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Editorial on the Research Topic
 Neuroinflammation and the Visual System



The eye is an extension of the central nervous system (CNS) and degenerative diseases of the retina and optic nerve can lead to progressive loss of vision. The causes of degeneration are different and can overlap between genetic predisposition, environmental factors, metabolic alterations, and inflammatory processes.

New diagnostic methods and biomarkers are needed to examine and identify the role of neuroinflammation in the degenerative diseases affecting the visual system, not only to aid early diagnosis but also to monitor neuroprotective treatments.

The purpose of the present Research Topic was to publish new research describing potential new advances in the diagnosis, treatment, and pathological understanding of conditions that possess inflammatory components affecting the eye and the visual central nervous system.


NEUROINFLAMMATION AND THE EYE

Diabetic retinopathy and glaucoma are two of the most prominent causes of vision loss (1). The pathogenesis of these conditions is complex and not yet fully known but there is consensus on the crucial role of neuroinflammation together with the mechanical/ischemic determine the onset and progression of these two pathologies. Previous studies have shown that microglial cells play an active role in maintaining the normal structure and functioning of the retina and the CNS, but also that a chronic proinflammatory environment is a common and important denominator of retinal degenerative diseases and neurological disorders affecting the vision (2).

The mini-review on neuroprotection and glaucoma by Rolle et al. reminds us that inflammatory responses within the retina are regulated by microglia and astroglia Rolle et al. These cells include Müller cells and astrocytes and provide metabolic support to neurons, neurological regulation of ion concentrations, and neuroprotective activities. Microglial cells originate from primitive erythromyeloid progenitors; after maturation, they participate in the inflammatory process activated by DAMPs (damage-associated molecular patterns) released by neural cells and also by astroglia: heat shock proteins (HSPs) are produced by retinal ganglion cells (RGC) when intraocular pressure (IOP) is high. In response to the neuroinflammatory process, microglial cytokines and chemokines (complement factors and interleukin 6) amplify the response and promote the morphological change of microglia into macrophages. There are two phenotypes of activated macrophages, M1 and M2, which produce IL-1β, IL-12, TNF-α and IL-10, TGF-β, and neurotrophic factor insulin-like growth factors, respectively. The review points out that animal model studies have improved our understanding of cellular mechanisms and pathways of neuroinflammation, paving the way for new therapeutic possibilities to modulate neuroinflammation such as antioxidants, ketogenic diet, hydrophilic saffron extract.

Another review by Tirendi et al. describes recent developments related to the new 3D trabecular meshwork (3d-TM) culture model that uses microengineering techniques to create systems that mimic cell-cell and cell-environment interactions found in vivo. The authors have recently studied, as markers of activation of the inflammatory response, the changes in pro-inflammatory cytokine transcriptions and NF-kB protein levels following oxidative stress stimulation, allowing to analyze the phases of cellular damage that underlie glaucoma and its adverse outcomes.

The relationship between diabetes and inflammation is studied by Filippelli et al. in patients with proliferative diabetic retinopathy. In this condition, oxidative stress is promoted by several mechanisms, including pathways involving polyols, vascular dysfunction, proinflammatory cytokine, and protein kinase C production, accumulation of advanced glycation products, activation of the renin-angiotensin-aldosterone system, increased growth factors, and leukostasis. Several papers have reported an increase in the intravitreal concentration of the main proinflammatory cytokines and chemokines and have highlighted a key role of these mediators in the onset and progression of diabetic retinopathy. The study by Filippelli et al. examines the vitreous composition in patients with diabetic retinopathy and reports an in vivo protective role in vivo of some components of the diet (curcumin, omotaurine, and vitamin D3) that could be used in addition to anti-neovascularization agents, to reduce cytokine levels, to regulate the inflammation network and reduce the rate of administration of intravitreally injected agents. An additional gene expression experiment demonstrated that the combination of curcumin, vitamin D3, and homotaurine down-regulate the expression of the cyclinD1 gene and the proinflammatory cytokine genes TNFα and IL6, supporting their anti-inflammatory action in combination.

Finally, Tong et al. present an interesting resting-state functional magnetic resonance imaging study in patients with iridocyclitis and demonstrate altered and disturbed synchronous neural activity within certain areas of the brain, suggesting some form of neuroplasticity in this condition.



NEUROINFLAMMATION AND CENTRAL NERVOUS VISUAL SYSTEM

Acute optic neuritis is a frequent manifestation of inflammatory CNS conditions, multiple sclerosis (MS), and neuromyelitis optic spectrum disorder (NMOSD), with the latter predisposing to significant and irreversible vision loss. Key research areas aim at understanding the disability and recovery mechanisms with acute neuroinflammation and neurodegeneration of the optic nerves in these conditions. This Research Topic presents a large selection of articles that enhance our understanding of these areas, but which can also be grouped into several important research themes.

The first theme concerns the use of animal models. Redler and Levy present a comprehensive review article on the application of rodent models of optic neuritis and how they contributed to our understanding of the pathological mechanisms of inflammation, demyelination, axonal loss, and therapies such as antioxidants, neuroprotective agents, and remyelinating agents. Another article by Dietrich et al. reports that dimethyl fumarate, a disease-modifying treatment commonly used in MS, has no protective effects on retinal degeneration after optic nerve crushing in mice, but appears to exhibit antioxidant and anti-inflammatory effects after light-induced photoreceptor loss.

The second main theme concerns biomarkers, both imaging and immunopathogenic. For imaging, articles related to optical coherence tomography (OCT) dominate this Research Topic. Kleerekooper et al. present an excellent review of the recently available imaging modality, OCT angiography, capable of visualizing retinal and choroidal vasculature in high detail with the promise of providing new insights into the pathobiology of MS and NMOSD. Ziccardi et al. report an application of OCT to MS patients with a history of optic neuritis (ON) and find that post-ON neurodegeneration affects both the outer and inner retinal layers in patients with poor visual recovery whereas it occurs only in the inner retinal layers with good visual recovery. Murphy et al. report significant correlations between OCT angiography derived superficial vascular plexus (SVP) density for inter-eye differences, as well as for ganglion cell-inner plexiform (GCIPL) thickness, and visual outcomes in MS ON patients, providing insights into the interactions between retinal tissue and vascular changes. For immunological markers, Schmetzer et al. controversially question the pathogenic nature of the aquaporin 4 IgG antibody (AQP4-IgG) in NMOSD with the finding that Ab-positive patients showed no correlation between titer levels and clinical disease activity. Finally, Kang et al. report elevated serum levels of T-helper cell-related cytokines in patients with positive myelin-oligodendrocyte glycoprotein antibodies (MG-IgG), suggesting that Th17 cells may play a role in its autoimmunity.

The third theme is more directly concerned with clinical outcomes. Park et al. report the potential clinical utility of low-contrast visual acuity (2.5%) in detecting patients with prior ON, being superior to more conventional high-contrast visual acuity measures. Zhao et al. performed an observational study of low-dose rituximab treatment in NMO-ON, demonstrating good tolerance, reductions in aquaporin-4 antibody titers (p = 0.01), and good reductions in CD19 + B cells. For acute ON relapses in AQP4-IgG NMOSD, Akaishi et al. provide further evidence of the benefit of early systemic corticosteroid treatment in preserving visual acuity. Finally, Klumbies et al. reveal secondary analyzes from the SUPREME study (Sunphenon in Progressive Forms of MS, NCT00799890), which evaluates the effect of epigallocatechin-gallate (EGCG), an anti-inflammatory and antioxidant ingredient in green tea, on OCT. Unfortunately, they found no differences between the treated and placebo groups after 2 years for the peripapillary retinal nerve fiber layer and ganglion cell/inner plexiform layer thicknesses. Although the study may have been underpowered, it is important to investigate potential neuroprotective agents in progressive MS where there is a paucity of effective therapies.

In conclusion, this research topic contains articles that communicate the latest knowledge and developments from a wide range of conditions related to neuroinflammation affecting both the eye and the CNS visual system. Topics include understanding the pathophysiological mechanisms, studying imaging and immunological markers of the diseases, clinical outcomes, and exploring potential treatments. The experiments described range from animal models and cell-based tests to human in vivo studies. We hope that this collection of research work on this topic will help readers and researchers interested in seeing the eye and visual system as a model for dealing with inflammation from different angles. The breath of the works presented here enhance understanding across multiple disciplines and hopefully inspire innovative research that accelerates understanding of disease mechanisms and develops effective therapies.
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Objective: The purpose of this study was to elucidate the rapid impact of high-dose intravenous methylprednisolone pulse therapy (1,000 mg/day for 3 days) on the eventual visual prognosis in patients with serum anti-aquaporin-4 immunoglobulin G (AQP4-IgG)–positive neuromyelitis optica spectrum disorders (NMOSDs) who had an attack of optic neuritis (ON).

Methods: Data from 32 consecutive NMOSD patients (1 male and 31 female) with at least one ON attack, involving a total of 36 ON-involved eyes, were evaluated. The following variables at ON onset were evaluated: sex, age at the first ON episode, visual acuity at nadir, visual acuity after 1 year, duration from ON onset to treatment for an acute ON attack, cycles of high-dose intravenous methylprednisolone pulse therapy for the ON attack, and cycles of plasmapheresis for the ON attack. Among the 36 ON-involved eyes, 27 eyes were studied using orbital MRI with a short-T1 inversion recovery sequence and gadolinium-enhanced fat-suppressed T1 imaging before starting treatment in the acute phase.

Results: In univariate analyses, a shorter duration from ON onset to the initiation of high-dose intravenous methylprednisolone pulse therapy favorably affected the eventual visual prognosis 1 year later (Spearman's rho = 0.50, p = 0.0018). The lesion length on orbital MRI was also correlated with the eventual visual prognosis (rho = 0.68, p < 0.0001). Meanwhile, the days to steroid pulse therapy and lesion length on orbital MRI did not show a significant correlation. These findings suggest that the rapidness of steroid pulse therapy administration affects the eventual visual prognosis independent of the severity of ON. In multivariate analysis, a shorter time from ON onset to the start of acute treatment (p = 0.0004) and a younger age at onset (p = 0.0071) were significantly associated with better visual outcomes.

Conclusions: Rapid initiation of high-dose intravenous methylprednisolone pulse therapy is essential to preserve the eventual visual acuity in patients with serum AQP4-IgG-positive NMOSD. Once clinicians suspect acute ON with serum AQP4-IgG, swift administration of steroid pulse therapy before confirming the positivity of serum AQP4-IgG would be beneficial for preserving visual function.

Keywords: neuromyelitis optica spectrum disorders, optic neuritis, steroid pulse therapy, timing, visual prognosis


INTRODUCTION

Neuromyelitis optica spectrum disorder (NMOSD) is an autoimmune-related neurological disorder that primarily causes astrocytic damage throughout the central nervous system and is characterized by the presence of serum anti-aquaporin-4 immunoglobulin G (AQP4-IgG) (1, 2). Patients with NMOSD typically present with repeated attacks of optic neuritis (ON) and/or myelitis (3, 4), and are likely to relapse without proper relapse prevention treatments, acquiring neurological disabilities accumulated in a stepwise manner (5–7). In the acute phase of attacks in NMOSD, immune suppression with high-dose intravenous methylprednisolone (IVMP) pulse therapy with or without oral tapering is the gold standard treatment at present (8–12). In addition to IVMP, plasma exchange (PLEX) and intravenous immunoglobulin (IVIg) therapy are also known to be effective for treating acute NMO exacerbations and preventing relapse (13–15). To prevent relapses in the chronic phase, mycophenolate mofetil, rituximab, azathioprine, and IVIg are being used (12, 16). Although not a standard strategy, long-term oral low-dose corticosteroids are also used as relapse prevention therapy in some facilities (17, 18). Other monoclonal antibodies, such as eculizumab, tocilizumab, satralizumab, and inebilizumab, are also known to effectively suppress autoimmunity and relapses in NMOSD, although not all these listed drugs have been approved yet (19–22).

Compared with other demyelinating neurological disorders of the central nervous system, such as multiple sclerosis (MS) or anti-myelin oligodendrocyte glycoprotein antibody (MOG-IgG)-associated demyelination, neurological disability resulting from attacks of ON in NMOSD is known to be much more severe (9, 23, 24). If untreated, it is empirically believed that up to half of the patients will eventually become wheelchair bound and/or blind (25–27). Even if properly treated with timely acute therapies and adequate relapse prevention therapies, patients with NMOSD may eventually become wheelchair bound or blind. The disease is known to have a female predominance and is associated with an increased rate of complications with other autoimmune-related diseases (i.e., Sjögren's syndrome), but there have been no established patient background factors that significantly affect the subsequent neurological disability in the disease (28, 29).

As for the manifestation of ON, patients with MOG-IgG and those with AQP4-IgG often show similar appearance on orbital MRI, often with longitudinally extensive ON lesions and swollen optic nerves in the acute phase (30), but the eventual visual prognosis with appropriate acute therapies is thought to be generally worse in AQP4-IgG-positive cases than in MOG-IgG-positive cases (31). As a result, there is an urgent need to develop an effective therapeutic strategy to preserve long-term visual outcomes in patients with AQP4-IgG-positive ON. In this study, to clarify the impact of acute therapies on the eventual neurological prognosis in NMOSD, we assessed the impacts of rapidity and total amount of acute ON treatment on eventual visual acuity (VA) in the chronic phase.



METHODS


Study Design

A total of 32 consecutive patients with AQP4-IgG-positive NMOSD with at least one ON episode who became legally blind (i.e., corrected VA ≤ 20/200, 0.1 decimal) at nadir in the acute phase were retrospectively studied. All patients were diagnosed and followed at a single university hospital in Japan between 1995 and 2019. Three other NMOSD patients whose VA at nadir was >20/200 were excluded because they had mild visual impairment; their inclusion may have biased the results. Positivity of serum AQP4-IgG and MOG-IgG was examined in all enrolled patients, and brain MRI and contrast-enhanced orbital MRI were performed to make an accurate diagnosis. There were no cases of double-positive AQP4-IgG and MOG-IgG. Only the first ON attack in each eye was evaluated; thus, relapsing ON episodes in each eye were not taken into consideration. Because four patients had ON attacks in both eyes (3 simultaneous and 1 asynchronous), a total of 36 ON-involved eyes in 32 NMOSD patients were evaluated in this study. A flow diagram of the subgroup classification according to the acute therapies is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Flow diagram of the subgroup classification according to the acute therapies. A total of 32 AQP4-IgG (+) patients with a first episode of optic neuritis (ON; 36 ON-involved eyes) were enrolled. Three patients were untreated, and the remaining 29 patients (32 ON-involved eyes) were initially treated with intravenous methylprednisolone pulse therapy. A total of 19 patients (21 ON-involved eyes) were further treated with adjunctive plasma exchange. AQP4-IgG, anti-aquaporin-4 autoantibodies; IVMP, intravenous methylprednisolone pulse therapy; ON, optic neuritis; PLEX, plasma exchange; VA, visual acuity.




Studied Variables

At each occasion of ON attack (i.e., the first ON attack in each eye), the following clinical information was comprehensively collected: sex, age, and medical history (i.e., complication of other autoimmune-related diseases), details of the acute treatment for ON, serum AQP4-IgG titer, longitudinal length of ON lesions on orbital MRI before the acute treatments, corrected VA at nadir in the acute phase, corrected VA 1 year later in the chronic phase, the required days from the ON onset to starting the acute treatments with IVMP pulse therapy, and the required days from the ON onset to starting PLEX as an adjunctive therapy.



Contrast-Enhanced Orbital MRI

Before starting the treatment, the longitudinal length of the ON lesion on orbital MRI was evaluated in 28 of the 36 ON episodes, which was semi-quantitatively represented by the number of involved segments in the following six areas of the optic nerves: anterior orbital, posterior orbital, canalicular, intracranial, chiasmal, and optic tract (32). Involvement of the optic nerves was judged based on imaging with short-T1 inversion recovery (STIR) sequence and gadolinium-enhanced fat-suppressed T1 imaging.



Subsequent Visual Prognosis

Corrected VA was initially measured by decimal acuities and later converted to the logarithmic minimum angle of resolution (logMAR) scale because of its statistical usability (33). The logMAR scores <0.0 were all regarded as 0.0, and logMAR scores >2.0 were all regarded as 2.0, resulting in the measured logMAR scores ranging between 0.0 (corrected decimal VA ≥ 1.0) and 2.0 (corrected decimal VA ≤ 0.01).



Serum AQP4-IgG Titration

Before the initiation of treatment, serum AQP4-IgG titer was evaluated in 27 of the 36 ON episodes with a microscopic live cell–based assay method, using human embryonic kidney 293 (HEK293) cells expressing the human M23-AQP4 protein and Alexa Fluor 488-conjugated secondary antibody (Life Technologies, Frederick, MD, USA) (34). The titration was performed semi-quantitatively with a serial two-fold end-point dilution method (35).



Data Analysis

Correlations between two continuous variables were evaluated with Spearman's rho, followed by a test of no correlation. When drawing the scatter plot for the days from ON onset to the initiation of acute treatment (i.e., IVMP pulse therapy, adjunctive PLEX), data from untreated patients were tentatively set to 1,000 for visual convenience after log transformation. Because the correlations were evaluated with a non-parametric statistical method, this tentative numerical conversion did not affect the results of the statistical analyses. After evaluating the correlation between each explanatory variable and the subsequent visual outcomes, multiple regression analysis was performed by employing variables of particular clinical interest and additional variables that had a significant impact (p < 0.10) on the subsequent visual outcomes in the univariate analysis (36). Statistical analyses were performed using IBM SPSS Statistics 22.0 (IBM, Armonk, New York, USA) and MATLAB R2015a software.




RESULTS


Patient Backgrounds

Among the 32 enrolled NMOSD patients, 1 was male and 31 were female. The average ± SD of the age at ON onset (36 ON episodes) was 44.4 ± 15.8 years. The median (IQR; 25th−75th percentiles) of the serum AQP4-IgG titer was 1:8192 (1:1024–1:65,536); median (IQR) number of ON-involved optic nerve segments on orbital MRI was 3 segments (2–4 segments); median (IQR) days from ON onset to IVMP pulse therapy initiation was 9 days (4–33 days); median (IQR) number of cycles of IVMP pulse therapy in the acute phase was 2 cycles (1–2 cycles); and median (IQR) number of cycles of PLEX in the acute phase was 3 times (0–4 times). Six of the 32 patients had a clinical history of accompanying autoimmune-related diseases (rheumatoid arthritis, 2; Sjögren's syndrome, 2; systemic lupus erythematosus, 1; polymyositis, 1).

Among the 36 ON-involved eyes from 32 patients, 32 ON-involved eyes from 29 patients were treated in the acute phase with high-dose IVMP pulse therapy (1,000 mg/day) for 3 days, followed by low-dose oral prednisolone therapy for relapse prevention, whereas the remaining four ON episodes in three patients were not treated for unknown reasons. A single cycle of IVMP was administered to 11 ON-involved eyes from 10 patients, two cycles of IVMP were administered to six ON-involved eyes from 15 patients, and three cycles of IVMP were administered to five ON-involved eyes from four patients. Of the 32 ON-involved eyes from 29 patients who were treated with IVMP pulse therapy, 21 ON-involved eyes from 19 patients were later treated with adjunctive PLEX 3–6 times to achieve greater recovery in VA, and 1 of them was further treated with IVIg. Intravenous cyclophosphamide was not used in any of the enrolled subjects.



