appreciation of the spatial distribution of the vitreal infiltrate and can be used to make a semi-quantitative estimate of the degree of vitreal infiltration.




Figure 4 | Multimodal analysis of EAU. Mouse eyes were imaged at day 0 and day 13 after the induction of EAU and one representative image of the same eye is shown (A–C). Clinical disease can be assessed by photography (A), measurements of retinal thickness and optic nerve diameter at three points from the temporal, nasal and optic nerve regions of the OCT B-scans (B), 3D-reconstuction of retinal infiltrate (C) and summary data of retinal scores from all groups (D). Summary scores are assembled from unsupervised quantitative assessment of vitreal involvement, manual segmentation and measurement of inner and outer layer thickness and optic nerve diameter transformed and represented as Z-scores.



Following changes in disease scores through time, it is useful to display the aggregate data from the multiple images, and this has been used to produce a color-coded map of the retina, with changes normalized to baseline scans (usually on day 0) and scaled by Z-score. Retinal maps are also useful when comparing the pattern of pathological change between different disease models. For example, compare Figure 4D, which shows that at day 13 the major impact of uveitis is found in the vitreous and the optic nerve with Figure 5 which shows the does dependent effect of intra-vitreal instillation of paraquat, a model of oxidative stress, in C57BL/6 mice. This induces neuronal degeneration which varies with stain (105) and in this case particularly impacts the inner retina, seen as a negative Z-score increasing in magnitude with dose. But quantitative analysis also reveals that at higher concentrations of paraquat, this is accompanied by an expansion of the outer segments, due to inflammation. This finding, using multimodal analysis is in agreement with a previous report showing more pronounced TUNEL-positive cells in the inner retina than in the outer retina of C57BL/6 mice treated intravitreally with paraquat (105).




Figure 5 | Changes in retinal thickness in mouse eyes following intra-vitreal paraquat instillation were measured on day 10. Images were visualized by OCT, manually segmented, and measured at three points in the temporal, nasal, and optic nerve regions. Measurements are expressed as positive and negative Z-scores relative to a PBS injected control group. Changes in the inner and outer layers are decoupled.




Opportunities for Automation

Machine learning has made an impact in human clinical care in recent years because of its ability to reach expert-level diagnosis. The automated analysis of ocular disease has led the way in carrying these methodologies into the clinic, but they have been less extensively utilized in disease models (106, 107).

Images are inherently data rich because in theory each pixel can be regarded as a separate input parameter (106). This offers opportunities for uncovering novel aspects of pathological processes but also challenges, especially in assembling well annotated data sets that are large enough to avoid overparameterization when they are used to train classification algorithms in a machine learning framework. Advances in predictive statistical methods may in time alleviate the need for such extensive input data. One helpful approach, applied in OCT, is decoupling the methods for segmentation from artificial intelligence driven disease classification (108). This moves practice towards device-independent representation of the disease process, which may aid in comparison between studies carried out by different investigators.

Recently the field has advanced with the application of a deep learning model to analyze photographs of the retinas of mice with EAU. Using a data set of images that was extended by data augmentation, disease images were divided into three categories and by applying deep learning methods (convolutional neural networks) the overall performance assessed by area under the receiver operating characteristic curve (AUC) when the model was applied to an external dataset of 33 images was approximately 0.90 (27).

Another area of opportunity in multi-modal ocular imaging is the fusion of information from different modalities such as fundal photography and OCT (109, 110). Image fusion aims to yield a more complete, accurate and efficient account of an object by combining different visualizations together. Integrating this methodology into the assessment of experimental clinical disease will inform our ability to distinguish between different states of tissue health (Figure 1).




Conclusion

Persistent ocular inflammation is a significant and challenging clinical entity that is associated with long term changes in the retina and serious sight threatening complications (111). Experimental models of non-infectious and infectious ocular inflammation have been widely and successfully deployed. But fundamental insights regarding how tissue homeostasis is perturbed and how it might be restored are still needed (112). Such concerns are important in a much broader context than uveitis. Restoring complex tissues, damaged by persistent inflammation, to normal physiological function will have wide application. Multimodal and quantitative imaging of the eye, in an experimental context, has potential to advance our understanding of the kinetics, cell biology, transcriptomic and proteomic architecture of how this multifactorial process is regulated. By providing non-invasive techniques to probe the underlaying nature of the tissue, there is an opportunity for a more precise and comprehensive discrimination between different states that can be used to stratify information gleaned from detailed examination of the transcriptome and microbiome, multiparameter flow cytometry and proteomics.
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As one of the leading causes of blindness worldwide, uveitis is an important disease. The exact pathogenesis of autoimmune uveitis is not entirely elucidated to date. Equine recurrent uveitis (ERU) represents the only spontaneous animal model for autoimmune uveitis in humans. As the metabolism of immune cells is an emerging field in research and gains more and more significance to take part in the pathogenesis of various diseases, we conducted experiments to investigate the metabolism of immune cells of ERU cases and healthy controls. To our knowledge, the link between a deviant immunometabolism and the pathogenesis of autoimmune uveitis was not investigated so far. We showed that PBMC of ERU cases had a more active metabolic phenotype in basal state by upregulating both the oxidative phosphorylation and the glycolytic pathway. We further revealed an increased compensatory glycolytic rate of PBMC and CD4+ T cells of ERU cases under mitochondrial stress conditions. These findings are in line with metabolic alterations of immune cells in other autoimmune diseases and basic research, where it was shown that activated immune cells have an increased need of energy and molecule demand for their effector function. We demonstrated a clear difference in the metabolic phenotypes of PBMC and, more specifically, CD4+ T cells of ERU cases and controls. These findings are another important step in understanding the pathogenesis of ERU and figuratively, human autoimmune uveitis.
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Introduction