Factors That May Affect the Visual Prognosis

Correlation coefficients between the studied candidates of prognostic variables and the subsequent visual prognosis, represented by logMAR VA a year later, are listed in Table 1. The strongest prognostic variable at ON onset was the longitudinal length of the ON lesion (rho = 0.669, p < 0.0001). The days from ON onset to starting IVMP pulse therapy also showed a moderate to strong positive correlation with the visual prognosis (rho = 0.502, p = 0.0018). Moreover, the AQP4-IgG titer (rho = 0.24, p = 0.23), repeated cycles of IVMP pulse therapy (rho = −0.24, p = 0.17), days from ON onset to starting PLEX (rho = 0.13, p = 0.44), or cycles of PLEX (rho = −0.16, p = 0.36) showed no significant correlation with the subsequent visual prognosis. The cycles of IVMP pulse therapy (rho = −0.01, p = 0.95), days from ON onset to starting PLEX (rho = 0.21, p = 0.37), or cycles of PLEX (rho = −0.25, p = 0.28) showed no significant correlation with the subsequent visual outcomes even when being calculated within those who received these therapies.


Table 1. Correlation coefficients between studied variables and visual outcome.
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To visually confirm the observed correlation between rapidity of treatment in the acute phase and the subsequent visual prognosis, scatter plots with these two variables are shown in Figure 2A. Scatter plots with each of these variables and the ON-involved lesion length as a representative of ON severity are shown in Figures 2B,C. Because there was no significant correlation between rapidity of treatment and ON severity on MRI, the confounding effect of ON severity on the implied significance of rapidity of treatment in the acute phase for preserving subsequent VA was unlikely. When the partial correlation coefficient was calculated using ON-lesion length, days from ON onset to the start of IVMP, and visual outcomes at 1 year, the partial correlation coefficient between the rapidity of IVMP and visual outcomes was still statistically significant with a value of 0.437 (p = 0.0248, test of no correlation).


[image: Figure 2]
FIGURE 2. Correlations between treatment rapidity, optic neuritis (ON) severity, and visual prognosis. Scatter plots with visual prognosis and therapeutic rapidity (A), with visual prognosis and ON severity (B), and with ON severity and therapeutic rapidity (C). Note that the horizontal axes in panels (A,C) are log transformed. IVMP, intravenous methylprednisolone; logMAR, logarithmic minimum angle of resolution; ON, optic neuritis; VA, visual acuity.


After univariate analyses, multiple regression analysis was additionally performed by employing demographic or therapeutic variables of particular clinical interest and further variables that showed p < 0.10 in the aforementioned univariate regression analyses. Consequently, the time from ON onset to the start of IVMP pulse therapy, cycles of IVMP pulse therapy, cycles of adjunctive PLEX, and age at ON onset were used as explanatory variables. The eventual VA after 1 year was used as the outcome variable. Shorter duration from ON onset to the start of IVMP pulse therapy [F = 15.81, p = 0.0004] and younger age at ON onset [F = 8.31, p = 0.0071] significantly contributed to better visual outcomes, whereas the number of cycles of IVMP [F = 2.15, p = 0.15] and adjunctive PLEX [F = 0.29, p = 0.60] did not. On removing the cycles of adjunctive PLEX from the explanatory variables, a shorter duration from ON onset to the start of IVMP pulse therapy [F = 15.98, p = 0.0004] and younger age at ON onset [F = 9.04, p = 0.0051] still significantly contributed to better visual outcomes, but the number of cycles of IVMP [F = 1.78, p = 0.0840] did not.

In addition to these clinical data at ON onset, the prognostic effect of other coexisting autoimmune-related diseases on eventual visual outcomes was also evaluated. The visual prognosis was suggested to be slightly worse in patients with other autoimmune-related diseases, but no statistically significant difference was observed (logMAR median 0.90 vs. 0.35; p = 0.32, Mann–Whitney U-test).



Adjunctive Effect of PLEX

Next, to exclude the possibility of confounding effect from PLEX to the prognostic impact of early IVMP pulse therapy, we calculated the partial correlation coefficient by using days from ON onset to start IVMP, times of performed PLEX, and visual outcomes at 1 year. As a result, the partial correlation coefficient between the rapidity of IVMP and visual outcomes was also statistically significant with the value of 0.567 (p = 0.0004, test of no correlation), suggesting that early administration of high-dose IVMP is important to preserve the long-term visual outcomes irrespective of the addition of PLEX as an adjunctive therapy. Meanwhile, the calculated partial correlation coefficient between times of PLEX and visual prognosis was 0.184 (p = 0.29). Based on these results, early IVMP pulse therapy was suggested to be more important than the timing or total times of adjunctive PLEX to preserve the subsequent visual outcomes.




DISCUSSION

In this study, we showed that rapid initiation of treatment (i.e., IVMP pulse therapy) in the acute phase of ON in patients with AQP4-IgG-positive NMOSD significantly improved the subsequent visual outcomes 1 year later. In line with our previous findings, the visual prognosis of ON in those with NMOSD was largely affected by the ON-lesion severity, which was represented by the number of ON-involved segments on orbital MRI in the acute phase (32). Moreover, the observed impact of rapid IVMP pulse therapy on the subsequent visual outcomes was independent of the severity of the ON lesion. A similar observation was reported in several previous reports. In a report from Germany (37), an early therapeutic intervention was suggested to result in a higher complete remission rate after NMOSD attacks. Same as the present study, this previous report also demonstrated the decreased therapeutic responses in the elderly patients. Another report suggested greater preservation of retinal nerve fiber layer thickness on optic coherence tomography in patients with NMOSD who were swiftly treated with IVMP pulse therapy in the acute phase of ON (38). A more recent study (39), in which a total of 27 patients with either AQP4-IgG-positive ON (AQP4-ON) or MOG-IgG-positive ON (MOG-ON) were retrospectively enrolled for treatment-related subgroup analyses, showed that those who were treated with IVMP pulse therapy within 7 days showed better visual outcomes 3 months later than those who started treatment more than 7 days after ON onset. Together with these previous studies, the present study supports the effectiveness of timely IVMP pulse therapy in preserving long-term VA in patients with NMOSD. This finding could be hypothetically explained by irreversible severe astrocytic damage and subsequent neuronal damage, accompanied with impairments in the blood–brain barrier and complement-mediated vascular permeability, which may steadily progress without swift administration of high-dose IVMP (40). Furthermore, although the rapidity of IVMP pulse therapy was confirmed to be effective in preserving long-term VA, the total number of cycles of IVMP pulse therapy failed to show a significant effect on the subsequent visual outcomes. This is consistent with the findings of a previous study that showed no effect of repeated IVMP pulse therapy after the second cycle on subsequent neurological disability (41).

In the early 1990s, more than 10 years before the serum AQP4-IgG and MOG-IgG were measured in patients with ON, a landmark clinical trial of the Optic Neuritis Treatment Trial (ONTT) was performed (42, 43). In the ONTT, a total of 457 ON patients were enrolled and randomly allocated to each oral prednisone group (n = 156): IVMP + oral prednisone group (n = 151) and oral placebo group (n = 150). The result of ONTT was that patients in the IVMP + oral prednisone group showed significantly faster improvement of VA than those in the oral placebo group, but there was no significant difference in the subsequent visual outcomes between the groups both at 6 months and at 1 year. Based on these results, the general opinion among ophthalmologists and neurologists about the effectiveness of IVMP pulse therapy as an acute treatment for ON has long remained controversial. In 2004, a groundbreaking discovery came from a research group of Mayo Clinic that showed the presence of AQP4-IgG in the serum of patients who previously had “atypical” MS that exclusively presented recurrent ON and/or myelitis (1, 2). Later, reports of serum MOG-IgG came to be known to appear in many isolated ON cases (44–46). After these discoveries, serum positivity of these antibodies was retrospectively checked by using the stored serum samples from 177 of the enrolled patients in ONTT, revealing the presence of MOG-IgG only in three patients and AQP4-IgG in none of them (47). Based on this fact, ONTT can be regarded as a randomized controlled trial for the acute treatment of MS-ON and idiopathic ON (i.e., double-seronegative for MOG-IgG and AQP4-IgG). Consequently, we have to admit that the effectiveness of IVMP pulse therapy in MOG-ON and AQP4-ON to preserve the long-term (i.e., more than 6 months) visual outcomes has not been concluded to date.

Based on the results obtained, we propose a possible therapeutic strategy for patients with undiagnosed ON, as shown in Figure 3. Before deciding to administer high-dose IVMP pulse therapy to patients suspected of ON, clinicians should exclude the possibility of infectious ON (e.g., syphilitic ON with HIV infection, Lyme ON, and tuberculous ON) because IVMP monotherapy without antibiotics may aggravate disease activity in such conditions (8, 48–50). Although the incidence of infectious ON is much lower than that of ON of other noninfectious inflammatory causes, a comprehensive examination including medical history taking, fundoscopy, imaging, and blood testing is required to correctly differentiate infectious ON before deciding on the therapeutic strategy. Once a clinician determines that the patient is unlikely to have infectious ON, the next step is to decide whether to administer high-dose IVMP pulse therapy to the patient. Currently, as discussed earlier, IVMP pulse therapy is only recommended for patients with AQP4-IgG-positive NMOSD to achieve better long-term visual outcomes; these patients are mostly female (51, 52). For patients with other diseases (i.e., MS-ON, MOG-ON, idiopathic ON), there have been no randomized controlled trials of acute treatments, and evidence regarding the use of IVMP pulse therapy to achieve better long-term visual outcomes is yet to be established. Consequently, although IVMP pulse therapy would surely quicken visual recovery from nadir VA in any of these diseases, swift administration of IVMP pulse therapy may not be mandatory to preserve the long-term visual prognosis in patients with ON without serum AQP4-IgG. However, as patients with AQP4-ON are recommended to receive IVMP pulse therapy as soon as possible after clinical onset, clinicians are often required to proceed with IVMP pulse therapy administration before obtaining the results of serological tests for serum AQP4-IgG positivity. Although the majority of patients with AQP4-ON are female, the proportions of female patients in AQP4-ON cohorts of previous studies involving different ethnicities varied to some extent between 80 and 95% (53–55). Thus, regardless of the sex of patients with ON, clinicians may consider administering IVMP pulse therapy before confirming the positivity of serum AQP4-IgG once the rare differential diagnosis of infectious ON has been ruled out or considered unlikely.
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FIGURE 3. A conceivable therapeutic strategy for patients suspected of having optic neuritis. AQP4-IgG, anti-aquaporin-4 autoantibodies; CRAO, central retinal artery occlusion; CRVO, central retinal vein occlusion; DDx, differential diagnosis; HIV, human immunodeficiency virus; IVMP, intravenous methylprednisolone; MS, multiple sclerosis; MOG-IgG, anti-myelin oligodendrocyte glycoprotein antibody; ON, optic neuritis; STIR, short T1 inversion recovery; T1WI, T1-weighted imaging.


Intravenous administration is usually selected as the route of high-dose steroid (i.e., 1,000 mg/day) in the acute phase of ON, but oral administration of bioequivalent doses to high-dose IVMP may also be used as an alternative to IVMP (56). Meanwhile, low-dose oral steroid (e.g., 1 mg/kg/day) monotherapy as an acute treatment should be avoided because such an approach to the acute ON episode may not only be an insufficient immunosuppressive treatment but also increase the risk of recurrent ON in MS-ON and idiopathic ON, as suggested in ONTT (43). The serum sample for the determination of serum AQP4-IgG and MOG-IgG should ideally be collected before the administration of IVMP pulse therapy. However, serum samples should be submitted for AQP4-IgG checkup even when IVMP pulse therapy has begun before the sample collection because a recent article reported that serum AQP4-IgG titer may not significantly decrease after IVMP pulse therapy or long-term oral steroid usage, although IVMP pulse therapy may decrease the AQP4-IgG titer to some extent with a narrowly significant level (57).

As a limitation of this study, all enrolled patients with NMOSD were Asian. Further clinical studies are needed to determine whether the observed effectiveness of IVMP pulse therapy in the acute phase of AQP4-ON to improve long-term visual outcomes can be generalized to other ethnicities. In addition, because this study was performed in a retrospective manner, a randomized controlled trial with a pure cohort of AQP4-ON is desired in the future to establish high-level evidence of the impact of swiftly initiating IVMP pulse therapy in the acute phase of AQP4-ON. Furthermore, we did not consider visual field impairments in this study. As is well known, AQP4-ON patients often present with sectional visual field impairment, such as bitemporal or altitudinal hemianopia and non-central scotoma (58), and these patients may present a relatively preserved VA at the nadir (i.e., >20/200 VA) despite the disability in daily living. However, the possible bias from these cases to this study was unlikely because the excluded NMOSD patients with relatively preserved VA in the acute phase of suspected ON episodes were only 3; the visual outcomes of these patients was much better than that of others regardless of the acute treatments, and it was scientifically reasonable to exclude these patients in advance from this study that evaluated the long-term visual outcomes. Another limitation was that 10 of the 32 enrolled patients had been already evaluated for the correlation between retinal nerve fiber layer thickness and the swiftness of IVMP pulse therapy in a previous article (38). However, the achieved results in the present study was reproduced when we analyzed by using only the new 22 patients, with the calculated Spearman's rho between the swiftness of IVMP pulse therapy and the visual outcomes of 0.433 (p = 0.0348). Thus, apart from the previous article, the present study further reinforced the rationale of swift IVMP pulse therapy in the acute phase of AQP4-ON to preserve long-term visual outcomes. Lastly, this study failed to show the effectiveness of the rapidity and cycles of adjunctive PLEX in preserving long-term visual outcomes, but this does not contradict the effectiveness of PLEX in patients with AQP4-ON. The relatively small number of patients treated with adjunctive PLEX and possible tendency of patients who were refractory to IVMP pulse therapy to be administered adjunctive PLEX may explain why the rapidity and cycles of adjunctive PLEX failed to yield significant results in this study. Overall, a randomized trial is needed to conclude the effectiveness of adjunctive PLEX after IVMP pulse therapy in patients with AQP4-ON.



CONCLUSIONS

In patients with AQP4-IgG-positive NMOSD, swift administration of high-dose IVMP pulse therapy is recommended to preserve the subsequent long-term visual outcomes, even before obtaining the results of tests for serum AQP4-IgG positivity. Clinicians should consider immediate administration of IVMP pulse therapy in typical ON cases without waiting to confirm AQP4-IgG positivity, especially in female ON cases because of the female predominance in AQP4-ON.
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Purpose: To investigate on the morphology of the macular inner (IR) and outer (OR) layers in multiple sclerosis (MS) patients with and without history of optic neuritis (ON), followed by good or poor recovery of best corrected visual acuity (BCVA).

Methods: Thirty-five normal control subjects and 93 relapsing remitting MS patients were enrolled. Of this, 40 MS patients without ON (MS-noON, 40 eyes), 27 with history of ON and good BCVA recovery (MS-ON-G, 27 eyes), and 26 with history of ON and poor BCVA recovery (MS-ON-P, 26 eyes) were studied. Controls and MS patients underwent an extensive ophthalmological examination including spectral-domain optical coherence tomography evaluating in 3 localized macular areas (0–1 mm, Area 1; 1–3 mm, Area 2; 3- 6 mm, Area 3), volumes (MV), and thicknesses (MT) of the whole retina (WR), further segmented in IR and OR. The differences of MV and MT between the groups were tested by ANOVA. In the MS-ON-P group, the correlations between MV and MT and BCVA were evaluated by Pearson's test.

Results: When compared to controls, the MS-noON group showed not significantly (p > 0.01) different MVs, whereas MTs were significantly (p < 0.01) reduced in the evaluation of WR and IR. In the MS-ON-G group, a significant (p < 0.01) reduction of WR and IR MVs and MTs was found in Areas 2 and 3; OR MVs and MTs were similar (p > 0.01) to controls. In the MS-ON-P group a significant (p < 0.01) reduction of WR, IR, and OR MVs and MTs was detected in all areas; the BCVA reduction was significantly (p < 0.01) correlated with WR and IR MVs and MTs.

Conclusions: In MS without history of ON or when ON is followed by a good BCVA recovery, the neurodegenerative process is limited to IR macular layers; in the presence of ON, with a poor BCVA recovery, a morphological impairment of both IR and OR macular layers occurs.

Keywords: multiple sclerosis, optic neuritis (ON), SD-OCT imaging, neurodegeneration, outer retina


INTRODUCTION

In about 20–25% of multiple sclerosis (MS) patients, the pathology can onset with retrobulbar optic neuritis (ON) (1), that is followed by a secondary neurodegenerative process, reflecting retrograde degeneration that involves retinal ganglion cells (RGCs) and their axons (2).

The effects of this neurodegenerative process on the neuro-retinal structure can be objectively studied by Optical Coherence Tomography (OCT), that usually detects a reduction of retinal nerve fibers layer (RNFL) thickness (3–5).

An interesting and widely discussed topic in MS with or without ON has been to investigate whether the retinal elements of the macular region are morphologically impaired.

Currently, with the innovative Spectral domain-OCT (Sd-OCT) technique, it is possible to selectively segment the macular volume (MV) and thickness (MT) of the outer (OR) and inner retinal (IR) layers (6). IR abnormalities [thinning of RGCs/inner plexiform layer (GC/IPL) and thinning/thickening of the inner nuclear layer (INL) and reduced whole macular volume (4, 7–10)] are known to occur in MS (11–13) with and without previous optic neuritis, whereas data about morphological macular OR changes are controversial (7, 12, 14–19). All this suggests that the MS neurodegenerative process involves the macular layers and mainly the ganglionic elements located in the IR.

However, it is not yet entirely clarified whether the neurodegeneration could extend beyond the level of the INL (14) toward the macular pre-ganglionic elements, thus involving photoreceptors and bipolar cells forming the OR (20). Indeed, it is of great interest to identify whether there is a morphological involvement of specific IR and/or OR macular elements in the neurodegenerative process of MS, in the occurrence of ON or not, and whether the macular morphological condition is linked to the recovery of visual acuity after the ON event.

Therefore, our aim was to evaluate the morphology of IR and OR layers in localized macular areas in MS patients with and without history of ON, with good or poor recovery of high-contrast best corrected visual acuity (BCVA). Relative results obtained in MS patients might identify whether macular OR layers are morphologically involved in the MS neurodegenerative process, contributing to this widely debated topic. In addition, we aimed to assess whether the OR and IR morphology may be related to the good or poor recovery of BCVA or not.



MATERIALS AND METHODS


Participants

All research procedures described in this work adhered to the tenets of the Declaration of Helsinki. The study protocol was approved by the local Ethical Committee (Comitato Etico Centrale IRCCS Lazio, Sezione IFO/Fondazione Bietti, Rome, Italy) and upon recruitment, informed consent after a full explanation of the procedure was obtained from each subject enrolled in the study.

Ninety-three relapsing remitting (RR) MS patients were enrolled at the Visual Neurophysiology and Neuro-Ophthalmology Research Unit, IRCCS- Fondazione Bietti referred by the Neurology Department of Tor Vergata Policlinic of Rome, between January 2014 and September 2018.

In order to obtain homogeneous MS groups (with ON and without ON followed by poor or good recovery of VA, see below), the MS patients were selected form a large cohort (n = 358) based on the following demographic and clinical characteristics:

1) Age between 28 and 45 years;

2) Diagnosis of RR MS according to validated 2010 McDonald criteria (21);

3) MS disease duration (MS-DD), estimated as the number of years from onset to the most recent assessment of disability, ranging from 5 to 22 years;

4) Expanded Disability Status Scale (EDSS), as ten-point disease severity derived from nine ratings for individual neurological domains (22), ranging from 0 to 3; this score was assessed by two trained (Neurostatus: available at http://www.neurostatus.net/index.php?file=start) neurologists (LaB and MA)

5) Treatment with disease-modifying therapies (DMT) currently approved for preventing MS relapses. DMT considered in our study were Interferon-β-1a, Interferon-β-1b, Peginterferon beta-1a, Glatiramer acetate, Natalizumab, Dimethyl fumarate, and Teriflunomide (23).

6) Absence of ON or a single episode of ON without recurrence, that elapsed from the onset of the disease at least 12 months (range 13–20 months) before the inclusion in the study. For MS patients with ON, this criteria was chosen, since it is known that the retrograde degeneration following ON occurs over a period of 6 months (24). When a MS patient was affected by ON in both eyes, we studied the eye affected longer that met the inclusion criteria.

7) Based on the ophthalmological examination, other inclusion criteria were: absence of glaucoma or other diseases involving cornea, lens, uvea, and retina; absence of systemic diseases (i.e., diabetes); BCVA between 0 and 1 LogMAR of the Early Treatment of Diabetic Retinopathy (ETDRS) charts; absence of central visual field defects and ability to maintain a stable fixation that allowed a Sd-OCT scan to be performed (see below).

A group of selected 35 age-matched healthy subjects (mean age: 39.5 ± 5.4 years), providing 35 normal eyes, with BCVA of 0.0 LogMAR, served as controls.

The selected MS patients were divided into two groups on the basis of previous history of ON or not. In the assignment to the two groups, similar age, MS-DD, and EDSS values were considered.

A total of 40 MS patients (mean age 40.6 ± 3.9 years; 26 females and 14 males; mean MS-DD 8.6 ± 4.23 years, range 5–21 years; mean EDSS score 1.48 ± 1.10, range 0–3) without history of unilateral or bilateral clinical signs of ON (i.e., painless reduction of BCVA, contrast sensitivity, color vision, and any type of visual filed defects) and a high-contrast BCVA of 0.0 logMAR were included. When both eyes met the inclusion criteria, only one eye was randomly chosen for the study. Therefore, we considered 40 eyes from 40 MS patients without ON (MS-noON Group).

A total of 53 MS patients (mean age 38.9 ± 4.2 years; 32 females and 21 males) with previous history of unilateral or bilateral ON were included. They were further divided in to two groups on the basis of the recovery of BCVA after ON:

A total of 27 MS patients (mean age 38.2 ± 4.7 years; 17 females and 10 males; mean MS-DD 9.2 ± 6.2 years, range 5–22 years; mean EDSS score 1.59 ± 1.02, range 0–3) with previous history of single unilateral or bilateral ON and with “good” recovery of high-contrast BCVA (0.0 logMAR) after ON were included. Therefore, we considered 27 eyes from 27 MS patients with ON for the (MS-ON-G) group;

A total of 26 MS patients (mean age 39.4 ± 3.8 years; 15 females and 11 males; mean MS-DD 9.4 ± 6.6 years, range 5–22 years; mean EDSS score 1.62 ± 1.08, range 0–3) with previous history of single unilateral or bilateral ON with “poor” recovery of high-contrast BCVA (between 0.2 and 1 logMAR) after ON were chosen. Therefore, we considered 26 eyes from 26 MS patients with ON for the (MS-ON-P) group.

Based on the previous mentioned inclusion criteria, the MS groups with or without ON were homogeneous for age, MS-DD, and EDSS and the MS groups with ON were homogeneous for the number of ON and for the time elapsed from ON (see below section Demographic and Clinical Features and Table 1).


Table 1. Demographic and clinical features in Multiple Sclerosis patients without Optic Neuritis (MS-noON), with Optic Neuritis and good recovery of best corrected visual acuity (MS-ON-G) and with Optic Neuritis and poor recovery of best corrected visual acuity (MS-ON-P).
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Sd-OCT Assessment

The retinal morphology can be explored in vivo by Sd-OCT, providing layer-by-layer objective measurements of anatomical structures related to the macular area (25). Sd-OCT scans were obtained in a dark room after pupil dilation with tropicamide 1% eye drops and each scan was carefully reviewed for the accurate identification and segmentation of the retinal layers by two expert graders (LZ, LuB) to exclude cases of failed segmentation. Quality control and APOSTEL recommendations according to the published criteria were followed (26, 27). The OCT image quality signal strength index of the acquired scan was at least 40. Scans that did not fulfill the above criteria were excluded from the analysis.

We used the RTVue-100 device version 6.3 (Optovue, Fremont, CA), which uses a low-coherence light source centered at 840 nm with 50 nm bandwidth, which gives an axial resolution of 5 micrometers.

By using the MM5 protocol, we collected MV and MT data from the ETDRS 9 regions map. The MM5 grid scanning protocol consists of 11 horizontal lines with 5 mm scan length, 6 horizontal lines with 3 mm scan length, 11 vertical lines with 5 mm scan length, and 6 vertical lines with 3 mm scan length each at 0.5 mm intervals, all centered at the fovea. The number of A-scans in long horizontal and vertical lines is 668 and the number of A-scans in short horizontal and vertical lines is 400. This scan configuration provided an acquisition rate of 26.000 A-scans /second.

The segmentation algorithm of the MM5 scanning protocol also enables the automatic segmentation of MV and MT, of whole retina (WR), IR, and OR from the square grid centered on fixation target. The software automatically divides the inner and outer neurosensory retinas at the boundary between the INL and the outer plexiform layer (OPL). The OR encloses the OPL, the outer nuclear layer, and the photoreceptor layer. The IR examines the RNFL, the GC/IPL, and the INL. The boundaries of the OR were the posterior of the OPL and the photoreceptor inner segment/outer segment junction. The following boundaries were identified for the IR segmentation: the inner limiting membrane and the posterior of the INL.

Retinal thickness was generated automatically as thickness is measured between the two interfaces (the vitreoretinal surface and the basement membrane of the RPE-Bruch membrane complex) at each measurement point along the scan's x-axis. We selected the MT map analysis protocol on the device to display the numeric averages of the measurements in each of the 9 ETDRS map sectors. A 3D model of the retina was computed and MV were assessed for each of the subfields (within 1, 3, and 6 mm, respectively) as defined by the ETDRS. Mean values of MV and MT from a circular 1 mm area and from annular ETDRS regions outside the 1 mm central one were calculated averaging the supero-infero-nasal-temporal values.

For OR, IR, and for the whole retina (WR=IR+OR), the software provides mean volumes and thicknesses (within 1, 3, and 6 mm, measured in mm3 and microns, respectively) that are displayed topographically in each of the 9 ETDRS map sectors.

We considered MVs of WR, IR, and OR measured within:

1) the 1 mm central area (named as Area 1, directly provided by the Sd-OCT machine)

2) the middle 1–3 mm ring (named as Area 2, obtained by subtracting from the displayed volume within 3 mm of the ones within the 1 mm area),

3) the external 3–6 mm ring (named as Area 3, obtained by subtracting from the displayed volume within 6 mm of the one within 3 mm directly provided by the Sd-OCT machine),

4) the whole 6 mm area (named as Area 1+Area 2+ Area 3, directly provided by the Sd-OCT machine).

We also analyzed MTs of WR, IR, and OR from Areas 1, 2, and 3 as provided directly from the device for the ETDRS map: foveal (0–1 mm), perifoveal (1–3 mm), and parafoveal (3–6 mm) areas, respectively.

Mean values of MV and MT from circular/annular ETDRS regions were calculated averaging the supero-infero-nasal-temporal values.



Statistical Analysis

The differences of age, MS-DD, and EDSS between the MS-noON, MS-ON-G, and MS-ON-P groups were evaluated by the one-way analysis of variance (ANOVA). The differences of the number of ON and the time elapsed from the ON between the MS-ON-G and MS-ON- P groups were evaluated by the ANOVA.

The difference of mean values of Sd-OCT parameters (MVs and MTs) detected in the controls, MS-noON, MS-ON-G, and MS-ON-P groups were also evaluated by ANOVA. A p-value of 0.01 was chosen as significant to compensate for multiple comparisons. Moreover, in the MS-ON-P group, multiple regression analysis was performed between BCVA and WR, IR, and OR MV and MT values, respectively. As usual, we chose a p-value of 0.05 as significant. Minitab 17 (version 1) software was used for statistical analysis.




RESULTS


Demographic and Clinical Features

On Table 1 we reported the demographic and clinical features observed in the MS-noON, MS-ON-G, and MS-ON-P groups. The descriptive statistics of age, MS-DD, and EDSS values were not significantly different between the MS-noON, MS-ON-G, and MS-ON-P groups. The descriptive statistics of the number of ON and the time elapsed from ON were not significantly different between the MS-ON-G and MS-ON-P groups.



Sd-OCT Macular Volume Data

On Figure 1 we presented the box plots of the values of the WR, IR, and OR MV measured from each localized area observed in the control, MS-noON, MS-ON-G, and MS-ON-P groups. On Table 2, the statistical analysis between groups is also reported.
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FIGURE 1. Box plots of Spectral domain-Optical Coherence Tomography macular volumes in control (C) eyes, Multiple Sclerosis patients without Optic Neuritis (MS-noON), with Optic Neuritis and good recovery of best corrected visual acuity (MS-ON-G), and with Optic Neuritis and poor recovery of best corrected visual acuity (MS-ON-P). WR-MV= Whole Retinal Macular Volume; IR-MV= Inner Area Macular Volume; OR-MV = Outer Retina Macular Volume; Area 1= circular area 1 mm centered to the fovea; Area 2 = annular area 1–3 mm centered to the fovea; Area 3 = annular area 3–6 mm centered to the fovea; Area 1+2+3 = whole area within 6 mm.



Table 2. Spectral domain-Optical Coherence Tomography macular volume (MV) segmentation analysis.
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On average, in the MS-noON group, the values of WR, IR, and OR MV detected in Areas 1, 2, and 3 and in the combined Area 1+2+3 were not significantly (p > 0.01) reduced with respect to controls.

In both the MS-ON-G and MS-ON-P groups, mean values of WR and IR MV detected in localized Areas 2 and 3 as well as in the combined Area 1+ Area 2 + Area 3 were significantly (p < 0.01) reduced when compared to controls and to MS-noON group. In the same areas, the mean values of WR and IR MV observed in the MS-ON-P group were further significantly (p < 0.01) reduced with respect to those detected in the MS-ON-G group. The values of WR MV detected in Area 1 were significantly (p < 0.01) reduced in the MS-ON-P group with respect to those of the controls, MS-noON, and MS-ON-G groups, whereas, in the same Area 1, IR MV values were not significantly reduced (p > 0.01).

When considering the OR MVs, not significant (p > 0.01) differences between the values observed in the controls, MS-noON, and MS-ON-G groups in any Area (1, 2, 3, or 1+2+3) were found. On the contrary, the values of OR MVs detected in all Areas (1, 2, 3, or 1+2+3) in the MS-ON-P group were significantly (p < 0.01) reduced with respect to those of the controls, MS-noON, and MS-ON-G groups.



Sd-OCT Macular Thickness Data

On Figure 2 we presented the box plots of the values of WR, IR, and OR MT measured from each localized area observed in the control, MS-noON, MS-ON-G, and MS-ON-P groups. On Table 3, we reported the statistical analysis between the groups.


[image: Figure 2]
FIGURE 2. Box plots of Spectral domain-Optical Coherence Tomography macular thicknesses in control (C) eyes, Multiple Sclerosis patients without Optic Neuritis (MS-noON), with Optic Neuritis and good recovery of best corrected visual acuity (MS-ON-G), and with Optic Neuritis and poor recovery of best corrected visual acuity (MS-ON-P). WR-MT= Whole Retinal Macular Thickness; IR-MT =Inner Retinal Macular Thickness; OR-MT = Outer Retinal Macular Thickness; μ = micron; Area 1= circular area 1 mm centered to the fovea; Area 2 = annular area 1–3 mm centered to the fovea; Area 3 = annular area 3–6 mm centered to the fovea.



Table 3. Spectral domain-Optical Coherence Tomography macular thickness (MT) segmentation analysis.
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On average, in the MS-noON, MS-ON-G, and MS-ON-P groups the values of WR and IR MT detected in the Areas 1, 2, and 3, were significantly (p < 0.01) reduced with respect to the controls. With respect to the MS-noON group, in the MS-ON-G group a significant (p < 0.01) reduction of WR MT values were detected in the Areas 2 and 3, whereas IR MT values were significantly reduced (p < 0.01) exclusively in Area 2. The values observed in the MS-ON-P group were further significantly (p < 0.01) reduced with respect to those of the MS-noON and MS-ON-G groups, but the IR MT in Area 1.

When considering the OR MT from all Areas (1, 2, and 3), not statistically significant (p > 0.01) differences between the values observed in the controls, MS-noON, and MS-ON-G groups were found. On the contrary, the values of OR MT detected in all Areas (1, 2, and 3) in the MS-ON-P group were significantly (p < 0.01) reduced with respect to those of the controls, MS-noON, and MS-ON-G groups.



Multiple Regressions Between Best Corrected Visual Acuity and Sd-OCT Macular Volume and Thickness Data

On Table 4, the results of multiple regressions between the individual values of WR, IR, and OR MV and MT and those of BCVA observed in the MS-ON-P group are shown. WR and IR volumes and thickness were significantly (p < 0.05) related with BCVA. Not significant (p > 0.05) relationships between OR volumes and thickness and BCVA were found.


Table 4. Multiple regression analysis between best corrected visual acuity (BCVA) and Spectral domain-Optical Coherence Tomography macular volume (A) and macular thickness (B) values in Multiple Sclerosis patients with Optic Neuritis and poor recovery of BCVA (MS-ON-P group).
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DISCUSSION

The purpose of this study was to investigate the morphology of the macular IR and OR layers in MS patients with and without a history of ON, followed by good or poor recovery of BCVA, to contribute to the controversial topic on the potential OR involvement in this neurodegenerative disorder.

The main results of the present study were that in MS patients without ON (the MS-noON group) and in MS patients with ON and a good recovery of BCVA (the MS-ON-G group) there was a morphological impairment of the IR layers, without changes of OR layers; in MS patients with ON and poor recovery of BCVA (the MS-ON-P group) there was a morphological impairment of both IR and OR layers.

All our results apply to a highly homogenous group of RR MS patients with not significant differences in age, MS-DD, and EDDS score.

In our work, the macular morphology was evaluated by the Sd-OCT assessment of segmented MV and MT. More commonly, automatic or manual segmentation of retinal layers' thicknesses, not volumes, is performed. This needs to be considered since different results obtained by using these morphological measurements could be a source of bias when comparing OCT studies.

Moreover, the literature has described reduced segmented OR (6, 15), and mainly IR layers (14, 17) MT, without the evaluation of MV, in MS eyes, mixing together eyes with and without ON in primary progressive and RR patients (6, 8, 12, 15).

For this reason and to add clarity on this matter, we present the discussion of MV and MT data separately in the three examined groups, as follows.


Sd-OCT Data in Multiple Sclerosis Patients Without History of Optic Neuritis (MS-noON Group)

When comparing data with controls, in the MS-noON group we found similar values of WR, IR, and OR MV, but significantly reduced WR and IR MT values in all examined areas. The different results obtained by measuring volumes or thickness may be ascribed to the possibility that the retinal volume encloses not exclusively neuronal cellular elements, and specifically their soma, but also a large quantity of non-neuronal elements (such as astrocytes or Muller cells). Therefore, the finding that WR and IR MT were significantly reduced in this group, but not the MV, may be accounted to the specific impairment of all the neuro-retinal elements constituting the IR. Structural or non-neural elements are probably not involved in the neurodegenerative process of MS without ON.

The main result, however, relies on the finding that OR MV and MT were not significantly different with respect to controls, suggesting that the OR is spared from neurodegeneration even when no ON event occurs (12, 14, 16, 19). We are aware of different results in MS-noON patients that led Saidha et al. (15) to hypothesize the concept of “primary retinal pathology,” based on the finding of IR and OR thinning mainly in patients with progressive MS-noON. However, we studied more selectively RR MS patients and based on our results we cannot drive similar conclusive findings.



Sd-OCT Data in Multiple Sclerosis Patients With History of Optic Neuritis and Good Recovery of Visual Acuity (MS-ON-G Group)

Regarding our Sd-OCT volume findings, in the MS-ON-G group we detected a significant reduction of WR and IR MV in the parafoveal areas (Area 2 and Area 3), as well as in the wide 6 mm area, but in Area 1 which represents the fovea. This suggests that the morphological IR (and WR) impairment after ON, accordingly with previous observations (6, 8, 10, 12, 14–17, 24, 28, 29), occurs mainly in the parafovea with absence of morphological impairment of the fovea. This can be explained by considering macular anatomical characteristics. Indeed, a greater proportion of RGCs per unit volume is present in the parafovea, whereas in the fovea and in the periphery of the macula, RGCs and RNFL are less represented. Because the RGCs comprise about 35% of the total WR thickness of the macula (20, 28, 30), the main impact on IR and WR reduction may regard RGCs. Therefore, our results on volume analysis suggest that in MS, in the presence of ON and when a good recovery of BCVA was reached after ON, the neural elements of the fovea are likely morphologically spared from the retrograde degeneration.

Similarly to our findings, in previous OCT studies performed in MS-ON eyes, a significant reduction of IR volume was found in MS patients with poor (10) (as our MS-ON-P group) or good recovery (as our MS-ON-G group) of BCVA (18, 29) after ON, measuring the MV from the entire macular area (our Area 1+2+3). Therefore, no specific information about the foveal morphological integrity or abnormality were given, and it is conceivable that the observed reduction of the IR volume was influenced by a greater structural involvement of the parafoveal neural elements.

Also, when comparing data between the MS-ON-G and MS-noON groups, significant differences in WR and IR MV were found in all areas but in Area 1, thus confirming that in this neurodegenerative disorder the fovea (in terms of MV values) remains structurally spared, independently from the ON.

Similar results of WR and IR were obtained when segmenting MT, however the foveal measurements from Area 1 were significantly impaired compared to controls. This could be explained considering the above-mentioned possibility of MV to capture structural or non-neural elements which are not enclosed in the MT measurement.

By contrast, we found relative equivalent results in terms of MV and/or MT about OR values that were not significantly different from those of controls, suggesting that OR foveal and parafoveal elements are morphologically spared by the post-neuritis degenerative process; it is likely that this condition should induce the recovery of good high-contrast BCVA, as detected in our MS-ON-G cohort. This structural finding is in agreement with a previous report by Hanson et al. (29), who observed a not significant reduction of segmented OR volume in MS-ON patients with complete recovery of visual dysfunction who recovered a good high-contrast BCVA (< 0.2 logMAR), similarly to our enrolled MS-ON-G patients, and had no major visual field defects. Also other authors (16–18) identified the absence of thinning of the OR layers after ON in patients with recovery of high-contrast BCVA.



Sd-OCT Data in Multiple Sclerosis Patients With History of Optic Neuritis and Poor Recovery of Visual Acuity (MS-ON-P Group)

In our cohort of MS-ON with poor recovery of BCVA, we found reduced MV and MT values of WR in all areas, as well as MT of IR, compared to controls. Only MV values of IR from Area 1 were not significantly reduced when compared to the controls, MS-noON, and MS-ON-G groups. This means that also in MS after an event of ON, when BCVA is not fully recovered, as expected, WR and IR layers from the parafoveal areas are structurally impaired.

In the same group, however, differently from the MS-noON and MS-ON-G groups, we found significant abnormal OR MVs and MTs from all examined areas, thus assessing the pre-ganglionic elements morphological impairment. Our morphological results could indicate that the post-neuritis retrograde degeneration might also involve the elements located in the OR, impacting the neuronal chain of the fovea. Therefore, the wider morphological concomitant involvement of OR and IR layers could explain the absence of good recovery of BCVA in MS-ON-P patients with respect to MS-ON-G patients, in which an exclusive IR structural impairment was detected. These findings were also supported by adaptive optics data in optic neuropathies, including MS ON, by Choi et al. (31) who described photoreceptor structural abnormalities, when there is permanent damage to overlying IR layers.

The OR morphological changes were not related to BCVA decrease (see Table 4). It seems that in the reduction of BCVA, the main contribution is given by the morphological changes of the parafoveal IR layers, as also described in previous studies (18, 19, 28, 32) where it was found that GCL+IPL thinning is most significantly correlated with reduced high contrast BCVA in MS-ON patients, similarly to our cohort, at least 6 months after the ON occurrence (24).



Conclusive Remarks and Neurophysiological Hypotheses

We acknowledge that the Sd-OCT device used could not provide high definition segmentation data layer-by-layer of the OR and IR in both MS groups as a limitation of our study (33). However, by finding congruent results of OR integrity by using either volume and thickness segmentation analyses, we are confident that this limitation has been overcome.