Equine recurrent uveitis (ERU) is an important disease in horses worldwide (1, 2), which, being untreated, eventually leads to loss of vision in the affected eyes (3). It is characterized by recurrent and painful episodes of inflammation, which are mainly caused by autoaggressive CD4+ T cells that migrate from the peripheral blood through the blood retinal barrier into the eye to attack and destroy retinal structures (1). Few monocytes can be observed among these infiltrating CD4+ T cells, but the driving force during an uveitic attack are the CD4+ T cells (4, 5). Like in other autoimmune diseases, the pathogenesis of ERU is still not fully elucidated (1, 6). ERU represents the only spontaneous animal model for human autoimmune uveitis (HAU), a sight-threatening disease with a similar pathogenesis as ERU (1, 7–9). Thus, new findings concerning the underlying pathogenesis of ERU are of great value for both, veterinary and human medicine. For example, our group identified CRALBP as autoantigen in horses with ERU (10). Later on, CRALBP was also verified as important autoantigen in human autoimmune uveitis (11), autoimmune retinopathy (12) and juvenile idiopathic arthritis-associated uveitis (JIAU) (13). Patients with autoimmune uveitis receive long-term treatment with immune suppressants like high-dosed corticosteroids, cyclophosphamides or azathioprine or they are treated with antibodies against TNFα or IL-17 [reviewed in (14)]. Unlike these human patients, horses affected by ERU are only treated for a few days when they experience an acute inflammatory episode and not in the quiescent stage of the disease (5, 15, 16), therefore it is possible to examine immune reactions in the quiescent stage unaffected by long-term treatment.

The area of immune cell metabolism has gained more and more interest in the last decades. Immune cells produce ATP and other metabolites through metabolic pathways, which are closely connected with each other. The two major pathways for an immune cell to obtain ATP are oxygen-consuming oxidative phosphorylation (OXPHOS) and glycolysis, in which ATP is generated via oxygen independent substrate-level phosphorylation reactions [reviewed in (17, 18)]. Changes in metabolism are interdependent with oxidation-reduction (redox) reactions, for example electrons derived in glycolysis and the tricarboxylic acid (TCA) cycle are necessary to generate reducing equivalents contained in NADH. The NAD+/FAD coenzymes can be seen as the main oxidizing agents in cellular catabolism (19, 20). They are needed to transfer electrons from glucose (glycolysis), fatty acids (β-oxidation) and activated acetic acid (TCA cycle) to the mitochondrial respiratory chain for ATP generation [reviewed in (21)]. Most cells can quickly adapt to environmental changes and varying energy sources by switching between the dominantly used energy-delivering pathways (22). The interrelation between immune cell metabolism and the cell’s activation status was revealed through research in the last two decades (23). Naïve CD4+ T cells primarily rely on OXPHOS to generate ATP, for which the TCA cycle delivers electrons stored in NADH and FADH2 (21, 24). Upon activation, CD4+ T cells raise glycolysis not only for ATP production, but also to generate metabolic intermediates such as pyruvate, which are crucial for synthesizing amino acids and fatty acids to cover the demand for proliferation and effector function [reviewed in (21)]. Furthermore, different metabolic pathways dominate in CD4+ T cell subsets. For example, memory T cells rely primarily on catabolic pathways such as OXPHOS (including fatty acid oxidation as electron source) to cover their metabolic needs, while effector T cells (Th1, Th2 and Th17) exhibit a glycolysis-dominated metabolism (25, 26).

A first approach to identifying changes in metabolism of healthy and degenerated cells was taken over 60 years ago, as tumor cells were shown to shift from oxidative phosphorylation to the glycolytic pathway, more precisely to aerobic glycolysis (27–29). This showed that healthy and cancer cells, which have the same origin, can be distinguished upon their different metabolism. The microenvironment also affects cell metabolism, as it was shown in human T cell subsets in healthy and cancerous tissue (30). The CD4+ T cells in tumorous environment displayed decreased mitochondrial enzyme activity and reduced aerobic glycolysis compared to CD4+ T cells in an healthy microenvironment (30). Thus, cells with the same protein profile can be differentiated by their distinct metabolism in a healthy or tumorous microenvironment (30). Interestingly, the meaning behind the term “aerobic glycolysis” differs upon context. In cancerous cells, aerobic glycolysis, also known as the Warburg effect, describes their ability to convert pyruvate to lactate in the presence of oxygen (30, 31). In healthy cells, this reaction re-oxidizes NADH for continuing glycolysis under anaerobic conditions (32). Concerning biochemistry and activated immune cells, the term “aerobic glycolysis” mainly describes the conversion of pyruvate to Acetyl-CoA, which fuels the tricarboxylic acid cycle, in the presence of oxygen (27). To sum it up, cells in health and disease exert a distinct metabolic phenotype despite expressing the same protein profile.

Furthermore, metabolic aberrations of immune cells in autoimmune diseases are implicated to contribute to their autoaggressive and inflammatory phenotype (17). For example, systemic lupus erythematosus (SLE) CD4+ T cells of lupus-prone mice had enriched OXPHOS and glycolytic pathways and combined treatment with 2-DG and metformin in vivo could normalize metabolism of these CD4+ T cells and reverse biomarkers of the disease (33). This underlines the importance of not only investigating metabolic features of healthy immune cells, but to uncover possible differences in metabolism of immune cells of diseased individuals. However, over the last years, studies on spontaneous autoimmune uveitis mostly concentrated on different protein expressions in healthy and autoimmune cells. For example, our group previously demonstrated a correlation of higher integrin-linked kinase expression and a lower apoptosis rate of ERU lymphocytes, whereas necrosis rates were not significantly different, compared to cells of eye-healthy horses (6). To our knowledge, studies to distinguish autoaggressive immune cells from normal immune cells upon their metabolic phenotype were not yet performed in context of spontaneous autoimmune uveitis in humans or horses, although immunometabolism is considered to play a tremendous role in autoimmune diseases (29). Thus, the goal of the study was to characterize the metabolic features of equine PBMC and CD4+ T cells in health and ERU to detect possible alterations in the uveitic phenotype. This could contribute to identify and possibly even target the autoaggressive cells therapeutically in the peripheral blood before they migrate into the eye and attack retinal tissue.