In summary, our main findings led us to make some relevant conclusions and hypotheses: (1) in our selected cohort of RR MS patients, the well-known (6, 8, 10, 12, 14–17, 24, 28, 29) morphological involvement of the IR is confirmed with more exhaustive information provided by MT assessment rather than MV analysis, in specific localized areas; (2) no morphological abnormalities can be found at the level of the OR in absence of ON; by contrast, in occurrence of ON with good recovery of BCVA, it is likely that the OR layers are preserved from the extent of the neurodegenerative process, and, in the absence of exhaustive data in literature, it can be hypothesized that in this case the retinal elements located outside the OR (i.e., middle retina) could play a role to counteract neurodegeneration; (3) by contrast, when there is an absence or an inadequate previously supposed protective role, then the morphological impairment extends also to OR structures and this, together with the IR damage, leads to poor recovery of BCVA.

Our hypotheses that retinal synaptic elements located between OR and IR layers are relevant for neuroinflammatory changes in MS and that the homeostasis of the middle retina is crucial to counteract MS-related neurodegeneration can be supported by preclinical (34, 35) and clinical (14, 15) evidences.

In fact, an early synaptic pathology occurs in well-validated MS mouse models of ON, altered synaptic vesicle cycling in ribbon synapses of the myelin-free retina was reported, which are likely targeted by an auto-reactive immune system process (34). The auto-immune response in these animal models is directed against two adhesion proteins (CASPR1/CNTN1) (36), that are present both in the paranodal region of myelinated nerves as well as at retinal ribbon synapses (34). Related to this topic, the retina has been considered a primary immune target in MS and in MS-related optic neuritis in many previous clinical studies (14, 15).

In order to better understand the role of middle retinal elements in this process, further studies on both experimental and clinical sides are needed.
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Optic neuritis (ON) is an inflammatory attack of the optic nerve that leads to visual disability. It is the most common optic neuropathy affecting healthy young adults, most commonly women aged 20–45 years. It can be idiopathic and monophasic or as part of a neurologic disease such as multiple sclerosis with recurrence and cumulative damage. Currently, there is no therapy to repair the damage from optic neuritis. Animal models are an essential tool for the understanding of the pathogenesis of optic neuritis and for the development of potential treatment strategies. Experimental autoimmune encephalomyelitis (EAE) is the most commonly used experimental rodent model for human autoimmune inflammatory demyelinating diseases of the central nervous system (CNS). In this review, we discuss the latest rodent models regarding optic neuritis, focusing on EAE model, and on its recent achievements and developments.
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INTRODUCTION


Optic Neuritis

Optic neuritis is an inflammatory demyelinating disorder of the optic nerve. The typical form of optic neuritis is idiopathic or associated with multiple sclerosis (MS). Atypical forms of optic neuritis can occur in association with other inflammatory disorders or due to infections, immune-stimulating medications, and paraneoplastic disorders.

The prevalence of optic neuritis is estimated to be as high as 115/100,000 depending upon geography and ethnicity (1). The incidence is highest in populations located at higher latitudes such as northern USA, Europe, and Australia compared with geographic locations closer to the equator (2). There is a female preponderance with 3:1 ratio, with most patients 20–45 years old (3).

According to the involved site, optic neuritis can be classified as retrobulbar optic neuritis, affecting any part of the optic nerve behind its entry to the eyeball. This is the most common form of optic neuritis, and on examination, the disk often appears normal. Optic neuritis that includes inflammation of the optic disk is known as papillitis, which is visible on examination as hyperemia, swelling of the disk, blurring of disk margins, and distended veins (4). An afferent pupillary defect in the affected eye is usually detectable.

The common clinical presentation of a patient with optic neuritis is unilateral visual acuity loss, visual field loss, color vision deficits, decreased contrast, and brightness sense. There is also periocular pain precipitated by eye movements that may precede the visual loss by a few days. The extent of visual function damage may vary significantly according to the etiology of the optic neuritis. In typical optic neuritis and optic neuritis associated with MS, visual acuity loss is moderate, conversely, optic neuritis associated with neuromyelitis optica spectrum disorder (NMOSD) or myelin oligodendrocyte glycoprotein (MOG) often presents with severe vision loss (5, 6).

Diagnostic investigations include MRI, visual evoked potentials (VEP), and cerebrospinal fluid (CSF) examination. MRI is performed to characterize the location and extent of inflammation and to rule out other etiologies such as multiple sclerosis. VEPs measure optic nerve function and may be useful when anatomic studies by MRI are equivocal. Degeneration of retinal ganglion cells (RGC) and retinal thinning which correlate with measures of persistent visual dysfunction after optic neuritis is demonstrated by optical coherence tomography (OCT) (7, 8).

Treatment with high-dose corticosteroids shortens the period of acute visual dysfunction but does not affect the final visual outcome in typical optic neuritis (9). Atypical forms can necessitate prolonged immunosuppressive regimens. Recently, therapies to promote neuroprotection and remyelination have been investigated (10, 11) along with immunosuppressive therapies for autoimmune processes to prevent recurrence of immune-mediated damage (12).




RODENT MODELS OF OPTIC NEURITIS

Animal models are essential for the understanding of etiology and pathogenesis of immune-mediated processes and to develop therapeutic strategies which eventually will lead to effective treatments for human diseases. Many studies have been conducted in order to understand the pathophysiological mechanisms of optic neuritis using different models.


Experimental Autoimmune Encephalomyelitis Models

The EAE model is the most commonly used experimental rodent model for human autoimmune inflammatory demyelinating diseases of the CNS. EAE is a complex system of interaction between multiple immunological and neuropathological mechanisms leading to inflammation, demyelination, axonal loss, and gliosis. The regulatory mechanisms of resolution of inflammation and remyelination also occur in EAE.

In EAE, the optic nerve lesions are, in most cases, a part of the whole CNS disease process which includes the brain and the spinal cord. There are subtypes that are found to be more associated with optic nerve involvement. For example, in the dark agouti rat model, acute optic nerve inflammation manifests earlier than spinal cord inflammation (PMID: 31267597) whereas in C57BL6 mice, optic nerve inflammation occurs chronically along with inflammation in the rest of the CNS (PMID: 29903027).



Induction Phase

EAE is initiated by introducing a specific CNS antigen, such as MOG, myelin basic protein (MBP), or proteolipid protein (PLP), in the context of an inflammatory stimulus to induce encephalomyelitis. It is typically induced by either active immunization with myelin-derived proteins introduced into the CNS, emulsified in complete Freund's adjuvant (CFA), which contains heat-inactivated Mycobacterium tuberculosis. CFA enhances peripheral immune response by promoting Th1 response and increases blood-brain barrier (BBB) permeability (13). Pertussis toxin (PTX) which is administered in the process as well has been suggested to also modulate the blood-brain barrier and the immunological responsiveness.

Passive immunization, by adoptive transfer of activated myelin-specific CD4+ T lymphocytes (14–16), allows EAE to develop faster, without an adjuvant (17). Typically 10–14 days after initiation, the disease is manifested by a variety of clinical and pathological reactions. The extent and location of inflammation and demyelination is variable according to specific antigen introduced, rodent species, strain, age, and gender. As a consequence, an acute or chronic-relapsing inflammatory demyelinating autoimmune disease is acquired (18, 19).



Inflammatory Phase

The inflammatory process in the CNS is first indicated by activated microglia, local macrophages, and peripheral T lymphocytes. Activated T cells undergo maturation and clonal expansion; later, they differentiate into effector cells and migrate through the blood circulation to breach the BBB. Adhesion molecules are expressed on endothelial cells in CNS microvasculature, allowing activated T cells to bind to these molecules and penetrate the endothelium. To further penetrate the subendothelial basement membrane which is mainly composed of type IV collagen, T cells utilize matrix-degrading enzymes (20). Once they enter the CNS, T cells recognize antigen presented locally and become reactivated, enhance inflammation, and continuously recruit other cells (21). Secretion of cytokines and other proinflammatory mediators further exacerbate the inflammatory milieu which recruits additional immune cells into the CNS and culminates in demyelination (22, 23).



Demyelination and Axonal Loss

Myelin loss leads to a disruption of axonal function, and axons may eventually die back depending on the severity and persistence of the inflammatory response. Axons are vulnerable to damage by inflammatory cytokines, enzymes, and nitric oxide which are expressed by activated immune cells during the inflammatory process and cause direct cytotoxic effects. Axons that survive demyelination when the inflammation resolves may become remyelinated; however, in most EAE phenotypes, inflammatory damage leads to neuronal cell death, axonal loss, and gliosis (24–26). Irreversible axonal damage is seen by retinal nerve fiber layer (RNFL) thinning (27–29).

The clinical evaluation of the disease progression can be done in several ways. Due to the fact that active EAE is an ascending progressive disease that progresses into paresis, it initially affects rodent tail tone, followed by limb motor deficits. Daily scoring of these parameters provides information regarding spinal cord inflammation and demyelination (30). The optic neuritis progression can be assessed by examining the visual response to specific stimuli such as OKN response or by assessing the response to hand movements in front of the rodent, and in some studies, rodents who did not escape when a sharp-pointed object held in front of their eyes were thought to be blind (31). Optic neuritis was also assessed by RNFL thickness using an OCT and retinal ganglion cell count (32). Other ways to assess the optic nerve inflammation and demyelination are through histology of the optic nerve (33).



Other Rodent Models of Optic Neuritis

Engineering a new MOG-specific TCR transgenic mouse, the 2D2 mouse made by Bettelli et al. in 2003 produces transgenic T cells with receptors capable of recognizing MOG presented by MHCII (34). Approximately 30% of these mice will develop spontaneous optic neuritis; when immunized with subclinical levels of MOG peptide, up to 56% developed histological evidence of EAE. When they were fully immunized, 80% developed optic neuritis. It was assumed that the specificity of inflammatory demyelination is related to the significantly higher levels of MOG in the optic nerve than the spinal cord.

Neuromyelitis optica (NMO) is an inflammatory demyelinating disease involving the optic nerves and spinal cord. The damage is caused due, in part, to autoantibodies against aquaporin-4, a water channel on astrocytic foot processes at the blood-brain barrier. There are several animal models of NMO that have been developed (35). By crossing 2D2 mice with MOG-specific Ig heavy-chain knock-in mice (IgHMOG mice), severe inflammatory demyelination involving the optic nerves and the spinal cord developed in about 60% of these mice. Immunoglobulin class switching was observed, indicating that B and T lymphocyte cooperation play a role in induction of autoimmune processes.

Several studies showed that passive transfer alone of the aquaporin-4 antibody from patients with neuromyelitis optica is insufficient to reproduce the disease in rodents unless extremely high levels are infused. In the context of EAE with myelin-targeted T cells or even after an injection of Freund's adjuvant, the antibody can reach its target in the CNS and contribute to inflammatory demyelination (36–39). Direct injection of the antibody into the brain along with human complement can also induce inflammatory demyelination (40). More recently, a mouse model of NMO could be recapitulated by adoptive transfer of T cells reactive to aquaporin-4 (41, 42).




OPTIC NEURITIS PATHOMECHANISM

In 1977, an experimental model for acute allergic optic neuritis was induced in guinea pigs. They exhibited two distinct clinical patterns: “retrobulbar optic neuritis” with normal fundus and “neuroretinitis” with hyperemia and swelling of the disk and retinal edema. Histopathology of the “retrobulbar neuritis” revealed that some of them had brain involvement without any involvement of the optic nerve, while others involved the retrobulbar portion of the optic nerve and chiasm with multiple foci of demyelination. In the neuroretinitic animals, the lesions were localized behind the lamina cribrosa and had an appearance characteristic of papilledema (43).

Due to a unique anatomic structure, where the anterior part of the optic nerve within the lamina cribrosa is unmyelinated and supported by modified astrocytes, a barrier between the optic nerve and the retina restricts the inflammation to the optic nerve during ON, and prevents retinal inflammation as well (44, 45). In New Zealand albino rabbits, the axons of the nerve fiber layer are myelinated over a long portion within the retina. Extensive inflammatory lesions were observed in the myelinated fibers within the retina following sensitization with bovine myelin and adjuvant (46).

Theories regarding specific proteins playing a critical role in the mechanism of EAE optic neuritis have been proposed. Lipocalin-2, a protein that regulates diverse cellular processes, is expressed and secreted by microglia and astrocytes due to inflammatory stimuli in the central nervous system (47). Lipocalin-2 is a pro-inflammatory activator of T cells during EAE development and progression (48). Mice deficient in lipocalin-2 showed a significant reduction of demyelination, inflammatory infiltration, and gliosis in the optic nerve in EAE (49). Another area of specific investigation was the site of vulnerability in the optic nerve head where an incomplete blood-brain barrier allows partial access to the immune-privileged CNS. Using the expression of αB-crystallin, which is a heat-shock protein expressed as an early stress response in oligodendrocytes, one of the earliest targets of EAE is the optic nerve head associated with IgG deposition suggesting that partial immune access at this area of the CNS may explain its specific vulnerability in EAE (50).

Astrocytes in the optic nerve are known to play a pivotal role in neuroinflammatory processes in the CNS. In the human disease NMOSD, the astrocytic water channel aquaporin-4 is the naïve target of an aberrant immune response, especially in the optic nerve (51). The role of astrocytes in typical optic neuritis was studied by characterizing the astrocyte-specific transcriptome in EAE optic neuritis. Their results showed a significant increase in the proinflammatory-complement cascade, especially complement component 3 (C3) and a decrease in factors of the cholesterol biosynthesis pathways involved in remyelination. Interestingly, these changes in astrocytes as well as increased axonal loss were greater in EAE females vs. males (32).

A study suggested that dietary supplementation with a balanced mixture of fatty acids (FAs) including omega 3 and omega 6, efficiently limit inflammation and prevent RGC degeneration, demonstrating a neuroprotective effect in EAE models (52). Further study investigating the mechanisms underlying the anti-inflammatory effects of fatty acids found that they shift macrophage polarization from the M1 inflammatory phenotype, which releases proinflammatory cytokines, leading to tissue damage in the CNS, toward the anti-inflammatory M2 phenotype associated with resolving inflammation and tissue repair (53).



MEDICATIONS


Antioxidants Therapies

Reactive oxygen species (ROS) are formed as byproducts in a variety of biochemical reactions. When generated in excess or not appropriately regulated, ROS may cause cellular damage and tissue injury. During an inflammatory process, activated immune cells release ROS, leading to oxidative stress and tissue damage and causing demyelination and axonal destruction (54). Reduction in oxidative damage is an important therapeutic strategy. In recent years, many studies are focused on antioxidant-based treatment for neuro-inflammatory diseases (55).

Alpha lipoic acid (ALA) is a naturally occurring antioxidant which has recently been investigated for its neuroprotective capacities during inflammation (56). It has been demonstrated to reduce the rate of brain atrophy in progressive MS (57), and it is highly effective at suppressing and treating EAE. Mice that received ALA experienced a dose-dependent reduction in cumulative disease scores (58). In another study, it was demonstrated that mice with EAE that received ALA had a dramatic reduction in axonal injury compared with saline-treated mice (59). However, another study demonstrated that therapeutic treatment with ALA attenuates the clinical disability and improves the survival of RGCs in the EAE model while prophylactic ALA therapy is capable of preserving visual function and prevention of thinning of the inner retinal layer (60). A clinical trial that tried to determine whether lipoic acid is neuroprotective in acute optic neuritis in humans did not conclude that 6 weeks of oral LA supplementation treatment after acute optic neuritis was neuroprotective. It is safe though and well tolerated (61). The antioxidant idebenone is beneficial in two neurological disorders caused by mitochondrial alterations: Friedreich's ataxia and Leber's hereditary optic neuropathy. In a study using an EAE model, idebenone-treated mice showed no improvement in inflammation, demyelination, or axonal damage. It failed to affect disease when applied preventively or therapeutically (62). Bilirubin has previously been demonstrated to be a potent antioxidant in vitro (63). When administered to rats before the onset of EAE, it was shown to have a protective effect on BBB from increasing permeability due to ROS damage and by that, preventing invasion of inflammatory cells into CNS during inflammation. In rats that were treated after induction of EAE, bilirubin did not reduce the degree of inflammation or cytokine expression but did demonstrate clinical improvement (64). A study aimed to investigate the effect of melatonin demonstrated a neuroprotective effect against EAE, by suppressing the progression and lymphocytic infiltration. This effect was probably related to the decrease of the levels of oxidative stress (65). The amino acid acetyl-l-carnitine (ALCAR) was evaluated for its effects when used alone or together with corticosteroids for treatment of EAE. A combination of the two demonstrated an antioxidant, antiapoptotic, and immunosuppressive effect. It also improved the clinical outcome when compared with the untreated group or corticosteroid treatment alone (66).

Unfortunately, studies suggesting antioxidative-based treatment for optic neuritis that showed benefit in the EAE model, did not progress to clinical trial in humans, and if so, did not show any benefit for the treatment in these cases.



Neuroprotective Therapies

Optic neuritis may lead to permanent visual loss mediated by RGC damage. The goal of neuroprotection is to preserve axon structures and function; it is highly important given the poor regenerative capacity of neurons. The specific mechanism and timing of the RGC damage during the disease process are crucial for understanding the damage and how to prevent it. In a study aimed to determine whether axonal injury due to inflammation mediates apoptotic death of RGCs, EAE was induced followed by demyelination with significant axonal loss which was followed by loss of RGC. It was suggested that inflammatory cell infiltration mediates demyelination and leads to direct axonal injury. RGCs die by an apoptotic mechanism triggered by axonal injury (67). Another study demonstrated DNA degradation and activation of caspase-3 in RGCs of EAE-induced rats. This indicates that cell death of RGCs is apoptotic (68). Potential neuroprotective therapies to prevent permanent RGC loss from optic neuritis need to be initiated prior to axonal injury to preserve neuronal function. A study that examined potential neuroprotective effects in optic neuritis by SRT647 and SRT501, activators of SIRT1, an enzyme involved in cellular stress resistance and survival, demonstrated that SIRT1 activation prevents RGC loss in optic neuritis even in the presence of active inflammation, suggesting that their neuroprotective effects will be additive to other immunomodulatory treatments (69).

High-dose intravenous corticosteroids are the standard treatment for acute optic neuritis. The optic neuritis treatment trial (ONTT) demonstrated that intravenous methylprednisolone followed by oral prednisone helps recovery of visual acuity and results in slightly better vision at 6 months. Oral prednisone alone is not an effective treatment. It increases the risk of recurrent episodes of optic neuritis (9). However, a study demonstrated a proapoptotic effect of the RGCs induced by methylprednisolone treatment for acute optic neuritis, although inflammatory infiltration of the optic nerve was reduced (70).

Brimonidine (BMD) is a selective α2-adrenergic receptor agonist that is used clinically for the treatment of glaucoma. Topical administration of BMD at 0.2% was shown to result in vitreous concentration of 2 nM and above, which is known to activate alpha(2)-receptors (71). There have been several studies demonstrating a neuroprotective effect of BMD. One of them evaluated BMD effect on retinal degeneration during optic neuritis in EAE, showing a suppression of the significant reduction in the number of RGCs, indicating the functional significance of the neuroprotective effect of BMD (72).

Various mechanisms for neuroprotection by brimonidine have been suggested, including brain-derived neurotrophic factor (BDNF) activation in the retinal ganglion cells, glutamate inhibition, suppression of excitotoxicity in retinal ganglion cells, stimulating trophic factor release from Müller cells, and cell-survival signal upregulation, as well as apoptosis downregulation (73, 74).

Voltage-gated sodium channels (Nav) are suggested to have a key role in the etiology of EAE by causing axonal degeneration (75). Nav1.6 isoform is a promoter of neuronal degeneration and inflammation in EAE (76), suggesting that it plays a corresponding role in MS and possibly in other degenerative neurological diseases. It was shown that downregulating or blocking Nav1.6 on neuronal cells would be neuroprotective (77).