Materials and Methods


Isolation of Primary Peripheral Blood Mononuclear Cells and Ethics Approval for Animal Research

Peripheral blood mononuclear cells (PBMC) of 25 healthy and 29 ERU cases were used in this study. Horses were regarded as eye-healthy, when no previous ocular inflammation was reported by the owner and the standard clinical routine examination did not indicate pathophysiological changes in the eye. These eye-healthy horses are referred to as controls in the following parts of the manuscript. Horses with ERU were diagnosed by experienced clinicians of the Equine Hospital of LMU Munich based on typical clinical signs of uveitis along with a documented history of multiple episodes of inflammation in the affected eye (34). All ERU blood samples were obtained in the quiescent stage of the disease. Equine whole blood samples of controls and ERU cases were taken from the vena jugularis in tubes with heparin sodium (50 I.U. per ml blood; Ratiopharm, Ulm, Germany). After sedimentation of blood components, the leukocyte-rich plasma was isolated by density gradient centrifugation (room temperature, 350 x g, 25 min, low acceleration, low break) using Pancoll separation solution (PanBiotech, Aidenbach, Germany). PBMC were extracted from the intermediate phase, washed in phosphate buffered saline (PBS) three times (4°C, 500 x g, 10 min) and counted with trypan blue solution (VWR Life Science, Darmstadt, Germany). Cells were either used the same day or stored in RPMI 1640 medium (PanBiotech, Aidenbach, Germany), supplemented with 1% penicillin/streptomycin and 10% heat-inactivated fetal bovine serum (both Biochrom, part of Merck, Darmstadt, Germany) overnight at 4°C, until further processing. Some horses’ cells were tested in multiple assays. No experimental animals were used in this study. Collection of blood was permitted by the local authority, Regierung von Oberbayern (Permit number: ROB-55.2Vet-2532.Vet_03-17-88).



Magnetic Activated Cell Sorting (MACS) of CD4+ T Cells Using LS Columns

1 x 108 PBMC were washed (4°C, 500 x g, 10 min) and then resuspended in 10 ml MACS buffer (phosphate-buffered saline (pH 7.2), supplemented with 2 mM EDTA (AppliChem, Darmstadt, Germany) and 0.5% bovine serum albumin (Serva, Heidelberg, Germany)). After another washing step, cells were incubated at 4°C with 1 ml mouse anti horse CD4 antibody (clone MCA 1078, Biorad, Feldkirchen, Germany, 1:2000) per 1x107 cells. After 20 minutes, 5 ml MACS buffer were added for washing (4°C, 500 x g, 10 min). Cells were resuspended with 80 µl buffer per 107 cells before adding 20 µl anti-mouse IgG1 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) per 107 cells. After incubation for 15 minutes at 4°C, another washing step (4°C, 300 x g, 10 min) was performed and cells were resuspended in 500 µl MACS buffer for cell sorting. Magnetic separation was performed using LS columns (Miltenyi Biotec, Bergisch Gladbach, Germany). Magnetically labelled CD4+ T cells were retained in the magnetic field, while unlabeled CD4- cells were washed through the columns by three washing steps (3 x 3 ml MACS buffer). The CD4+ T cell fraction was eluted by removing the column from the magnetic field and rinsing with 5 ml MACS buffer. Purity of CD4+ fraction was tested via flow cytometry, by staining with 30 µl mouse anti horse CD4 FITC labelled antibody (clone MCA1078F, Biorad, Feldkirchen, Germany, 1:10) and 30 µl mouse anti horse CD8 FITC labelled antibody (clone MCA1080F, Biorad, Feldkirchen, Germany, 1:10) (Supplementary Figure 1, ≥ 96% purity of the CD4+ fraction).



Cell Proliferation Assay

PBMC, CD4+ and CD4- cells of controls and ERU cases were stimulated with three different mitogens to assess their proliferative response. 1 x 105; cells in 200 µl RPMI 1640 medium (PanBiotech, Aidenbach, Germany) supplemented with 1% penicillin/streptomycin and 10% heat-inactivated fetal bovine serum (both Biochrom, part of Merck, Darmstadt, Germany) were seeded per well in 96-well plates. Triplicates (technical replicates) of the cells were either stimulated with pokeweed mitogen (PWM; 5 μg/mL), concanavalin A (ConA; 5 μg/mL) or phytohemagglutinin (PHA-L; 5 μg/mL) (all three Merck, Darmstadt, Germany). One triplicate of each cell type was left unstimulated as a medium control. After incubating for 32 hours (37°C, 5% CO2), H³-thymidine (Perkin Elmer, Germany) was added to each well (1 µCi/well) for radioactive labelling. After another 16 hours of incubation (37°C, 5% CO2), the cells were harvested onto a glass fiber filter and the H³-thymidine incorporation was quantified as radioactivity by liquid scintillation in a beta counter (MicroBeta, Perkin Elmer, Germany). Counts per minute were measured for each well and means of triplicates were calculated. To determine the proliferation rate, the mean value of the stimulated cells was divided by the mean value of the medium control, separately for each mitogen. No significant differences in the proliferation capacity of PBMC, CD4+ T cells and CD4- cells of ERU cases compared to controls upon polyclonal stimulation were detected (Supplementary Figures 2A–C).



Measurement of Equine Cell Metabolism Through Seahorse XFe Analyzer

Metabolic features of equine PBMC, CD4+ T cells and CD4- cells were measured by characterizing oxygen consumption rates (OCR), extracellular acidification rates (ECAR) and glycolytic rates (glycoPER) of respective cells using a Seahorse XFe Analyzer (Agilent Technologies, Waldbronn, Germany). Following the manufacturer’s instructions, 24-well plates were coated with 52 µl Poly-D-Lysin (Merck, Darmstadt, Germany) one day prior to the assay. 8 x 105 cells were seeded per well, suspended in 200 µl XF medium (Seahorse XF RPMI Medium (pH 7.4), Agilent Technologies, Waldbronn, Germany), which was supplemented with 100 mM Pyruvate, 2.5 mM Glucose and 200 mM L-Glutamine (all three Merck, Darmstadt, Germany) prior. Experiments were performed with at least two technical replicates per horse. Four wells on each 24-well plate were filled with medium and served as background correction. To ensure an evenly distributed cell layer on the bottom of each well, the plate was centrifuged for 1 minute at 2000 rpm with low acceleration and low break. All wells of the 24-well plate were filled up with XF medium to reach a total volume of 500 µl. The plate was put into a CO2-free incubator for 20 minutes before starting the experiment. The calibration plate was also prepared as described in the user guides of the manufacturer for each assay. OCR and ECAR rates were determined using the mito stress test (Agilent Technologies, Waldbronn, Germany). GlycoPER rates were measured with glycolytic rate assay kits (Agilent Technologies, Waldbronn, Germany). Data analysis and interpretation was done using WAVE 2.6 software according to the manufacturer’s manual (both Agilent Technologies, Waldbronn, Germany). Ratios were determined after normalizing each measurement against the baseline mean. To perform statistical analysis, data from three time-points per measurement were used.



Western Blot

CD4+ T cells were lysed in lysis buffer (9 M Urea, 2 M Thiourea, 65 mM Dithioerythritol, 4% CHAPS) and protein concentration was determined via Bradford assay. A 12% gel was loaded with 5 µg protein/slot. Three slots were functioning as blanks. Serva Triple Color Protein Standard III (Serva Electrophoresis, Heidelberg, Germany) was used as marker. Proteins were separated by SDS-PAGE and blotted semidry onto 8.5 × 6 cm PVDF membranes (GE Healthcare, Freiburg, Germany). To prevent unspecific binding, the membrane was blocked with 4% BSA for one hour at room temperature. After three washing steps with phosphate buffered saline supplemented with 0.05% Tween (PBS-T) at room temperature for 10 minutes, it was incubated with the primary antibodies mouse anti ATP5β (Santa Cruz, Heidelberg, Germany, 1:100) and anti GAPDH (Merck, Darmstadt, 1:500) overnight at 4°C. This was followed by another three washing steps in PBS-T and subsequent incubation with POD-conjugated goat anti mouse IgG (Merck, Darmstadt, Germany, 1:5000) as secondary antibody for one hour at room temperature. After 1 hour, 6 washing steps with PBS-T were performed before re-incubation with primary antibody rabbit anti β-actin (Cell Signaling, Frankfurt am Main, Germany, 1:40000) for 3 hours at room temperature. After washing the membrane 3 x 10 minutes with PBS-T, it was incubated with POD-conjugated goat anti rabbit IgG (Life Technologies, Darmstadt, Germany, 1:10000) for one hour at room temperature. Afterwards, the membrane was washed 6 x 10 minutes with PBS-T before detection of the signals by enhanced chemiluminescence (Amersham Imager680, Analysis2.0, GE Healthcare, Freiburg, Germany). The signal intensity of ATP5β was normalized to β-actin for each horse before statistical evaluation of the differences in signal intensity between controls and ERU cases.



Detection of Mitochondria via Immunocytochemical Staining

2 x 105 CD4+ T cells of ERU cases and controls were stained with 100 µl prewarmed (37°C) MitoTracker Deep Red (ThermoFisher Scientific, Ulm, Germany, 200 nM) at 37°C and 5% CO2 for 30 minutes. 100 µl prewarmed (37°C) PBS were added and cells were washed (room temperature, 810 x g, 1 min), resuspended with 200 µl prewarmed PBS and washed again (room temperature, 810 x g, 1 min) before fixation in prewarmed PBS supplemented with 1% paraform aldehyde (PFA; Merck, Darmstadt, Germany) for 20 min at 37°C, 5% CO2. Cell nuclei were stained with 4’, 6-Diamidin-2-phenylindol (DAPI; Invitrogen, Karlsruhe, Germany, 1:100). 1 x 105 cells were transferred to microscope slides and centrifuged (300 x g, 10 min) before coverslips were applied using fluoromount medium (Serva, Heidelberg, Germany). Visualization was performed using a Leica Dmi8 microscope with associated LAS-X-software, version 3.4.2 (both Leica, Wetzlar, Germany).



Statistical Analysis

Kolmogorov-Smirnov (KS) test was used for determination of Gaussian distribution. If KS test was significant (p < 0.05; no normal distribution), Mann-Whitney test was used for statistical analysis. If KS test was not significant (p > 0.05; normal distribution), statistics were performed using student’s t-test. In both tests, statistical probabilities were considered not significant (ns) at p > 0.05 and significant at p ≤ 0.05. Significances are indicated by asterisks with * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. OriginPro2020 software, version 9.7 (Additive, Friedrichsdorf, Germany) was used for statistical analysis and graph creation.




Results


PBMC and CD4+ T Cells Display Increased Basal Oxygen Consumption Rate (OCR) in ERU

We analyzed metabolic features of PBMC, CD4+ T cells and CD4- cells of ERU cases and controls with a Seahorse XFe analyzer, which detects concentrations of oxygen and protons within the cell-surrounding medium. Therefore, higher oxygen consumption rates positively correlate to higher mitochondrial activity and respective oxidative phosphorylation (OXPHOS). By blocking mitochondrial respiration with rotenone/antimycin A (Rot/AA), the remaining OCR resembles the non-mitochondrial oxygen consumption, which is likely caused by the activity of oxidoreductases and other enzymes and which remains as background in all other measurements addressed in the following. Oligomycin and FCCP were used to access and influence only parts of the oxidative chain: Oligomycin inhibits the ATP synthase (complex V) of the respiratory chain reaction, which means that the decrease in OCR following oligomycin injection resembles the oxygen level used by ATP-linked respiration. Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) is used as an uncoupling substance for mitochondrial respiration, thus the level of OCR after injection of FCCP shows the maximum respiration capacity of the cells.

PBMC and CD4- cells of ERU cases consumed significantly more oxygen (** p ≤ 0.01) in basal state through their mitochondria, represented through a higher OCR level compared to controls. Likewise, CD4+ T cells of ERU cases showed significantly increased basal oxidative phosphorylation (*** p ≤ 0.001) compared to control CD4+ T cells (Figure 1A). Furthermore, all three tested subsets of immune cells showed differing OCRs between ERU cases and controls after injection of the reagents oligomycin, FCCP and Rot/AA (data not shown). To ensure that these differing reactions to the injected reagents were independent of the different basal oxygen consumption rates between controls and ERU cases, we then normalized all measurements against the baseline mean and compared respective OCR ratios as reaction to the injected substances between the two tested groups.