Phenytoin is a voltage-gated sodium channel blocker used as an antiseizure medication. A study evaluating the effect of phenytoin on axonal degeneration in the optic nerve in EAE, reported that whereas ~50% of optic nerve axons are lost at 27–28 days in untreated EAE, only ~12% of the axons are lost if mice with EAE are treated with phenytoin (78).



Remyelination-Based Therapies

Myelin is a lipid-rich protective covering that surrounds axons. It provides an electrical isolation that allows fast nerve transmission and metabolic support to neurons. In demyelinating diseases, myelin loss leads to disruption in electrical conduction (79). Following pathological loss of myelin, remyelination, the formation of new myelin sheaths around axons, occurs (80). Myelin is formed by newly differentiated oligodendrocytes (OLs) derived from oligodendrocyte progenitors (OPCs) at the lesion sites. Microglia activation plays a crucial role in promoting oligodendrocyte maturation and effective remyelination (81). Unfortunately, the remyelination process is often inefficient, leading to permanent deficits and dysfunction. Its failure results from the inability of OPCs to successfully generate new mature myelinating oligodendrocytes (82). Many processes have been identified as targets for therapies that enhance the remyelination process in neuro-inflammatory demyelinating diseases.

A major target is lipid metabolism in oligodendrocytes. Lipids account for about 70% of the myelin membrane. A decrease in cholesterol synthesis in astrocytes might affect demyelination of autoimmune disease (83). Cholesterols in the brain must be synthesized locally because peripheral cholesterol does not cross the BBB. It was shown that dietary cholesterol supplements promote the repair of demyelinated lesions. Concomitant with blood-brain barrier impairment, they directly supports oligodendrocyte precursor proliferation and differentiation (84). In the adult brain, cholesterols are synthesized in astrocytes, transported to neurons to make cell membranes and synapses, and to oligodendrocytes to make myelin (85–88). Thus, reduced cholesterol synthesis in astrocytes during an inflammatory process may lead to reduced cholesterol available for neurons and oligodendrocytes, hence limited reparative synaptic plasticity and remyelination.

Normally, there is a balance between the rate of demyelination and remyelination processes. Myelin debris are phagocytosed by microglia; when this balance is disrupted, such as in inflammatory demyelinating diseases, it causes an accumulation of myelin debris that impairs remyelination (89).

Another study hypothesized that the inability to repair the demyelination damage caused by the inflammation during EAE may result from decreased cholesterol synthesis by astrocytes. Upregulation of cholesterol-synthesis gene expression was observed in oligodendrocytes during remyelination (90).

Another study demonstrated an accelerated remyelination after EAE induction by direct lineage analysis and hypothesized that newly formed myelin remains stable during the inflammation process due to the absence of MOG expression in immature myelin. Furthermore, withholding oligodendrocyte differentiation and myelination results in acceleration of remyelination, thus preventing axonal loss and improving functional recovery (91).




CONCLUSIONS

Optic neuritis is an inflammatory demyelinating disorder of the optic nerve with up to 0.1% prevalence at certain regions and potentially devastating visual outcomes. Animal models using the EAE experimental rodent model are essential for the understanding of etiology, pathogenesis of immune-mediated processes and for the development of therapeutic strategies for optic neuritis.

In this review, we discussed the latest rodent models regarding optic neuritis, focusing on the widely used EAE model, on its recent achievements and developments. So far, none of the therapeutic strategies have shown a substantial achievement regarding optic neuritis in the field of neuroprotection and remyelination. Further investigation is required.
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Purpose: The purpose of this study was to examine the differences in immunopathogenesis based on the cytokine/chemokine profiles in myelin oligodendrocyte glycoprotein antibody (MOG-IgG)-positive and -negative groups.

Methods: We measured the levels of T-helper cell 17 (Th17) cell-related cytokines/chemokines in 74 serum samples, which were divided into four groups: healthy control (HC) group (n = 15), idiopathic demyelinating optic neuritis (IDON) group (n = 20), aquaporin 4 (AQP4)-IgG-positive optic neuritis (ON) group (n = 18), and MOG-IgG positive-ON group (n = 21). Serum IL17, IL21, IL28, IL31, CXCL1, CXCL2, CCL2, CCL11, CCL20, and LT-α were detected.

Results: The serum of the MOG-IgG-positive ON patients showed an obvious elevation of Th17 cell-related cytokines/chemokines compared with that of all the MOG-IgG-negative ON patients. Serum IL17 and IL21 were significantly higher in the ON patients with MOG-IgG positive than in all the other three groups. The serum levels of IL28, IL31, CXCL1, and CCL11 were higher in the ON patients with MOG-IgG positive than in the HC group and the IDON group. The serum concentration of CCL2, CXCL2, and CCL20 in the MOG-IgG-positive and AQP4-IgG-positive group is higher than that of the HC group. No difference in serum LT-α level was found among the four groups. Adjusted multiple regression analyses showed a positive association of IL17 and IL21 levels with the serum concentration of MOG-IgG in the ON patients.

Conclusion: The elevated serum level of Th17 cell-related cytokine/chemokines may play an important role in the pathogenesis of MOG-IgG-positive demyelinating ON.

Keywords: T helper cell 17 (Th17), cytokines, chemokines, optic neuritis, MOG-IgG, AQP4-IgG


INTRODUCTION

Optic neuritis (ON) is the most common optic neuropathy affecting young adults. ON can occur in isolation, or as the initial symptom of autoimmune-mediated demyelinating diseases, such as multiple sclerosis (MS) or neuromyelitis optica (NMO)/neuromyelitis optica spectrum disorders (NMOSD) (1). In most cases, NMO is caused by autoantibodies to aquaporin 4 (AQP4-IgG) (2, 3), but 10–20% of patients with NMO are negative for AQP4-IgG (4, 5). Recent studies have shown the presence of IgG antibodies to myelin oligodendrocyte glycoprotein antibody (MOG-IgG) in some NMO/NMOSD patients (6, 7). MOG-IgG is pathogenic in human demyelinating diseases, and it is a biomarker of autoimmune ON and longitudinally extensive transverse myelitis (LETM) (8, 9).

MOG-IgG-seropositive patients had some clinical features different from those with AQP4-IgG seropositive (7). In addition, the histopathology of brain and spinal cord lesions of MOG IgG+ patients has been demonstrated to be different from that of AQP4-IgG+ patients (10, 11). MOG-IgG-related disease is now considered as a disease entity in its own right, immunopathogenetically distinct from MS and from AQP4-IgG-related demyelinating diseases.

Cytokines/chemokines are biologically active intercellular messengers having pleiotropic effects on various cell types resulting in immune system activation (12) In the nervous system, cytokines, and chemokines are involved in the regulation of central nerve system (CNS)-immune system interactions that function as neuromodulators and control neurodevelopment, neuroinflammation, and synaptic transmission (13). CD4+ T helper cells can be divided into four major subsets, and Th17 lineage is a recently discovered subset of CD4+ T-helper cells, which can promote tissue inflammation by induction of inflammatory mediators and recruitment of inflammatory cells (14). Th17 cells coordinate local tissue inflammation through the regulation of inflammatory cytokines and chemokines such as IL-17, IL-21, IL-28, CXCL1, CCL2, CXCL2, CCL11, and CCL20 (15). In this study, we evaluated the levels of Th17-related cytokines and chemokines in serum samples from MOG-IgG-seropositive ON, AQP4-IgG-seropositive ON, and idiopathic demyelinating ON (IDON) patients in the acute phase, in order to investigate the differences in immunopathogenesis based on the cytokine/chemokine profiles.



MATERIALS AND METHODS


Patients

In this study, 59 patients with unilateral or bilateral isolated ON were recruited from the Ophthalmology Department of Beijing Chaoyang Hospital of Capital Medical University and the Chinese People's Liberation Army General Hospital (PLAGH). Recruitment was completed between April 2017 and July 2018. ON was the first symptom in all the patients who fulfilled the diagnosis criteria of ON. All the subjects were treated with methylprednisolone according to the suggestion with ONTT (16). If a minimal response to the corticosteroid therapy and the vision remained below 0.1 were clinically observed, the patient involved was given a total of three to five plasma exchanges.

All blood samples were collected during the acute phase of the disease or within a month of exacerbation. Seventy-four serum samples were drawn from the patients with acute demyelinating ON and from the controls, including 15 samples from the healthy control (HC) group, 20 samples from the IDON group, 18 samples from the AQP4-IgG-seropositive ON group, and 21 samples from the MOG-IgG-seropositive ON group.

Ophthalmic examinations including best-corrected visual acuity (BCVA), intraocular pressure, slit lamp examination, pupillary reactions in unilateral or bilateral asymmetric conditions, and ocular fundus examinations were conducted by professional ophthalmologists.

BCVA was tested by using a Snellen chart and was transformed into logarithm of the minimum angel of resolution (logMAR) values by using Petzold's et al. (17) VA conversion method. If a VA was below 0.01, finger-counting (FC), hand motion (HM), perception of light (LP), and no perception of light (NLP) were tested, and the results were documented accordingly. All patients underwent visual field, electrodiagnostic tests, and orbit and brain magnetic resonance imaging (MRI) examination.



Aquaporin 4 IgG and Myelin Oligodendrocyte Glycoprotein Antibody Testing

All serum samples were analyzed for the presence of AQP4-IgG by an extracellular live cell-staining immunofluorescence technique using transiently transfected AQP4-expressing cells as previously described (18). Samples were scored as positive or negative by at least two independent experiments. A dilution of 1:1,000 was employed as the maximum positive value and 1:10 as the cut-off for positive and negative cases. MOG-IgG detection was performed by CBA with full-length human MOG-transfected HEK293 cells. MOG-IgG titers of ≥1:10 were classified as positive.



Cytokine and Chemokine Assay

Th17-related cytokines (IL-17, IL-21, IL-28, and IL-31) and chemokines (CXCL1/GRO alpha, CXCL2/GRO beta, CCL2/MCP-1, CCL20/MIP-3, and CCL11/eotaxin) and LT-alpha/TNF-beta were measured by means of ELISA. The regression equation of the standard curve (R2 > 0.98) was calculated on the basis of the standard concentration and the corresponding A-value. Similarly, the corresponding sample concentration was calculated with reference to the sample's A-value.



Ethics Statement

This study was approved by the Ethics Committee of Beijing Chaoyang Hospital and PLAGH, and was conducted following the Declaration of Helsinki in its currently applicable version. Written informed consents were obtained from each patient.



Statistical Analysis

Statistical analysis was performed by using SPSS for Windows, Version 21.0. Continuous variables were analyzed using a nonparametric test (Mann–Whitney U test). The Chi-squared test, or Fisher's exact test if applicable, was used to analyze the categorical data. The differences among any three groups were identified by using the ANOVA or Kruskal–Wallis test. In order to reduce type I errors, Bonferroni correction had been applied on the P-values. Correlation ranks were evaluated by Spearman's rank correlation tests.




RESULTS


Demographic Data and Clinical Characteristics

The demographic data and clinical characteristics of all the 59 Chinese ON patients were compared (Table 1). The mean age at disease onset was similar in the three groups. Female predominance was apparent in the IDON patients (82.4%) and the AQP4-IgG seropositive-ON patient (94.1%), but the MOG-IgG-seropositive ON patients were mostly male, with a male-to-female ratio of 11:10. Compared to the IDON group (10/20, 50.0%), the AQP4-IgG-seropositive ON (15/18, 83.3%) and MOG-IgG-seropositive ON (17/21, 81.0%) patients were more likely to have accompanying ocular pain. The proportion of disc swelling and monocular/binocular involvement showed no difference between the three groups. Recurrent ON appeared frequently among all the AQP4-IgG-seropositive ON (18/18, 100.0%) and MOG-IgG-seropositive ON patients (21/21, 100.0%), and the IDON patients (8/20, 60%) had a more frequent monophasic course. In the routine CSF analysis, no significant difference in the median CSF white cell count (no/mm3) and the CSF IgG level (mg/L) between the three groups was found. CSF total protein (mg/L) was significantly higher in the AQP4-IgG-seropositive ON group than that in the other two groups (P < 0.001; AQP4-IgG + ON vs. MOG-IgG + ON: P = 0.003, AQP4-IgG + ON vs. IDON: P = 0.001). There were no significant differences between the three groups in the proportion of optic lesion in MRI. None of the patients in the three groups had MRI results that met the radiological diagnostic criteria of MS or NMO. VA at first attacks in the acute phase and VA recovery at the last follow-up were compared in the AQP4-IgG-seropositive ON, MOG-IgG-seropositive ON, and IDON patients. No differences in visual loss during the acute stage were observed between the three groups. At the last follow-up, the AQP4-IgG-seropositive ON patients were significantly more likely to get poor VA recovery over time than the other patients (P = 0.015; AQP4-IgG + ON vs. MOG-IgG + ON: P = 0.012, AQP4-IgG + ON vs. IDON: P = 0.272).


Table 1. Epidemiologic and disease characteristics of ON patients and healthy controls.
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Comparison of T-Helper Cell 17-Related Serum Cytokine/Chemokine Levels Between the Myelin Oligodendrocyte Glycoprotein Antibody-Seropositive Optic Neuritis, Aquaporin 4-IgG-Seropositive Optic Neuritis, Idiopathic Demyelinating Optic Neuritis Patients, and the Healthy Controls

The dot plots of individual serum cytokines/chemokines levels are shown in Figure 1, and the values are summarized in Table 2. IL-17, IL-21, IL-28, IL-31, CXCL1, CXCL2, CCL2, CCL20, and CCL11 were significantly elevated in the MOG-IgG-seropositive ON patients than in the MOG-IgG-patients. The mean concentration of IL-17 in the patients with MOG-IgG-seropositive ON was much higher than the other three groups of patients. Moreover, it was also higher in the patients with AQP4-IgG-seropositive ON than in the HC group (IL-17: AQP4-IgG + ON vs. HC: P = 0.031). The concentration of IL-21 in the patients with MOG-IgG-seropositive ON was also higher than in the AQP4-IgG-seropositive ON, IDON, and HC groups. The IL-23 concentration in the patients with MOG-IgG-seropositive ON was also higher than in the IDON and HC groups. The MOG-IgG-seropositive ON patients showed a significantly higher IL-31 level than the IDON and HC patients. The serum CXCL1 and CXCL2 concentration in the patients with MOG-IgG-seropositive ON and AQP4-IgG-seropositive ON was also higher than that in the HC group (CXCL2: AQP4-IgG+ ON vs. HC: P = 0.047). The MOG-IgG-seropositive ON patients had a significantly higher CCL2 level than the HC patients. In the serum concentration of CCL20, the MOG-IgG-seropositive ON and AQP4-IgG-seropositive ON patients showed higher levels than the HC group (CCL20: AQP4-IgG + ON vs. HC: P = 0.006). CCL11 was significantly elevated in the two autoantibody-associated ON patients than in the HC group (CCL11: AQP4-IgG + ON vs. HC: P = 0.006). The CCL11 concentration in the MOG-IgG-seropositive ON patients was also higher than that in the IDON group. No significant difference was found in the serum concentration of LT-α between the four groups.


[image: Figure 1]
FIGURE 1. Comparison of T-helper cell 17 (Th17)-related serum cytokine/chemokine levels between myelin oligodendrocyte glycoprotein antibody (MOG-IgG) + optic neuritis (ON), aquaporin 4 (AQP4-IgG) + ON, idiopathic demyelinating optic neuritis (IDON), and healthy controls.



Table 2. Serum level of Th17-related cytokine/chemokines of optic neuritis patients.
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Relationship Between T-Helper Cell 17-Related Serum Cytokines/Chemokines and Serum Myelin Oligodendrocyte Glycoprotein Antibody Titer in the Myelin Oligodendrocyte Glycoprotein Antibody-Seropositive Optic Neuritic Patients

We then analyzed the potential correlations between the elevated Th17-related cytokines/chemokines levels and the titer of MOG-IgG in 21 MOG-IgG-seropositive ON patients (Table 3). Correlation analyses showed that serum IL-17 was positively correlated with the titer of MOG-IgG in the patients' serum (r = 0.534, P = 0.013; Figure 2). The serum concentration of CCL11 was negatively correlated with the titer of MOG-IgG in the MOG-IgG-seropositive ON patients (r = −0.481, P = 0.027; Figure 2). However, no significant correlation between the other cytokines/chemokines and the serum titer of MOG-IgG was observed.


Table 3. Spearman's correlation coefficient (r) of the association between serum cytokines/chemokines and MOG-IgG titer in 21 MOG-IgG-seropositive ON patients.
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FIGURE 2. Relationship between Th17-related serum cytokines/chemokines and serum MOG-IgG titer in MOG-IgG-seropositive ON patients.





DISCUSSION

In the present study, we compared the Th17-related serum cytokines/chemokines in healthy adults and ON patients with different etiologies. In the MOG-IgG-seropositive ON patients, we noted a significant upregulation of Th17 cell-related serum cytokines/chemokines. These data are in agreement with previous studies of Th17 changes in other autoimmune diseases, as Th17 cells are a key stakeholder in the pathogenesis of many autoimmune disorders (15).

Th17 cells have been involved in several autoimmune disorders, and they seem to be relevant in CNS autoimmunity development. Th17-related molecules have also been shown to correlate with parameters of disease activity and severity in CNS inflammatory demyelinating diseases (19). IL-17 is a proinflammatory cytokine that upregulates the expression of inflammatory genes. More importantly, elevated IL-17 levels have been observed in autoimmune diseases like MS, inflammatory bowel disease, psoriasis, and rheumatoid arthritis (20). Although IL-17 is the signature cytokine of Th17 cells, many studies have shown that other cytokines related with Th17 cells are also significant in the pathogenesis of inflammatory responses. The release of IL-6 and IL-21 by polyclonally activated CD4+ T cells obtained from NMO patients was shown to have direct correlations with neurological disability (14). IL-31 is also produced mainly by CD4+ T cells. A recent report has shown that the serum concentration of IL-31 significantly increased in NMOSD patients and positively correlated with the serum level of IL-17 in those patients (21). Moreover, Th17 cells necessitate a large quantity of chemokines and chemokine receptors to cross the blood–brain barrier (BBB), which enables them to disrupt the BBB and access the CNS through some different pathways. IL-17 is a key factor in the disruption of the BBB by directly impairing its integrity (22). In vitro and in vivo studies have shown that through the action of IL-17, Th17 cells can efficiently break down BBB tight junctions, bring out high levels of the cytolytic enzyme granzyme B, and provide impetus to the recruitment of additional CD4+ lymphocytes from the systemic circulation into the CNS (23). In addition, Th17 cells are also capable of inducing CXCL1 and CXCL2, chemokines that are powerful attractants for polymorphonuclear cells, and of contributing much to the disruption of the BBB in experimental autoimmune encephalomyelitis (EAE) (24).

NMOSD is a severe CNS autoimmune inflammatory disorder, which has always been recognized as a B-cell-mediated humoral immune disease. However, B-cell depletion therapy was not efficacious in some NMOSD patients, including both antibody-seropositive or -seronegative patients (25). One possible reason is that B cell-mediated immunity may not be the sole contributor to NMOSD-like lesions, and other components like CD4+ T cells, especially Th17 cells, may also play potential roles. Studies have demonstrated that T-cell-mediated immunity may participate in the pathological process of NMOSD, especially in the Th17 phenotype (26–28). Another possible explanation is that MOG-IgG-related demyelination in the optic nerve and the spinal cord can partly explain AQP4-IgG-seronegative NMOSD patients. In this study, the results showed that both AQP4-IgG-seropositive ON and MOG-IgG-seropositive ON have increased the serum concentration of Th17-related cytokines and chemokines compared with that in the control subjects, while the change in MOG-IgG-seropositive ON is more significant. This result supported the hypothesis that Th17 cells are highly activated in MOG-IgG-seropositive ON patients during the disease's acute exacerbation and relapse stages. From a clinical point of view, the difference in cytokines and chemokines between different types of ON suggests its value in the differential diagnosis of disease, especially in the early stage of diseases.