Figure 1 | Oxygen consumption rates (OCR) and OCR ratios by mitochondrial metabolism of PBMC, CD4+ T cells and CD4- cells of healthy and ERU cases. Controls (n=16) are presented as grey lines whereas ERU cases (n=9) are illustrated as blue lines. OCR is shown by graph (A) and OCR ratios are illustrated by graphs (B–D). First three measurements (dots) show basal respiration, followed by injections of oligomycin (after the third measurement point), FCCP (after the sixth measurement point) and Rot/AA (after the ninth measurement point). Data are shown as mean ± SEM. (A) Significantly higher basal oxygen consumption rates of equine PBMC (**p ≤ 0.01), CD4+ T cells (***p ≤ 0.001) and CD4- cells (**p ≤ 0.01) of ERU cases compared to controls. (B) After normalization against the baseline mean, PBMC of ERU cases showed significantly lower OCR ratio after FCCP (***p ≤ 0.001) and Rot/AA (**p ≤ 0.01) injection compared to controls. (C) CD4+ T cells of ERU cases showed significantly higher OCR ratio (***p ≤ 0.001) when injected with oligomycin and Rot/AA. (D) CD4- cells of horses with ERU had significantly increased OCR ratio (**p ≤ 0.01) after FCCP injection. No significant difference is represented by ns (ns p > 0.05).





Maximum Respiration Capacity and Non-Mitochondrial Oxygen Consumption Is Lower in PBMC of ERU Cases

After adding oligomycin, no significant difference in the ATP-linked respiration was measured between PBMC of healthy and diseased groups (ns p > 0.05). However, PBMC of ERU cases had significantly decreased maximum respiration capacity (*** p ≤ 0.001) after uncoupling the mitochondria with FCCP. Non-mitochondrial oxygen consumption was also lower in PBMC of ERU cases (** p ≤ 0.01) compared to controls (Figure 1B).



CD4+ T Cells of ERU Horses Display Decreased ATP-Linked Respiration but Similar Maximum Respiration Capacity Compared to Controls

OCR ratios of CD4+ T cells of ERU cases were significantly higher (*** p ≤ 0.001) compared to controls after oligomycin and Rot/AA injection. These results point to a significantly decreased ATP-linked respiration and to an increased non-mitochondrial oxygen consumption in ERU CD4+ T cells. CD4+ T cells of controls and ERU cases had similar maximum respiration capacities (ns p > 0.05) after uncoupling the mitochondria with FCCP (Figure 1C). In contrast, the maximum respiration capacity of CD4- cells of ERU cases was significantly increased (** p ≤ 0.01) compared to controls (Figure 1D).



The Extracellular Acidification Rate (ECAR) Is Basal Higher in PBMC and CD4- Cells of ERU Cases

Simultaneously to the measurement of the oxygen consumption rate in the mito stress test assay, the seahorse analyzer measures the pH change of the cell culture medium and provides this information as extracellular acidification rate (ECAR). ECAR mainly resembles the glycolytic activity of the cells, in the course of which lactate is produced and excreted. However, the extracellular acidification rate may also be influenced to a smaller amount by respiration linked acidification. This means that CO2, produced in the cause of respiration, is forming a week acid (H2CO3) in the cell-surrounding medium, which then dissociates into a proton and hydrogen carbonate. PBMC of ERU cases had a significantly higher basal ECAR rates (*** p ≤ 0.001) than control PBMC. This only applied to the CD4- cells of ERU cases, whereas CD4+ T cells of controls and ERU cases had no significant difference (ns p > 0.05) in the basal extracellular acidification rate (Figure 2A). To further analyze the effects of oligomycin, FCCP and Rot/AA unaffected by differing baseline values of ERU cases and controls, all following measurements were then normalized to the baseline mean value.




Figure 2 | Extracellular acidification rate (ECAR) of PBMC, CD4+ T cells and CD4- cells of healthy and ERU cases. Graphs display the extracellular acidification rate (ECAR) of cells of healthy (grey, n=14) and ERU diseased cases (blue, n=8). Graph (A) shows extracellular acidification rates, graphs (B–D) show ECAR ratios of healthy and ERU cases. First three measurements (dots) show basal respiration, followed by injections of oligomycin (after the third measurement point), FCCP (after the sixth measurement point) and Rot/AA (after the ninth measurement point). Data are shown as mean ± SEM. (A) PBMC and more specifically CD4- cells of ERU cases showed significantly increased basal extracellular acidification (***p ≤ 0.001) compared to controls, whereas no significant difference (ns p > 0.05) between the basal extracellular acidification rate of CD4+ T cells of healthy and diseased horses was detectable. (B) ECAR ratio of PBMC of ERU cases decreased significantly after injection of the reagents of the mito stress test. (C) CD4+ T cells had a significantly lower ECAR ratio than controls after injection of oligomycin, FCCP and Rot/AA. (D) ECAR ratio of CD4- cells was significantly lower in ERU cases than in controls after injection of the mito stress test reagents. Statistical significances are represented by asterisks (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).





ECAR of Tested Cell Subsets of ERU Cases Decreases After Blocking and Uncoupling the Respiratory Chain

PBMC, CD4+ T cells and CD4- cells of horses with ERU had lower extracellular acidification rates than controls after inhibiting the ATP synthase with oligomycin (PBMC * p ≤ 0.05; Figure 2B. CD4+ T cells ** p ≤ 0.01; Figure 2C. CD4- cells *** p ≤ 0.001; Figure 2D). Furthermore, all tested cell subsets of ERU cases showed lower extracellular acidification than controls after uncoupling the oxidative chain reaction with FCCP (*** p ≤ 0.001) and after blocking the mitochondrial respiratory chain through Rot/AA (*** p ≤ 0.001; Figures 2B–D).