MOG-IgG has been detected in a proportion of AQP4-IgG-seronegative NMOSD patients. MOG-IgG is a biomarker for patients with CNS demyelinating diseases that have distinct demographic, serologic, clinical, and radiologic features from classical MS and from AQP4-IgG-mediated NMOSD, suggesting that MOG-IgG might mediate a distinct disease (29). Moreover, the histopathology of the lesions of MOG-IgG-seropositive patients has been shown to differ from that of AQP4-IgG-mediated CNS lesions (10, 11). In a retrospective multicenter study of MOG-IgG-seropositive NMOSD patients, 88% of the patients developed acute ON at least once, 56% of the patients developed acute myelitis at least once, 44% of the patients only had a history of ON but not of myelitis, while only 12% of the patients had a history of myelitis but not of ON (29). This is consistent with another study that demonstrated that the optic nerve is more susceptible than the spinal cord in MOG-IgG-related CNS autoimmunity (30). A recent study has shown that autoimmune inflammatory infiltrates in the optic nerve are different from inflammation in other parts of the CNS, suggesting that the optic nerve might be an immunologic compartment different from the spinal cord. Compared with the spinal cord, Th17 cells prevailed in the optic nerve and the brain. Local tissue expression of IL-17 was the highest in the optic nerve, suggesting that Th17-related immunopathology was dominant in the optic nerve. The study concluded that the optic nerve compartment is particularly prone to supporting IL-17-mediated inflammatory immune responses during CNS autoimmunity, and neutralization of IL-17 is sufficient to prevent structural damage to the optic nerve (31). In the present study, the MOG-IgG-seropositive ON patients had a higher concentration of Th17-related cytokines and chemokines than the other types of ON patients. Furthermore, the serum level of IL 17 in the acute phase of the MOG-IgG-seropositive ON was positively correlated with serum MOG-IgG titer, indicating that a higher serum level of IL 17 during the acute phase was related to the MOG-IgG induced. The results of this study have further confirmed that MOG-IgG-related neuroinflammation is immunopathogenetically distinct from classical MS and AQP4-IgG-induced demyelinating disorders. More importantly, these results highlight the important role of the Th17 cells for neuronal demyelination in MOG-IgG-induced neuroinflammation.

There are some limitations in this study. First, the number of ON patients enrolled in the study was not sufficient, and no follow-up after treatment had been done. Second, we only detected the serum level of the cytokines and chemokines. It would have been much better if we had detected both the CSF and serum levels simultaneously, which could contribute to probing the underlying mechanisms of Th17 cells in MOG-IgG-related demyelinating diseases. Third, we did not compare the serum levels of the cytokines and chemokines of the same patient during the different stages of the disease. Long-term prospective multicenter studies are required to analyze the detailed immunopathologic mechanisms of Th17 cells in different types of demyelinating ON.

In conclusion, this study suggests that Th17 cells were highly activated in MOG-IgG-seropositive ON patients with significantly increased serum cytokines and chemokines. This cytokine/chemokine profiling provides new insights into ON pathogenesis and is useful in monitoring disease activity. Further research is required to clarify if interference in the Th17 pathway can reduce inflammation in the CNS during disease onset and relapses.
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Glaucoma is a multifactorial syndrome in which the development of pro-apoptotic signals are the causes for retinal ganglion cell (RGC) loss. Most of the research progress in the glaucoma field have been based on experimentally inducible glaucoma animal models, which provided results about RGC loss after either the crash of the optic nerve or IOP elevation. In addition, there are genetically modified mouse models (DBA/2J), which make the study of hereditary forms of glaucoma possible. However, these approaches have not been able to identify all the molecular mechanisms characterizing glaucoma, possibly due to the disadvantages and limits related to the use of animals. In fact, the results obtained with small animals (i.e., rodents), which are the most commonly used, are often not aligned with human conditions due to their low degree of similarity with the human eye anatomy. Although the results obtained from non-human primates are in line with human conditions, they are little used for the study of glaucoma and its outcomes at cellular level due to their costs and their poor ease of handling. In this regard, according to at least two of the 3Rs principles, there is a need for reliable human-based in vitro models to better clarify the mechanisms involved in disease progression, and possibly to broaden the scope of the results so far obtained with animal models. The proper selection of an in vitro model with a “closer to in vivo” microenvironment and structure, for instance, allows for the identification of the biomarkers involved in the early stages of glaucoma and contributes to the development of new therapeutic approaches. This review summarizes the most recent findings in the glaucoma field through the use of human two- and three-dimensional cultures. In particular, it focuses on the role of the scaffold and the use of bioreactors in preserving the physiological relevance of in vivo conditions of the human trabecular meshwork cells in three-dimensional cultures. Moreover, data from these studies also highlight the pivotal role of oxidative stress in promoting the production of trabecular meshwork-derived pro-apoptotic signals, which are one of the first marks of trabecular meshwork damage. The resulting loss of barrier function, increase of intraocular pressure, as well the promotion of neuroinflammation and neurodegeneration are listed as the main features of glaucoma. Therefore, a better understanding of the first molecular events, which trigger the glaucoma cascade, allows the identification of new targets for an early neuroprotective therapeutic approach.
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INTRODUCTION

Primary open angle glaucoma (POAG) is a chronic disease that leads to retinal ganglion cell (RGC) loss and, consequently, the characteristic cupping of the papilla at the optic nerve level. In spite of the fact that it has been known since the time of Hippocrates, many aspects of this disease still remain obscure.

The only therapy recognized to be useful for glaucoma treatment is the lowering of intraocular pressure (IOP) although the exact relationships between IOP elevation and the optic nerve head (ONH) degeneration, which leads to visual field alteration, have not been understood yet. Indeed, IOP reduction alone is not always enough for slowing-down blindness progression (1, 2).

Many molecular mechanisms such as the ones involved in glaucoma etiology have been recognized, and in this regard, a wide range of substances with action either on a specific target or on multiple targets have been discovered (3).

Neuroprotection, neurodegeneration, and neuroenhancement have gained great importance over time because such approaches not only prevent RGCs from death but also repair or regenerate the cell damage, changing the course of the disease (4).

The primary molecular damage that occurs, which may be either of a degenerative/ischemic or a mechanical/metabolic nature, is able to induce changes in the extracellular matrix (ECM) of trabecular meshwork (TM) and in the TM itself that lead to retinal ganglion cell degeneration (5–8). The neuroprotective approach helps prevent these outcomes by improving neural recovery after pathologic insult, which results in a neural system optimization.

In glaucoma, the RGC degeneration induces trans-synaptic alterations capable of involving the entire visual chain up to the calcarine fissure (9). In these regard, any compounds able to interfere with the cascade of event that leads to visual field degeneration can be considered neuroprotective.

A wide variety of experimentally inducible animal glaucoma models ranging from large animals (i.e., non-human primates, cattle, dogs, and cats) to small animals (i.e., rats, mice, and zebrafish) are used in glaucoma research. Each of these animal models can help explain some molecular aspects of such a complex disease. Generally, however, the use of large animals offers better access to eye structures compared to the use of small ones due to larger eye size. In addition, non-human primates also show a resemblance to human ocular anatomy. However, for ethical and economic reasons, small animals such as rodents have gained ground in the research community. Among rodent models, the DBA/2J mouse is widely used because the mutations (Tyrp1b and GpnmbR150X) it presents cause a pigment dispersion syndrome similar to that found in humans and allows for the study of the effects of elevated IOP on the retina and optic nerve head (10–12).

There are several experimental manipulations to induce glaucoma in animal models that aim either to direct damage to ganglion cell axons (13–15) or indirect through IOP elevation (16, 17). In addition, mice can be genetically manipulated in order to express mutated human genes such as the MYOC Tyr437His mutation, which is responsible for an autosomal dominant form of human juvenile glaucoma (18).

Unfortunately, due to the heterogeneity of the disease and the addition of comorbidities, it is difficult to find an animal capable of reproducing the entire disease (19, 20). Moreover, the most common experimental techniques used for inducing IOP elevation [i.e., laser photocoagulation of entire trabecular meshwork (TM), intracameral injection either of latex microspheres or autologous fixed red blood cells to blockade TM, topical application of prednisolone, and so on] (21–24) cause an irreversible damage to the TM, which is the main tissue involved in the onset of the high-tension glaucoma cascade.

In humans, progressive TM degeneration is considered the “primum movens” for the decrease in outflow facility and, consequently, for the increase in IOP hypertension. Therefore, if in most animal models the TM is destroyed, these models may not provide complete information on glaucoma development (25, 26). Furthermore, the use of young animals as glaucoma models may represent an oversimplification of glaucoma issues because they do not show all those age-related factors that in human conditions promote and characterize glaucoma, i.e., genomic, biochemical, cellular, and system biology alterations (27–29). However, few studies on middle-aged or elderly animal models have not shown reliable results (30).

The proper measures to use animals of different ages as experimental models include a careful use of anesthetic agents as well as the attention for both physical decay and stress conditions (31).

However, differences in response to dexamethasone treatment were observed between young and elderly rabbits. Indeed, only the younger rabbits showed a hypertensive response probably due to their immature irido-corneal angle (32–34).

From a molecular point of view, glaucoma can be defined as a syndrome in which proapoptotic signals toward the head of the optic nerve (ONH) lead to glaucoma typical morpho-functional alterations such as both anterograde and retrograde RGC degeneration and trans-synaptic anterograde degeneration (35).

Given the fact that in high-tension glaucoma the TM plays a fundamental role in its pathogenesis, several previous studies (26, 36–38) have hypothesized that either the functional decay of TM cells or the TM cellularity depletion lead to ocular hypertonus, which produces deleterious effects for both the outflow and the RGCs.

TM is essential for the passage of the aqueous humor through the conventional outflow pathway. Indeed, after damage, TM cells change their gene expression (25) encoding for proteins which, from the anterior to the posterior segment, become pro-apoptotic signals for the ganglion cells and the retina.

For the past 20 years, in addition to animal models, also animal- or human-derived ex vivo and in vitro models have been used for glaucoma study. In particular, these studies have the aim to fill the gap left by animal models. The main studies are focused on the role of oxidative stress in promoting cell/tissue defects found in glaucomatous patients (39). Over time, the continuous progress in the field of cell cultures has been able to improve the cell environment and to recreate a condition “closer to in vivo” (i.e., biocompatible scaffolds, bioreactors, lab-on-a chip) (40, 41). Moreover, in vitro models compared to ex vivo ones have the advantage of overcoming the problem of a limited incubation period, making longer experimental times possible (42).

The purpose of this review is to summarize our team's research progress using a 3D advanced human model of TM, arguing that the 2D model has limitations and hoping that our work may improve the performance in glaucoma studies.



3D CELL CULTURES AS A RESEARCH MODEL

Both animal and in vitro cell culture models are widely used in research to improve the knowledge about the mechanisms of disease onset and propagation and the development of preclinical drugs. However, the inconsistencies of animal researches and the oversimplification of conventional two-dimensional in vitro models have frequently delayed therapeutic advances, like in the case of glaucoma. Indeed, not all promising discoveries and treatments obtained from such models have given favorable outcomes with human evidence. Among the reasons behind animal model limitations, the poor standardization of experimental procedures and the variation of environmental conditions as well as interspecies variation (e.g., genetic differences) between animals are listed as the most relevant (43). In addition, in two-dimensional (2D) culture models, the loss of specific tissue function and physiology leads to a lack of predictability in terms of physiological significance and clinical response prediction (44).

One of the most important developments in this field has been the use of micro-engineering techniques for culturing cells in a three-dimensional (3D) system. Anyway, a more sophisticated in vitro model does not need to recapitulate every aspect of an animal model or human responses, but it needs to provide predictive data for a particular question (45).

Three-dimensional culture models aim to mimic the proper interactions of both cell–cell and cell–environment providing for the complex biochemical and physical signals as found in in vivo tissue structure (46, 47). Indeed, the maintenance both of cellular morphology and polarity enables gene expression, signaling, and metabolism similar to source tissue (48–50).

In order to accomplish this, the study of specific cell types (i.e., osteoblasts, hepatocytes, lymphocytes, trabecular meshwork cells, and so on) provides for an up-stream analysis both of structural architecture of tissue-derived cells and of the matrices/scaffold composition in which to embed the various cell types to obtain the proper 3D microenvironment (44, 47, 51).

In 3D cultures, matrices/scaffolds from several materials, within their structure, support cell growth, organization, and differentiation. Indeed, either biomaterials (e.g., natural or synthetic hydrogels) (52, 53) or the fabrication processes (e.g., electro-spinning, particulate-leaching, and solid free-form fabrication techniques) (54–56) used for these matrices/scaffolds confer mechanical and physical properties to them as well as other features including porosity and permeability, which provide the architecture for cellular supports.

Ideally, 3D cell culture matrices are able to recreate the extracellular cellular matrix (ECM) features to better mimic in vivo environments. As is known, the interaction between cells and ECM provide all those biophysical and biochemical functions including the transport of soluble signaling molecules, nutrients, and waste metabolites as well as mechanical integrity; to a certain extent, therefore, these matrices have to reflect the features of specific tissue ECM to each application (57–59). Mechanical properties of 3D matrix are important also because they can directly drive cell traction forces influencing both shape and responses of the cells. For example, the flattened shape of 2D cultures is due to the stiffness of the surfaces of the support to which they adhere (e.g., micro-well plates, tissue culture flasks, and Petri dishes) (60).

As mentioned above, among the biomaterials for cell embedding, polymers that form natural or synthetic hydrogels are mainly used. When mixed with cells, these polymers undergo fast and gentle polymerization, after which they can be degraded hydrolytically or enzymatically. However, natural hydrogels such as MatrigelTM, fibrin gel, and alginate, compared to synthetic ones (e.g., PEG, peptide, and DNA gels) are more used both because of their better biocompatibility and mild gelification (47, 61).



3D IN VITRO GLAUCOMA MODELS

The advancement in in vitro model approaches for the study of glaucoma allowed the investigation of cellular behavior at molecular level in order to ameliorate the knowledge of disease onset and progression. Although in vitro models are not representative of the intricacy of glaucomatous disease, they have provided significant results when used for cell cultures, tissue cultures or ex vivo preparations. Additionally, according to the 3Rs principles, the use of the so-called alternative methods of which in vitro approaches are part promote the reduction in number of animals used in experimental tests and the replacement of animals when it is possible (62).

In this regard, several studies have mostly focused on setting up 3D models of TM, given its crucial role in conventional outflow pathway and in high-tension glaucoma onset.

Primary human trabecular meshwork (HTM) cells, for instance, were isolated from both juxtacanalicular and corneoscleral region, after which multiple HTM cell layers were included into a highly porous membrane, SU-8 scaffold, with predefined and well-controlled microstructure dimensions by standard photolithography techniques (63, 64). The bioengineered 3D HTM cell structures mimicked the TM structure found in in vivo conditions in terms of their spatial distribution, ECM synthesis/secretion, as well as their responsiveness after elevated hydrostatic pressure (EHP)-induced mechanical strain and drugs, i.e., latrunculin-B or steroids.

In a study on primary porcine TM cells, high viability and proliferation after seeding into a highly porous matrix of natural biopolymer construct, the collagen-chondroitin sulfate scaffold, was reported (65).

Moreover, in vitro models of 3D HTM cells (66) and 3D multipotent progenitors from HTM (67) were also obtained by embedment in a natural hydrogel scaffold such as MatrigelTM. In this regard, the 3D HTM cells obtained in this way have shown, besides morphological and architectural changes after dexamethasone, TGFβ2 and benzalkonium chloride (BAK) stimulations, the upregulation of proinflammatory cytokines and MMPs after BAK treatment, and their migration through basement membranes. Therefore, the use of degradable scaffolds, compared to permanent ones, also offers an opportunity for further molecular investigations.

The second MatrigelTM-based study revealed that the embedment of TM stem cell populations did not allow for cell expansion but provided the normal phenotype restoration able to express not only ESC and NC markers but also the TM ones (68).

However, all these 3D models of TM from natural or synthetic scaffolds have recapitulated important features of in vivo TM tissue morphology, highlighting the huge progress in tissue engineering in faithfully mimicking the native tissue.

In addition to innovative 3D TM cultures, a new in vitro approach based on lab-on-a-chip (LOC) technology has very recently been proposed, which consisted of a high-controlled EHP system and microculture system of purified primary rat RGCs (41). Such system has proved a useful tool to investigate the neuroprotective role of growth factors and mimic peptide in preserving the RGC death after EHP.

Over the years, in order to mimic the effects of oxidative stress in glaucoma in vitro models, repeated exposures of TM cells to different H2O2 concentrations (ranking from 100 μM to 1 mM) were evaluated (6, 69–72). H2O2 is the most widely used pro-oxidant because it easily crosses the cell membranes and, in presence of iron ions, produces reactive hydroxyl radicals, which are considered responsible for cytotoxicity (68, 73).

In previous studies, in which TM cells were exposed to 200 μM H2O2 for 30' (68), or 300 μM H2O2 for 1 h (74), or to 1 mM H2O2 for 24 h (71, 72), the typical changes of glaucomatous TM have been observed, including the promotion of cellular senescence (73), rearrangement of cytoskeleton structure (68), and the increase in proinflammatory mediators such as IL-6, IL-8, and endothelial–leukocyte adhesion molecule 1 (ELAM-1) (71).

In our model, on the other hand, TM cells of human origin (HTMC) were exposed to 500 μM H2O2 for 2 h every day followed by 22 h of recovery, in order to study the effects of oxidative stress administered in chronic/subtoxic manner. Several studies reported that, in the presence of cells, the H2O2 half-life is very short (~1 h) (75, 76) because it passes rapidly through the cell membranes, and then, it is either detoxified by intracellular enzymes or converted to the above-mentioned reactive hydroxyl radical. Therefore, in our experimental model, 2 h a day of 500 μM H2O2 were sufficient to exert the cytotoxic/proinflammatory effect on TM cells (6).



ADVANCED HUMAN 3D TM MODEL

In the previous section, we have reported the most recent results of three-dimensional culture models of trabecular meshwork (TM) and the LOC technology. In both cases, it has been demonstrated that the cells cultured in a more similar way to their native-derived tissues provide physiological responses to different stimuli.

Moreover, also in our previous study, we showed the improved suitability of HTMCs (Cell Applications Inc., San Diego, CA, United States) (6, 25) cultured in a 3D model compared to the 2D one, both in basal conditions and after prolonged oxidative stress conditions. In our 3D culture model, we have chosen a degradable scaffold, namely, Corning® Matrigel® Matrix (Corning Life Sciences, Tewksbury, MA, United States) [dx.doi.org/10.17504/protocols.io.574g9qw], which consists of several proteins found in extracellular matrix (ECM) such as laminin, collagen IV, heparin sulfate proteoglycan, and entactin/nidogen (61).

However, the basic requirements for both viability and the functionality of cells, like in vivo conditions, are not only cell morphology maintenance but also the continuous supply of nutrients and oxygen, as well as the removal of metabolic waste products (77). Indeed, a more reliable cell and/or tissue micro-environment provides several complex biological responses such as cellular proliferation, migration, differentiation, matrix production, and apoptosis, similar to either the original organ or the tissue in which they arise (78).

Therefore, the development of 3D culture models, which are able to recapitulate some of the critical cell features including cell-to-cell and cell–ECM interactions, are not sufficient to study both the biochemical and biomechanical changes found in a complex disease such as glaucoma (79, 80).

Until today, there have been no standardized advanced in vitro models in ophthalmology consisting of both 3D culture models and milli-fluidic techniques for improving the physiological relevance of 3D cultures.