The Basal Glycolytic Proton Efflux Rate (glycoPER) Is Increased in PBMC of ERU Cases, but Decreased in CD4+ T Cells of ERU Cases

Since ECAR measurement in the mito stress test represents the proton production of glycolysis indirectly, we next analyzed PBMC and CD4 sorted cells of controls and ERU cases with the glycolytic rate assay. Our goal was to determine whether resting equine immune cells also generate energy through the glycolytic pathway and whether the rate of glycolysis varied with autoimmunity. PBMC of ERU cases had significantly increased basal glycolysis (*** p ≤ 0.001) compared to controls, whereas CD4+ T cells of ERU cases had significantly lower basal glycolysis (* p ≤ 0.05). Furthermore, our data show that CD4- cells of ERU cases caused significantly higher basal glycolytic rates (*** p ≤ 0.001) compared to controls (Figure 3A). As before, we normalized the measurements against the baseline mean to see whether the effects reached by injections of the two reagents of the glycolytic rate assay kit were independent of the significantly different basal glycolytic rates of ERU cases and controls.




Figure 3 | Glycolytic proton efflux (glycoPER) of PBMC, CD4+ T cells and CD4- cells of healthy and ERU cases. Graph (A) shows the glycolytic proton efflux rates of controls (grey, n=8) and ERU cases (blue, n=10), graphs (B–D) represent glycoPER ratios, normalized against the baseline mean. First three measurements (dots) show basal respiration, followed by injections of Rot/AA (after the third measurement point) and 2-DG (after the sixth measurement point). Data are shown as mean ± SEM. (A) Significantly increased basal glycolysis (***p ≤ 0.001) of PBMC and more precisely CD4- cells of ERU cases, whereas CD4+ T cells of horses with ERU showed significantly lower basal glycolysis (*p ≤ 0.05). (B) Significantly higher glycoPER ratio (*p ≤ 0.05) of ERU PBMC after Rot/AA injection. (C) Significantly increased glycoPER (*p ≤ 0.05) of CD4+ T cells of ERU cases after Rot/AA injection. (D) CD4- cells showed no difference in glycolysis ratios (ns p > 0.05) after treatment with Rot/AA and 2-DG compared to controls.





The Compensatory Glycolysis of PBMC and CD4+ T Cells Is Increased in ERU

Injection of Rot/AA inhibits the mitochondrial chain reaction and therefore mitochondrial respiration. Thus, a rise in glycoPER after Rot/AA injection resembles compensatory glycolysis. Blocking glycolysis through competitive binding of glucose hexokinase with the glucose analog 2-deoxy-D-glucose (2-DG) should lead to a decrease of glycoPER, which would confirm that the protons measured before were primarily generated through glycolysis.

Our experiments revealed a significant increase in compensatory glycolysis (* p ≤ 0.05) of PBMC of ERU cases compared to controls (Figure 3B). CD4 cell sorting showed that isolated CD4+ T cells of ERU cases caused the significantly increased levels of compensatory glycolysis (* p ≤ 0.05; Figure 3C), whereas CD4- cells had a similar proton production as controls (ns p > 0.05; Figure 3D). Furthermore, there was no significant difference in glycoPER ratio (ns p > 0.05) after 2-DG injection of the tested cell subsets compared to the control group (Figures 3B–D). This means that the measured protons were similarly generated through glycolysis in control and ERU cases.



CD4+ T Cells of ERU Cases Do Not Have Significant Difference in the Amount of Mitochondria

To elucidate if the higher basal oxygen consumption rate of CD4+ T cells in ERU was due to more mitochondria per cell, we performed western blot analysis using the mitochondrial marker ATP5β (Figure 4A). CD4+ T cells of ERU cases and controls revealed no significant differences in ATP5β abundances, thus the total amount of mitochondria (ns p > 0.05; Figure 4B). Immunocytochemical staining of CD4+ T cells of a representative control and ERU case with the mitochondrial marker MitoTracker Deep Red illustrates this finding (Figure 4C).




Figure 4 | ATP5β in CD4+ T cells of healthy and ERU cases. (A) Western blot with CD4+ T cells of control and ERU horses (n=5 each) stained with anti ATP5β antibody, anti GAPDH antibody and anti β-actin antibody for normalization. A molecular weight marker is shown on the left, followed by a blank lane and a lane only incubated with the secondary antibody. (B) Statistical analysis of the volume of ATP5β lanes of control and ERU cases after normalization to the respective β-actin lane showed no significant difference (ns p > 0.05). Data are represented as mean ± SEM. The ERU bar (blue) was set accordingly to the control bar (grey), which was set as 1. (C) Representative immunocytochemically stained CD4+ T cell of a control (upper picture) and an ERU case (lower picture). Mitochondria were stained with MitoTracker Deep Red (red). Cell nuclei were counterstained with DAPI (blue). x1000 magnification.






Discussion

Research on immunometabolism is an emerging field and new insight can help to understand pathogenesis of diseases, including autoimmune diseases, and searching for adequate therapy (27, 29, 35). To our knowledge, the link between immunometabolism and the pathogenesis of spontaneous autoimmune uveitis was not investigated so far. In this study, we therefore aimed to elucidate the metabolic phenotype and to identify metabolic alterations of leukocytes of ERU cases, which could lead to a better understanding of the autoimmune nature of the cells, the pathogenesis of uveitis and provide a basis to identify the autoreactive cells in the periphery before they can harm the eye. We showed that the metabolic phenotype of immune cells of ERU cases significantly differed in 9 of 11 tested parameters in PBMC and in 8 of 11 tested parameters in CD4+ T cells compared to controls, although the amount of mitochondria was unaffected by the disease. Peripheral lymphocytes are the most promising cell type to investigate ERU pathogenesis since every uveitic episode starts in the periphery, where autoaggressive T cells are activated in the spleen to migrate into the eye and destroy retinal tissue (1, 36). Caspi and colleagues further demonstrated in adoptive transfer experiments with Lewis rats that peripheral T cells specific to retinal proteins induce EAU in healthy recipient rats upon peripheral injection (37).