Here we describe the methodology combining a 3D human trabecular meshwork (TM) model and a bioreactor system, in order to overcome the issues related to cell responses under static culture conditions. In fact, the milli-fluidic technique offers precise control over gradients in a continuous manner under milli-metric-size channels (66, 81).

In our advanced in vitro model (82), the closed-circuit, the 3D-HTMCs received a constant medium supply, consisting of the single-flow bioreactor (Live Box1, IVTechs.r.l., Italy) culture chambers connected to a peristaltic pump (LiveFlow, IVTechs.r.l; Italy) (Figure 1). The medium flow was maintained at a constant rate of 70 μl/min to overcome both diffusional limitations and soft gel degradation on 3D-HTMC. The peristaltic pump takes the culture medium from a 10-ml final volume, so the percentage of turnover rate is 0.7%.


[image: Figure 1]
FIGURE 1. Advanced human 3D model experimental design. From the medium reservoir (C), the medium was pumped by the action of the live flow (A), through the Live Box1 where 3D-trabecular meshwork (TM) cells of human origin (HTMC) were seeded (B), then it returns to the medium reservoir, completing the circuit (Kind permission of IVTech S.r.l.).


In order to study the effects of oxidative stress (OS) on TM, which is one of the main causes of TM damage, TM cells were treated with daily doses of 2 h of 500 μM H2O2, and in the remaining time (22 h), they were subjected to recovery under dynamic conditions (40, 76).

The milli-fluidic technology as well as the 3D culture model were capable of mimicking the cell responses found in vivo as a result of the increase in outflow resistance. In our model, therefore, it was possible to measure the expression of genes related to a specific cellular activity or function after OS conditions. Indeed, quantitative real-time PCR (qPCR) assays have proved to be a useful tool for assessing the expression of individual genes in order to measure the production of mRNA encoding for both profibrotic and metalloproteinase (MMPs) markers (40, 83–87). Moreover, both the changes in proinflammatory cytokine transcriptions and the NF-kB protein levels have been investigated as markers of activation of inflammatory response following OS stimulation. Finally, the apoptosis protein array was assessed to evaluate also the apoptosis pathway involvement during the experimental time. The increase in inflammatory and profibrotic markers as well as MMPs together with the absence of apoptosis led us to assume that a more efficient adaptive response to OS damage over time may be due to the constant medium supply to cell cultures (40, 71, 73).

In addition, the morphological comparison between 3D-HTMCs cultured under static conditions and those cultured under a dynamic one (Figure 2) showed, at the longest experimental time tested (168 h), a recovery of cytoskeleton integrity only in the advanced in vitro model, as confirmed also by the cell viability assay.


[image: Figure 2]
FIGURE 2. Morphological changes in 3D-TM cells. Confocal analysis of nucleus and cytoskeletal markers were performed on untreated 3D-HTMC (top) and treated 3D-HTMC (bottom) after 72 and 168 h of experimental procedures. Representative images are related to immunoreactivity for To-PRO™ and Phalloidin, as nuclear and cytoskeleton markers, respectively. Merged images showed cytoskeleton plus nucleus (Image was published in Saccà et al. (40) “An Advanced In Vitro Model to Assess Glaucoma Onset”).


The perfusion of culture media through a 3D-culture structure using a pump system provide the proper nutrient circulation, metabolic waste expulsion, and homogeneity of the physical and chemical factors, which, in turn, allow for the study of early OS-derived molecular change without inducing the premature apoptosis as it happens under static culture condition. Therefore, bioreactor-based cell culture models are appropriate to study the stimuli-derived biomolecule cell productions to better understand the early alterations, which occur in glaucoma first steps (25).

Indeed, this 3D-TM milli-fluidic model represents a useful tool for providing a physiological cellular environment under controlled experimental conditions.

In addition, another way to think of this technology is either to combine the different modules/chambers in series for mimicking the tissue crosstalk between different tissues or equip it with a device to induce an increase in basal medium flow pressure. In these ways, this in vitro model would make it possible to analyze step-by-step the stages of cell damage, which underlie glaucoma and its adverse outcomes.



CONCLUSIONS AND FUTURE PROSPECTS

During the past three decades, a large number of studies have demonstrated that the increase in ROS rate, from endogenous and exogenous sources, can cause an unbalance in cell redox state, which leads to cellular damage (88, 89). Indeed, it is now known that the direct effects of the oxidative stress (OS) injury underlying the POAG onset seem to be linked in particular with TM damage, which is responsible for the increase in IOP in glaucomatous eyes (26–29). However, given the crucial role of TM in conventional outflow pathway regulation, it has also been hypothesized that glaucomatous TM could be involved in RGC death through the release of molecular signals harmful for RGC. Thus, molecular modifications borne by damaged TM tissue such as alterations in gene and protein products may affect the RGC viability (25).

In this review, we emphasize the importance of studying the first molecular changes in TM after oxidative stress by using an advanced human 3D-TM model. The novel therapeutic approaches are taking into account TM as a possible pharmacological target (90, 91). Therefore, the possibility of using an advanced in vitro model could represent an important tool for analyzing the cellular responses of a single-cell population, which in this case is represented by TM.

Currently, the lack of experimental standardization for glaucoma study neither for in vitro nor for animal models (e.g., design, sample size, analytical techniques, statistics, reproducibility, lack of specific species, and so on) has partly compromised the proper identification of glaucoma biomarkers. Previous in vitro studies on TM have undoubtedly helped to understand the molecular changes in TM following OS treatment; however, most of the clinical trial results based on small animal models (i.e., rodents) revealed their translational failure mainly due to the different degree of similarity between human disease and the animal model used (21, 26, 92–94).

The TM is a porous tissue, and its structure is made up of connective tissue beams and sheets or lamellae covered by TM cells. Since the TM function is to filter AH, the 3D structure is a very important parameter to evaluate. In particular, in the 3D TM model in vitro proposed here, the TM cells embedded in a natural hydrogel seem to be more sensitive to OS, reflecting the OS-derived TM degeneration in a more realistic way (40). Furthermore, the cross-talk between cells, favored by 3D morphology, allows a more physiological cell-to-cell interaction (i.e., cytokines secretion) such as to promote both cell survival and cell proliferation even after harmful stimuli (e.g., oxidative stress) (40, 79). Moreover, our 3D TM in vitro model maintains power law metabolic scaling in cultures proving the physiological relevance for such a down-scaled in vitro system (95). In addition, the TM is an essential tissue, which together with a complex organ system, plays a pivotal role in modulating AH outflow (96, 97). In physiological conditions, the balance between aqueous humor inflow and outflow rate regulates the IOP in order to maintain the shape and related refractive properties of the eye. In relation to this, our innovative platform has been improved by adding an auxiliary device (Live Pa, IVTech S.r.l) to the millifluidic circuit in order to study the effects of increased flow pressure on TM cells (Figure 1) (98, 99).

Moreover, thanks to the features of this advanced in vitro model, which allows multiorgan approach through the communication between different tissues, it can be used to study the involvement of different cell types in glaucoma (e.g., neuron-like cells). In this way, it will be possible to evaluate how the TM damage, due to oxidative stress and/or increased pressure, influenced neuron homeostasis. In addition, such platform will allow to check the effectiveness of therapeutic compounds in counteracting the oxidative and/or pressure damage during the glaucoma evolution.
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Vascular changes are increasingly recognized as important factors in the pathophysiology of neuroinflammatory disease, especially in multiple sclerosis (MS). The relatively novel technology of optical coherence tomography angiography (OCTA) images the retinal and choroidal vasculature non-invasively and in a depth-resolved manner. OCTA provides an alternative quantitative measure of retinal damage, by measuring vascular density instead of structural atrophy. Preliminary results suggest OCTA is sensitive to retinal damage in early disease stages, while also having less of a “floor-effect” compared with commonly used OCT metrics, meaning it can pick up further damage in a severely atrophied retina in later stages of disease. Furthermore, it may serve as a surrogate marker for vascular pathology in the central nervous system. Data to date consistently reveal lower densities of the retinal microvasculature in both MS and neuromyelitis optica spectrum disorder (NMOSD) compared with healthy controls, even in the absence of prior optic neuritis. Exploring the timing of vascular changes relative to structural atrophy may help answer important questions about the role of hypoperfusion in the pathophysiology of neuroinflammatory disease. Finally, qualitative characteristics of retinal microvasculature may help discriminate between different neuroinflammatory disorders. There are however still issues regarding image quality and development of standardized analysis methods before OCTA can be fully incorporated into clinical practice.
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INTRODUCTION

In addition to well-established immune mediated processes, vascular and metabolic factors are increasingly recognized to play important parts in the pathophysiology of neuroinflammatory disease, especially in multiple sclerosis (MS) (1). Optical coherence tomography angiography (OCTA) is a relatively novel technology that images the retinal and choroidal vasculature in a non-invasive and depth-resolved manner (2). OCTA technology is derived from additional processing of optical coherence tomography (OCT), a structural retinal imaging modality first used in 1991 that has since secured its place as a staple of neuro-ophthalmological clinical evaluation (3–5). Currently, some attention is diverted to the exciting potential that OCTA has in imaging the retinal vasculature using similar hardware and procedure.

Due to the design of the eye, the retina is one of the most easily accessible internal structures for imaging inside the human body. The retina is part of the central nervous system (CNS), as it contains the retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL) which are formed of cells that relay visual information to the brain through the optic nerve (6, 7). Additionally, the anterior visual system is one of the most metabolically active structures in the human body and, accordingly, has a high perfusion rate which is rapidly adaptive to temporal changes in local demand (8–10).

The optic nerve is commonly injured in MS and neuromyelitis optica spectrum disorder (NMOSD) by optic neuritis (ON) (11–14). Demyelinating damage to the anterior visual system is virtually ubiquitous in postmortem studies of MS (15, 16). Thinning of the peripapillary RNFL (pRNFL) and GCL, as measured with OCT, have been shown to be markers of previous ON. However, retinal atrophy is also present in the absence of prior symptomatic ON and provides a valuable surrogate for more general, independent, CNS atrophy in neuroinflammatory disease (5, 11).

Even though immune mediated mechanisms are considered the most important drivers of neuroinflammatory disease, accumulating evidence indicates that CNS tissue energy failure, caused by hypoperfusion and hypoxia, is present in MS patients. This energy crisis may render neurons ineffective during an acute relapse and cause damage to oligodendrocytes which sets in action insidious processes of chronic demyelination and atrophy (1, 17). Neuropathologic studies of NMOSD affected tissue show that CNS lesions have a clear predilection for forming in perivascular locations (18). Furthermore, vessel walls in surrounding area are found to be fibrosed and hyalinised, a change in vessel morphology that can even be picked up on fundoscopy of NMOSD patients (19). In the acute clinical setting it can be difficult to differentiate between ON associated with MS and NMOSD, while the two diseases generally warrant different treatment decisions (13). Qualitative differences in vascular morphology picked up with OCTA may be diagnostically valuable in acute ON patients when differentiating between these conditions.

OCTA may be implemented in several interesting ways to advance the understanding of neuroinflammatory disease. Studies investigating OCTA in neuroinflammatory disease found that its findings are usually highly correlated to measurements of retinal layer thickness performed with the more consolidated technique of OCT (20–22). Therefore, OCTA can be an alternative quantitative measure of damage to the retina and optic nerve, as atrophied tissue requires less blood supply (20). Preliminary results in glaucoma research suggest that OCTA is sensitive to retinal damage in the earliest disease stages, while also being able to detect further damage in a severely atrophied retina, due to its low “floor-effect” (23, 24). In early-stage glaucoma, vascular density loss is faster compared with GCL thinning (25). Furthermore, another study concluded that the OCTA may be a promising tool to follow-up patients with late-stage glaucoma, as the measurement floor is lower compared with commonly used OCT metrics (26).

Additionally, OCTA may provide an avenue for investigations into vascular changes in the CNS. Preliminary OCTA research shows the retinal microvasculature is affected in both MS and NMOSD, even in eyes unaffected by ON and in some cases in the absence of structural retinal atrophy (20, 27). Investigating when vascular changes occur relative to thinning of retinal layers in neuroinflammatory disease may help answer important questions about the role of hypoperfusion in their pathophysiology (10). Finally, certain qualitative characteristics of the retinal microvasculature on OCTA may provide information for diagnostic discrimination between different causes of ON (28), similar to how the “central vein sign” on high-field MRI is a valuable diagnostic marker for MS (29). However, issues remain regarding image quality and the lack of standardization in image collection and analysis, which must be addressed before OCTA can be fully incorporated into clinical practice similar to what a network approach achieved for OCT (30).

In this review, we will discuss the potential value of OCTA in advancing research and clinical care in neuroinflammatory disease. First, we give an overview of the technical background of OCTA and the anatomy of retinal vasculature. Subsequently, we elaborate on the role of vascular alterations, particularly in the retina, in neuroinflammatory disease and we summarize research using OCTA in MS and NMOSD until now and finally, we discuss future prospects and the advantages as well as disadvantages of OCTA.



TECHNICAL BACKGROUND OCTA

OCT uses a technique that can be described as an optical analog to ultrasound-based imaging technology. OCT creates in-vivo structural images from biological tissue based on interferometry of low-coherence, near infrared light that is split into a reference arm, reflecting off a reference mirror, and a sample arm, reflecting from the investigated tissue. A strong interference occurs when both reflected beams recombine and a pattern of interference allows us to create a reflectivity profile, which is used to construct the OCT images (3). Currently, several generations of commercially available OCT devices are available and widely used.

OCTA expands on this technique by looking at temporal changes in the quality of backscattered light to distinguish locations of static tissues from blood flow. It detects blood vessels based on differences in amplitude, intensity, or phase variance between sequential OCT B-scans in the same position of the retina. Sequential B-scans are taken at the same transverse location and compared. The difference in signal between images reflects blood cells flowing through vessel lumen. Therefore, blood movement is used as an intrinsic contrast agent to create a vascular map (see Figure 1). Because of its reliance on picking up tiny temporal changes, a high sampling frequency is necessary to create sufficient quality OCTA images (31, 32). It is important to remember that as a result of this technique, there is a floor to detectable OCTA signal that is slightly higher than slowest physiological flow, although the minimal detectable flow speed is not known.
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FIGURE 1. Schematic of general optical coherence tomography angiography (OCTA) scanning technique. First, multiple OCT scans are repeated with a high frequency at the same location (A), and based on differences between these scans in the phase, amplitude, and/or intensity of the backscattered light, areas with moving particles are differentiated from static tissue (B,C). This process is repeated over several locations (D) and using a segmentation protocol perfusion maps are created for the different vascular plexi (E). The example scans shown below are the superficial vascular plexus (red), the deep vascular plexus (blue), and the choroid (green) as obtained with the Heidelberg Engineering OCT2 system.


Scans are visualized as en-face images of individual vascular layers, segmented from the volumetric map. The retinal vascular plexi are usually segmented in OCTA as a superficial layer, which consists of the superficial vascular plexus, and a deep layer, which takes the inner and deep vascular plexi together. But importantly, not all OCTA systems use the same segmentation algorithm for the superficial and deep vascular layers (33). Anatomical constraints and offsets from structural boundaries may vary between instruments (Table 1) (33).


Table 1. OCTA platforms and segmentation of vascular plexi.
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OCTA images are generally analyzed by determining vessel density as the percentage of white pixels (representing vessels) in a segmented area. Although simple and easily implemented, this form of analysis is significantly influenced by the presence of artifacts, which are discussed later in this review. Most look at the vascular densities within a circular or square area around the fovea or optic disc. Densities of the macular SVP, DVP, and choroidal plexus are quantified separately in prespecified areas of investigation, generally a square of 3x3 or 6x6 mm. A separate outcome measure is the “foveal avascular zone” (FAZ), that estimates the size of the circular area in the center of the macula that has no SVP blood supply. The size and shape of the FAZ have both been used as an outcome, particularly in diabetes mellitus (DM) (34, 35). The FAZ has not yet been widely used as an outcome measure in neurological disorders.

A key feature of the healthy microvasculature is its fractal pattern, where shape of the vasculature is similar at every scale, fractal analysis has been gaining traction as an additional analysis tool (36, 37). This kind of analysis could be especially useful in cases of subtle microvascular change where there are no large regions of capillary dropout, but the highly specific pattern of the retina is altered due to the selective loss of small vessels.



ANATOMY RETINAL VASCULATURE

Retinal and optic nerve circulation has the challenging goal of supplying nourishment and removing waste without compromising vision. There are two discrete vascular systems in the retina; the retinal and choroidal vessels. Blood supply for both systems comes from the ophthalmic artery, a branch of the internal carotid artery. The ophthalmic artery in turn branches out in two main vessel types that supply the retina, the central retinal artery and the posterior ciliary arteries (Figure 2). The central retinal artery runs with the optic nerve inside the optic nerve sheath and enters the globe through the optic disc after which it branches out to supply the inner retina. The anatomy of the retinal microvasculature plexi is largely determined by constraints that are created by the anatomical organization of different regions in the retina. The three permeating retinal vascular plexi are organized based around the three cellular nuclear layers, the GCL, the inner nuclear layer (INL) and the outer nuclear layer (ONL) (Figure 3). The larger of the plexi, the superficial vascular plexus, mainly supplies the GCL, and roughly is located between the inner limiting membrane and the INL. The intermediate vascular plexus is located around the INL, while the deep vascular plexus is located primarily in the ONL (6, 7). The retinal venous system is interdigitated with the arterial vasculature and venous blood leaves the retina via the central retinal vein.


[image: Figure 2]
FIGURE 2. Macrovascular anatomy of the blood supply to the eye. ICA, internal carotid artery; OA, ophthalmic artery; PCA, posterior choroidal artery; CRV, central retinal vein; CRA, central retinal artery; CoZ, circle of Zinn.
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FIGURE 3. Anatomy of the retinal vascular plexi. (A) Macular superficial vascular plexus centered around the fovea. (B) Macular deep vascular plexus. (C) Macular choroid. (D) Locations of the vascular plexi relative to the various cell types that construct the anatomy of the retina. Created with biorender.com. (E) Superficial and deep vascular plexi as well as choroid slabs overlain on OCT scan. (F) Superficial vascular plexus of the optic nerve head. (G) Choroid of the optic nerve head.


Retinal capillaries are formed of a layer of endothelial cells encapsulated by a basement membrane in which pericytes are embedded. Retinal capillaries are an important element of the blood-retinal barrier (BRB), the tightly controlled boundary between the intravascular and extravascular environment in the retina (38). Pericytes are essential for contractile function, endothelial barrier integrity and endothelial cell proliferation (38). Fluid and waste are drained from the eye through perivenous spaces, which are part of the ocular glymphatic drainage system (39). Beyond the lamina cribrosa there is no autonomic control of the retinal vasculature, therefore retinal capillaries are dependent on pericytes for local autoregulation of blood flow. Pericytes respond effectively to local tissue needs, and this relationship between local neural activity and changes in blood flow is known as neurovascular coupling. There is an approximate 1:1 ratio of pericytes to endothelial cells allowing for specific neurovascular coupling (40). The basement membrane between pericytes and endothelial cells is also very thin, allowing for increased communication between the two.

In the most common anatomical variant there are typically two posterior ciliary artery branches that run in parallel, but outside of the optic nerve sheath within the orbit. The posterior ciliary arteries supply the choroidal vascular plexus, which receives ~65–85% of the total ocular blood flow. The choroid is responsible for the oxygen supply of the outermost retinal layers, particularly the photoreceptors and retinal pigment epithelium. The choroid is also the source of oxygen for the foveal avascular zone. Finally, the posterior ciliary arteries give rise to the capillary network supplying the exterior optic nerve head in the annulus of Zinn (6, 7).