Since PBMC of horses with induced autoimmune uveitis had different protein expressions even in the quiescent stage of the disease compared to lymphocytes of eye-healthy horses (38), we were interested whether lymphocytes of uveitic horses also had a deviant metabolism than controls. Indeed, PBMC of ERU cases displayed a different energetic phenotype than PBMC of eye-healthy horses, namely higher basal OCR, ECAR and glycoPER rates (Figures 1A, 2A, 3A). Thus, one could conclude that the mitochondrial respiration and glycolysis pathways were both more active in PBMC of horses with ERU than in control cells. To our knowledge, this is a novel finding in the context of spontaneous uveitis, thus we do not know the functional meaning of increased basal mitochondrial respiration and glycolytic rates in uveitic pathogenesis so far. Increased basal mitochondrial respiration and glycolysis were also described in PBMC of a transgenic pig model for diabetes compared to the wild-type littermates (39). Interestingly, these findings correlate with the findings in our study concerning PBMC in recurrent autoimmune uveitis. Since the authors indicated a link between the metabolic alterations at the early stage of the disease and the inflammatory character of CD4+ T cells in this diabetic pig model (39), one might conclude that the increased basal mitochondrial respiration and glycolysis of PBMC of ERU cases, revealed in the present study, might also contribute to the augmented effector functions and therefore autoimmune character of these cells. A similar metabolic phenotype was seen in autoreactive lymphocytes of KBN mice, which are a spontaneous autoimmune arthritis model and were tested at an early stage of the disease (40). More precisely, CD4+ T cells of these KBN mice were shown to have increased basal mitochondrial and glycolytic rates compared to control mice and B cells also revealed a higher glycolytic rate than controls (40). The researchers linked the higher metabolism to the enhanced effector functions of CD4+ T cells and B cells of KBN mice compared to controls (40). Furthermore, they strengthened their theory by inhibiting glycolysis of KBN lymphocytes with 2-DG, which stopped the development and, when treatment was carried out early and continuous, decreased the severity of joint inflammation (40). Thus, the study managed to link the high glycolytic rates of lymphocytes in an autoimmune disease model with the disease’s severity.

PBMC are a heterogeneous cell population comprised of T cells, B cells, monocytes, dendritic cells and natural killer cells (41), thus it was unclear for us which cell types caused the observed changes in metabolism in the ERU group. By testing and comparing the metabolic reactions of CD4+ and CD4- cells with the collective PBMC fraction, we could clarify some parameters. While discussing these results, it is important to keep in mind that the CD4- cell fraction is comprised of the cell subsets in the PBMC population remaining after density gradient centrifugation and CD4 sorting, namely CD8+ T cells, γδ T cells, B cells, monocytes, dendritic cells and natural killer cells (41). Both CD4+ T cells and CD4- cells caused the higher basal OCR level in PBMC of ERU cases (Figure 1A), whereas the highly upregulated basal glycolysis in PBMC of ERU cases was caused only by CD4- cells (Figures 2A, 3A). To our knowledge, we are the first to describe these differences in a direct comparison between PBMC and CD4 sorted subpopulations. Since CD4+ T cells are the major players in HAU, ERU and the induced uveitis models (1, 42, 43), we subsequently focused on the metabolic phenotype of this specific cell subset. We could demonstrate that CD4+ T cells of ERU cases utilized the oxidative phosphorylation pathway in basal state to a significantly higher amount than control cells (Figure 1A). Furthermore, CD4+ T cells of horses with ERU were engaged to a lower level in the glycolytic pathway in their basal energy state than control CD4+ T cells (Figure 3A). We therefore demonstrated that CD4+ T cells of ERU cases and controls had different basal metabolic phenotypes. The higher OCR level in ERU might be caused by higher mitochondrial respiration rates. To our knowledge, we are the first to describe this altered metabolic phenotype in CD4+ T cells of cases affected by spontaneous autoimmune uveitis. Still, these results are mostly in line with the findings of altered T cell metabolism in mouse models of other autoimmune diseases like rheumatoid arthritis or SLE (33, 40). In SLE, an autoimmune disease mainly driven by autoreactive CD4+ T cells and B cells (44), studies revealed an increased level of glycolysis and mitochondrial activity of CD4+ T cells of lupus patients and the lupus-prone mouse model (33, 44). The authors suggested that this altered T cell metabolism could cause SLE (33). With this in mind, we hypothesize that the altered T cell metabolism of ERU cases revealed in the present study might also play an important part in the pathogenesis of this disease. Functional studies are necessary to further research this interesting topic in the future, like it was recently done in a study on murine interferon regulatory factor-4 (IRF4) depleted CD4+ T cells of an experimental autoimmune uveitis model (EAU) (45). Here, a connection between knockout of IRF4 and lower mitochondrial respiration in basal state in CD4+ T cells and suppressed autoimmune uveitis could be shown (45). Unfortunately, this study did not include CD4+ T cells of eye-healthy control mice, thus is it uncertain whether IRF4 depletion adjusted the mitochondrial respiration level of CD4+ T cells of EAU cases to that of respective cells of healthy mice.

Interestingly, CD4+ T cells of ERU cases were able to reach higher rates in compensatory glycolysis compared to controls, when mitochondrial activity was blocked (Figure 3C). We hypothesize that the ability of autoreactive CD4+ T cells to achieve higher glycolytic rates when needed, might be due to higher expression levels of glucose transporters. In human CD4+ effector T cells, GLUT1 was shown to be essential, as its impairment led to decreased glucose uptake, glycolysis and effector T cell differentiation (46). Furthermore, in a mouse model of inflammatory bowel disease in vivo, GLUT1 deficiency led to reduced ability of effector T cells to induce inflammation (46). Autoimmune phenotypes in spontaneous and induced mouse models for SLE were ameliorated upon inhibition of glucose transport with CG-5, a glucose transport inhibitor (44). Thus, higher expression levels of GLUT1 or another glucose transporter in immune cells of uveitis cases might increase their ability to induce inflammation in the immune privileged eye, which merits further investigations in the future, as soon as antibodies for equine glucose transporters are available.

Furthermore, CD4+ T cells of ERU cases showed decreased ATP-linked respiration and increased non-mitochondrial oxygen consumption compared to controls, when complexes of their mitochondrial respiratory chain were blocked (Figure 1C). Noteworthy, these differences could not be seen when CD4+ T cells were tested together with CD4- cells (Figure 1B). The reason for that might be that sorting out the CD4+ T cells impacts the relative proportions of the remaining cell subsets in the CD4- fraction. One could speculate that subset-specific metabolic patterns could now have a stronger effect on the CD4- cell metabolic curve than on the PBMC metabolic curve. Another possible explanation for this observation might be that the diverse cell subsets in the PBMC population influence each other in their metabolism, especially when some complexes of the respiratory chain or the glycolytic pathway are blocked or uncoupled. This might result in the specific metabolic curve of the PBMC group, but does not evenly represent the metabolic curves of every cell subset within this group. Taken together, our results point to altered parts of CD4+ T cell metabolism of horses affected by ERU, namely spending less oxygen on producing ATP through oxidative phosphorylation and in return using more oxygen for non-mitochondrial processes such as glycolysis. Our study is the first to describe these results for immune cells in autoimmune uveitis. In basic research however, effector T cells of C57BL/6 mice were shown to engage in aerobic glycolysis upon pro-inflammatory signals (27, 47, 48). We therefore hypothesize that CD4+ T cells of ERU cases as well rather use oxygen to engage in aerobic glycolysis than trying to compensate impaired mitochondrial function with an upregulated OXPHOS. This leap between ERU CD4+ T cells, obtained in the quiescent stage of the disease, and T cells in inflammatory studies is possible, because former studies demonstrated that PBMC of ERU cases are locked in an inflammatory state even in the quiescent stage of the disease. For example, PBMC of ERU cases, which were obtained in a quiescent stage of the disease, had higher lactotransferrin concentrations, which the authors linked to the presence of activated immune cells (49). ERU immune cells also demonstrated a more intense reaction to the autoantigen cellular retinaldehyde binding protein, more specifically a more directed and significantly closer movement toward this autoantigen, than control cells (1). Furthermore, the higher concentration of formin like 1 in CD4+ T cells of ERU cases was also linked to the activation of those cells in the quiescent stage of equine recurrent autoimmune uveitis (50).

Concerning the increased mitochondrial activity of PBMC and CD4+ T cells of ERU cases, another interesting aspect to investigate is if this enhanced activity influences the mass and formation of mitochondria within immune cells of ERU cases compared to controls. T cells of human SLE patients were shown to have higher mitochondrial mass than controls (51) and the increased mitochondrial mass of M2 macrophages of C57BL/6 mice with melanoma was suggested to be linked to the higher mitochondrial OXPHOS levels of these cells (52). Furthermore, mitochondrial remodeling is known to affect the metabolic status of a cell (29). For example, mitochondrial fission shifts the metabolism to aerobic glycolysis, whereas fusion processes shift the metabolism to OXPHOS (29). As a first step towards this research area, we investigated the amount of mitochondria in CD4+ T cells of controls and ERU cases. We could show that the mitochondrial marker protein ATP5β was expressed to same amounts (Figures 4A, B) and that mitochondria were located in the same cellular regions (Figure 4C) in health and ERU. This finding is in line with former studies concerning the equine CD4+ T cell proteome, where mitochondrial markers like Timm13, Tomm70, ATP5β and other ATP synthase subunits were not expressed significantly different in healthy horses and ERU cases (53). Thus, the metabolic alterations seen in ERU cases do not stem from a differing amount of mitochondria but more likely from a deviant metabolic activity. The altered metabolic phenotype of immune cells is not only investigated in diseases, but also in basic research, since the finding of functionally different cells that can be solely identified by their metabolic phenotype is intriguing. Mitochondria were shown to not only generate ATP and metabolic metabolites but also to control signaling pathways of a cell (54). By producing mitochondrial reactive oxygen species (mROS), they can influence the activation of transcription factors like HIF1α or NFAT, which ultimately resulted in functional changes of the cell, for example a differentiation into a pro-inflammatory effector T cell in mice [reviewed in (54)]. The knowledge in this field is emerging and many details of mROS generation and functioning are still not fully understood to date, whether in basic research nor in disease [reviewed in (54)]. Therefore, studies in a species like the horse and spontaneous disease models are scarce to date and build a first basis for further knowledge in this complex field.

Linking the results of the mito stress test to the amount of mitochondria and mitochondrial markers found in CD4+ T cells in controls and ERU cases, an intriguing fact comes to attention: Although ERU and control CD4+ T cells had the same amount of ATP5β, the ATP synthase (complex V) used less oxygen in ERU CD4+ T cells compared to controls (Figure 1C). Future research will be necessary to elucidate the reason for this in the equine model of autoimmune uveitis. One possible explanation might be that CD4+ effector T cells of ERU cases are likely to use the glycolytic pathway to a higher extend than control cells, as previously described for CD4+ T cells of an EAE mouse model (55). Another possible explanation could be a functional defect in complex V of the respiratory chain of ERU cells, as it was shown in immortalized human ME/CFS lymphoblasts (56).

Taken together, our findings prove a clear difference in the metabolic phenotype of peripheral CD4+ T cells of ERU cases and controls, which allows researchers to identify and possibly target the autoreactive cells in the periphery before they migrate into the eye and destroy retinal tissue. With an increased mitochondrial metabolism under basal conditions and the ability to switch to alternative pathways when the mitochondria are impaired and to engage in higher glycolysis when needed, CD4+ T cells of ERU cases are metabolically suited to lead an autoimmune attack. Overall, our results provide a basis for further investigations concerning the functional implication of the altered phenotype of autoreactive lymphocytes in the pathogenesis of autoimmune uveitis.
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A blinded observer assigns scores to retinal photographs for changes that relate to inflammation of the optic disc, retinal vessels and retinal tissue and a score for structural damage. These
scores can then be summed independently (score of 0-20) or given as a summary score of the average of all features (score of 0-5) (10, 21, 54).
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ODIOS; VA=20130 0D, 20125 0S; AC ca=+ 0D,
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PSS, Posner-Schlossman syndrome; C3, component 3; C2, component 2; CFB, complement factor B; SERPINGT, component 1 inhibitor gene; C5, component 5; CFH, complement

factor H: Cl, confidence interval: OR, odds ratio; *Fisher exact test.
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PSS, Posner-Schiossman syndrome; IOF, intraocular pressure, the highest IOP of the

affected eye; KPs, keratic precipitates.
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