OCTA IN NEUROINFLAMMATORY DISEASE


Multiple Sclerosis


Vascular Pathology and MS

MS is an immune mediated demyelinating disease of the CNS and is one of the most common neurological causes for permanent disability in young adults (41, 42). Although many advances have been made in the field of MS over the last years, its pathophysiology has not yet been fully elucidated. Recently, increasing evidence indicates that energy failure, due to hypoxia and hypoperfusion, may be an important causal factor in MS. Many studies have demonstrated the presence of hypoxia and hypoperfusion in the CNS of MS affected individuals clinically, radiologically, and histologically (1, 10). For example, cerebral type-III MS lesions histologically frequently resemble hypoxic insult and MS lesions tend to form in watershed areas of the areas of the brain, suggesting a role for hypoxia in its pathophysiology (18, 43). Several studies found a reduction in cerebral blood flow in MS affected individuals, even in the absence of structural damage (44, 45). Cerebral circulation times are increased from a mean of 2.8 s in controls to 4.9 s in all types of MS (46). Hypoperfusion in MS can be identified from very early in its disease course, as perfusion rates in patients with clinically isolated syndrome (CIS) have been found to be reduced (47). Additionally, a study which used near-infrared spectroscopy (NIRS) showed that almost half of MS patients had hemoglobin saturation values that were significantly reduced compared with healthy controls (48). Anemia more than doubles the risk of developing MS and also doubles the risk of experiencing a relapse in MS (49). Furthermore, patients with MS have an increased risk of ischaemic heart disease and stroke, suggesting further susceptibility to microvascular damage (50).

Interestingly, one exploratory case study found evidence for transient reduced blood flow focally in the optic nerve during acute MSON (51). Preliminary data suggests that blood flow in the retinal microcirculation is reduced in patients with relapsing-remitting MS compared with healthy controls (52, 53).

Animal work with experimental autoimmune encephalomyelitis (EAE) revealed that the inflamed spinal cord of affected animals was indeed severely hypoxic and hypoperfused (54–57). The level of hypoxia was temporally and spatially related to the clinical deficit, and predicted subsequent demyelinating damage. Investigations indicated that the hypoxia was caused by insufficient perfusion of the CNS, creating a shortage of oxygen delivery in the inflamed area (54). Accordingly, it was found that therapeutic approaches aimed at alleviating hypoxia, with inspired oxygen, or alleviating hypoperfusion, with vasodilating agents, were related to improved neurologic outcome and reduced later stage demyelination in the affected animals (17). These findings suggest that hypoxia and hypoperfusion may render nerve cells inexcitable through depolarization, causing disability in the acute stage, but also damage oligodendrocytes, causing subsequent demyelination.

Although hypoperfusion is increasingly recognized as a possible important component in the multifactorial etiology of MS, interpretation of its role is controversial. Ambiguity remains if it is a primary process, representing a causal factor in the disease mechanism, or a secondary process, representing the result of lower metabolic demand in atrophied tissue (1). As many existing methods for investigating CNS perfusion are invasive, time-consuming, or laborious, little follow-up data is available to discern the temporal patterns of vascular changes in neuroinflammatory disease. Combining OCT and OCTA may offer ways to explore temporal patterns in vascular changes and structural atrophy of the retinal layers, which might provide important insights into the pathophysiological processes that underlie MS.



OCTA in MS

With OCTA being a relatively novel technique, there is a high level of variability in choice of outcome metrics and OCTA system used in studies investigating the microvasculature in MS. Although the variability in test metrics and OCTA systems makes it difficult to make direct comparisons between studies, all currently published studies found a significant reduction in retinal vessel density, in the macular area, the peripapillary area, or both, in MS patients compared with controls. Most also identified clear correlations between structural retinal layer thickness OCT measurements and vessel density (20–22, 58, 59).

The largest study cohort to date consists of 111 RRMS or high-risk CIS patients, who were compared to 50 healthy controls using a Heidelberg Spectralis OCTA (20). This study focused on the macular microvasculature, and found a significant reduction in SVP vessel density from 29.1% in controls to 24.1% in MS eyes (p < 0.001), while the DVP was unaffected. Furthermore, MS eyes affected by ON (MSON) had a lower SVP vessel density at 21.7% compared with non-ON (MSNON) eyes at 26.0% (p < 0.001). Finally, the difference between vessel densities in MSNON eyes and control eyes just reached significance (p = 0.03). Reduced SVP density was related to combined GCL and inner plexiform layer (GCIPL) and pRNFL layer atrophy, while lower DVP densities were related to GCIPL and inner nuclear layer thickness. All analyses were adjusted for age, sex, ON history and within-subject inter-eye correlations. Interestingly, these changes were evident in a cohort of relatively early stage MS, with a mean EDSS scores of 1.5.

These results are corroborated by several smaller studies that recruited 20 to 50 MS patients and similar numbers of healthy controls, that identified reduced macular SVP vessel densities in eyes of MS patients compared with controls (21, 22, 58, 60), with a significant reduction in SVP vessel density in MSON compared with MSNON eyes being identified in the two larger cohort (21, 60). Two studies identified an additional significant reduction in DVP vessel density, one in MS compared with controls (21) and one only in MSON compared with MSNON (22) (Figure 4). However, not all studies have replicated the finding of reduced macular SVP vessel density in MS (61).
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FIGURE 4. Example of macular superficial vascular plexus (SVP) and deep vascular plexus (DVP) changes in MS and MOG-Ab seropositive NMOSD compared with a healthy control. The scans of MS and MOG-Ab seropositive NMOSD patients are made from eyes without prior optic neuritis. The foveal avascular zones (FAZ) of the MS and NMOSD eyes are greater than these in the healthy control. Scale bar: 1 mm. Scans are 3x3 mm and obtained with the Heidelberg Engineering OCT2 system.


In two smaller cohorts of 35 and 45 patients with relatively more advanced MS, vessel density around the optic nerve head (ONH) was reduced in MS eyes compared to control eyes, as well as in MSON eyes compared with MSNON (61, 62). One study identified reduced vessel densities specifically in the inferior and nasal sections around the ONH in MS patients compared with controls (58), while another study found reductions only in the temporal zone (21). The finding of reduced vessel densities around the ONH has been classified as “capillary dropout” (61).

A recent study developed a novel metric, called volumetric vessel density (VVD), by dividing the macular vessel densities of the SVP and DVP by the tissue volume of the corresponding retinal layers (59). In a large cohort of 80 RRMS patients and 99 matched controls, the VVD of the DVP was higher in MS patients compared with controls. Additionally, the VVD of the DVP and SVP of MSON eyes were significantly higher compared with MSNON eyes (59). This is an interesting new metric that combines structural and microvascular changes in the retina. However, one could argue that it might be clearer to estimate structural and microvascular measures independently, as the VVD is determined to a high degree by changes in retinal thickness. Therefore, the observed increase of the VVD might still reflect a strong decrease in vascular structure density that is obscured by a more pronounced decrease in retinal thickness. This seems not unlikely, as the volume of vascular structures is smaller compared with their corresponding retinal layers and structural retinal atrophy is severe after MSON. This appears to be affirmed by the fact that VVD measures were strongly and negatively correlated with analyzed tissue volumes. However, the VVD is an important step toward incorporating data as we look at the full integrated structural and functional system going forward.

The size and shape of the foveal avascular zone, readily visible using OCTA, has been used as an outcome metric in studies of diabetic retinopathy (63). The foveal avascular zone (FAZ) was used as the outcome metric in one study of MS, and found that neither the area nor perimeter of the FAZ differed between MS patients and healthy controls, even though the FAZ size was negatively related to the vessel density of the SVP and DVP (21).

OCTA data captured in the acute stages of ON is currently lacking, although one small case series of seven MSON patients with good clinical recovery did find significantly reduced SVP macular and ONH vessel densities in affected compared with unaffected eyes 2–8 months after the episode (64). These changes in vessel density were in all cases accompanied by structural thickness loss of the macular GCL layers. Prospective studies investigating the hyperacute stages of MSON might be able to delineate the temporal relationships between structural and vascular changes, which could further the understanding of the role of hypoperfusion in the pathophysiology of MS. The challenge here however will be disc swelling which limts OCTA signal strength.

Just one study has collected longitudinal OCTA data in MS patients to date. One-year follow-up OCTA scans were performed in a cohort of 50 MS patients (mean EDSS 3.5 and average disease duration of 11 years) who had stable disease and were on disease modifying treatment. Interestingly, parafoveal vessel densities increased slightly, a finding just reaching significance (p = 0.035), while structural thickness of the pRNFL and GCL remained stable (65). This provides some evidence for possible vascular regeneration or increase of lumen thickness in chronic disease, but additional longitudinal data on the microvasculature in MS, including in its earlier stages, are needed to interpret these findings. Future longitudinal data are required to identify if OCTA can function as a biomarker to predict and monitor disease progression in MS and other neurodegenerative disease (66).

Finally, although glaucoma research suggests that vascular density loss is faster in early-stage disease and has a lower floor-effect in late-stage disease compared with common structural OCT measurements, this has not yet been demonstrated in studies of MS patients (23, 25, 26).



Correlation OCTA With Clinical Measures in MS

A lower vessel density of the macular SVP was found to be related to a higher EDSS score and lower low-contrast visual acuity in MS patients (20). Interestingly, in this study results of other clinical outcomes like the 9-hole peg test, the timed 25-foot walk test and the multiple sclerosis functional composite (MSFC) were related to macular SVP vessel density, while combined GCL and inner plexiform layer thickness was not. Another study describes an inverse correlation between visual evoked potential latency times and vessel density of the SVP and DVP (21). Additional, smaller, studies identify no relationship between vascular metrics and clinical or visual outcomes (62). Interestingly, increased vessel density of the macular choriocapillaris has been found to be associated with higher inflammatory disease activity prior to the OCTA examination, suggesting another possible OCTA biomarker in MS (22). Finally, VVD of the macular SVP was positively related to EDSS and disease duration, while being negatively related to low-contrast letter acuity (59).




Neuromyelitis Optica Spectrum Disorder (NMOSD)


Vascular Pathology and NMOSD

The autoimmune inflammatory conditions of NMOSD share cardinal features of ON, longitudinally extensive transverse myelitis and area postrema syndrome that are often relapsing (12, 67). Although attention for vascular changes in neuroinflammatory disease has been primarily focused on MS, there is also evidence that NMOSD pathophysiology is in part vascularly mediated (68, 69). In most cases NMOSD is caused by the pathogenic effects of auto-antibodies targeting the water channel protein aquaporin-4 (AQP4), for which the majority of patients test positive. As AQP4 is predominantly expressed on perivascular astrocytic foot processes in the spinal cord and by Müller cells in the retina, NMOSD has a predilection for the anterior visual system and the spinal cord (70). Approximately 40% of NMOSD patients that test negative for AQP4 antibodies, test positive for antibodies against myelin oligodendrocyte glycoprotein (MOG) (67).

Neuropathology of AQP4-antibody seropositive NMOSD lesions show a perivascular pattern (71, 72), with rim deposits of activated complement components and macrophages found around thickened, fibrosed, and hyalinised vessels (73). Active spinal cord lesions may have an increased density of vascular structures (71). Similar to MS lesions predominantly forming in watershed areas of the brain with poor perfusion, AQP4-Ab seropositive NMOSD lesions preferentially form in the hypo-perfused posterior and lateral spinal columns (74). Interestingly, the choroid plexus expresses AQP4 to a high degree, and immunoreactivity of choroidal plexus epithelial cells is profoundly affected or even lost in NMOSD, even though the choroidal plexus remained structurally intact in neuropathological investigation (75). AQP4 is expressed in a vasculocentric pattern in the optic nerve and spinal cord (72).

Importantly, the predominantly perivascular location of is one of the key neuropathological features that can distinguish AQP4-antibody associated NMOSD from MS lesions at autopsy (72). One study found that retinal vascular changes identified through fundoscopy, such as attenuation of the peripapillary vascular tree (present in 3/40 MS eyes and 22/32 NMOSD eyes; p = 0.001) and focal arteriolar narrowing (present in 0/40 MS eyes and 9/32 NMOSD eyes; p < 0.001) could successfully distinguish NMOSD from MS patients (19). OCTA may be diagnostically useful tool capable of picking up these vascular differences more easily and systematically. To become clinically useful the aim will be to get high diagnostic sensitivity and specificity levels.

Neuropathological studies of CNS lesions in MOG-antibody seropositive patients reveal distinctly different features compared with AQP4-antibody associated lesions. Although MOG associated lesions have a predilection for perivascular locations, this is less profound compared with AQP4-associated pathology. MOG lesions were found to share pathological characteristics with immunotype II and III MS lesions (76). Type III pattern of demyelination shows similar tissue changes as observed in early stage white matter ischemia, and is therefore hypothesized to potentially be caused in part by hypoxia (77).



OCTA in NMOSD

Although there is currently a very limited number of studies published on OCTA in NMOSD, all available data suggest profound decreases in microvascular densities in affected individuals exist (27, 78, 79). A recent study investigating differences in structural thickness and microvascular retinal density of 27 AQP4-antibody seropositive NMOSD patients and 31 healthy controls found a significant difference in vessel density of the peripapillary region and the macular SVP between patients with NMOSD and controls. Interestingly, there were also significant reductions in vessel density in the macular and ONH region when comparing NMOSD patient without previous ON to controls (p = 0.023 and p = 0.029), while retinal thickness measures of the macular GCL and pRNFL were similar in these groups (27). These findings were replicated by a second study, that also found that vascular densities in the macula and ONH were reduced in NMOSD patients without ON compared with healthy controls, while pRNFL and macular GCL were not (78). This suggests OCTA may be more sensitive to ON-independent damage to the anterior visual system in NMOSD compared with structural OCT (Figure 4). Additionally, these findings of vascular dropout in the absence of structural thinning argue against the hypothesis that reductions in microvascular density are a result of reduced demand in atrophied tissue and, if replicated, may provide evidence for a role of microvascular dysfunction as an independent disease process in NMOSD.

Both the densities of the macular SVP and DVP have been found to be negatively correlated to visual acuity measures in NMOSD (79).

Given that neuropathological research suggests that vascular vessel walls seem to be affected by fibrosis and thickening in NMOSD, it is important to consider that OCTA depicts as a vessel is actually moving blood within a vascular lumen. Therefore, OCTA can depict vessel thinning and capillary dropout, but not the unmoving vessel wall itself. In order to visualize these changes in-vivo, devices capable of high-resolution imaging which are not dependent on motion contrast are required, such as adaptive optics coupled ophthalmoscopy. The potentially more profound vascular changes in the anterior visual system of NMOSD patients compared with MS might be the result of the reduced metabolic demand associated with more severe structural atrophy in NMOSD related ON, although the reduction in vascular density in the absence of atrophy argue against this. Furthermore, the vascular pathology might be a result of more mechanical constriction at the ONH due to more severe papilledema during ON. Although there is some evidence for more profound papilledema in ON associated with NMOSD compared with MS, the fact that vascular density reductions are also identifiable in patients without ON is incongruous.

Data on OCTA alterations observed in MOG associated disease and in MOG associated ON specifically is currently lacking. Finally, future research is needed to investigate if certain distinctive qualitative or quantitative differences in retinal microvascular changes exist between MS and NMOSD that might provide valuable additions to the diagnostic arsenal.





PRACTICAL SOURCES OF BIAS

There are several important practical factors that should be taken into account when designing an OCTA study, as these may influence outcome metrics and thereby confound findings (23). First, there are various demographic factors that are associated with differences in OCTA results. For example, older age is associated with reduced macular and peripapillary vessel density (80, 81). Furthermore, in glaucoma research, eyes of people from European descent have been identified to have lower vessel density measures compared with eyes of people from African descent (23). Both hypertension and diabetes mellitus are related with decreased macular vessel density, also in the absence of a retinopathy. Chronic use of topical beta-blockers may lead to some reduction in macular SVP density (81).

Myopia is another important factor that is related to significant reductions in vessel density measurements. Highly myopic individuals have been found to have significantly lower vessel densities in the peripapillary region compared with emmetropic eyes. Myopic glaucomatous eyes have more severely reduced vessel densities compared with emmetropic glaucomatous eyes (82, 83). Image magnification in myopic eyes may be in part responsible for these effects (23). On the other hand, a greater disc size was not related to changes in peripapillary vessel density in one cross-sectional study (84).

Besides these demographic factors, there are also some important considerations regarding the timing of OCTA measurements. One study reported that in a small cohort of 13 healthy subjects, vessel density decreased significantly after strenuous physical activity (85). Retinal vessel calibers vary slightly with the cardiac cycle (86). Preliminary data suggests that increases in heart rate and blood pressure are related to higher macular SVP density measurements (87). The same study showed no important diurnal changes in OCTA vessel density.

Interestingly, multiple studies have found that vessel densities were reduced in OCTA scans with lower signal strength (84, 85, 87, 88). This is important since low image quality and motion artifacts are common in OCTA, mainly due to the relatively long acquisition time. As the OCTA signal is based on a threshold of change (movement) detected across the volume, when signal is reduced, vessels are harder to detect leading to reduced vessel density in poor scan quality volumes. Small pupillary size can interfere with image acquisition and generally pupil dilation is necessary for high quality images (89). Finally, media opacities in the lens or especially in the vitreous, can significantly reduce image quality.

Glaucoma research has shown that intra- and intervisit variability of OCTA vessel density measures is between 2.5 and 6.6% in the peripapillary region and between 3.4 and 5.6% in the macular SVP (88, 90). This intra- and intervisit variability of vessel density measures is more than is reported for OCT structural measures of the pRNFL and GCL thicknesses, which is ~1.5%. Importantly, glaucoma affected eyes had worse intervisit repeatability compared with healthy eyes, an effect that can be expected to occur in ON affected eyes as well due to problems with focusing (91). Future developments improving image acquisition speeds and eye-tracking of commercial OCTA systems are needed to bring intra- and intervisit repeatability into a range closer to OCT.



ADVANTAGES AND DISADVANTAGES OF OCTA

There are opportunities as well as obstacles when using OCTA in neuroinflammatory disease. Compared to other types of retinal vascular imaging, such as fluorescein angiography, OCTA is quick and non-invasive, with no intravenous dyes required. Most devices are user-friendly and require limited training to perform standard imaging. The speed at which OCTA can be obtained means it could be easily integrated into a clinical setting, especially where OCT is already performed and a multimodal retinal imaging setup is available.

The real strength of OCTA is in its multifunctional capacity. As it uses the change in the structural OCT images to map blood flow, both forms of imaging are collected simultaneously. Some studies have combined the information on tissue structure and vascular density to elucidate the vascular impact of multiple sclerosis, increasing diagnostic accuracy. Coupling structural information from retinal thicknesses with vascular density allows for a more complete picture of individual patients, which is highly useful especially in a disease with such variable presentation as MS.

OCTA also has certain disadvantages, namely imaging artifacts and inability to detect dynamic vessel related changes such as leakage or venous sheathing (92). There are yet no consensus quality control criteria similar to what has been achieved for OCT (30). Additionally, OCTA creates a binary 3D figure of moving components to static retinal tissue, but it cannot quantify retinal perfusion as it cannot measure blood velocity. It does not differentiate between areas of high and low flow. Multi-modal imaging approaches which combine Doppler OCT and OCTA are able to add this information, by adding velocimetry to the depth encoded OCTA image (93). In addition, novel high dynamic range OCTA systems are a promising extension to the technology that are sensitive to flow speeds, and are not compromised by angle issues present in Doppler OCT systems (94).

Imaging artifacts are a well-documented limitation to OCTA (95) which are further compounded by visual loss and nystagmus in neuroinflammatory disease (96). Small movements can have profound effects on an OCTA image. As the laser is scanned across the retina, small transverse motions of the eye in respect to that laser can lead to mass displacement of locations in the resulting image, causing a motion artifact. In order to choose the correct location for OCTA imaging, patients are required to fixate on a small target either internal or external to the imaging device. Patients with a history of ON may have poor fixation and are therefore more prone to these motion artifacts. These problems are enhanced in acute ON, where impact on the retinal vasculature may be most profound. Small eye movements can be compounded by larger movements caused by postural difficulties, especially in situations where the standard OCT set up is uncomfortable for the patient. Adjustments can be made but unfortunately there is not yet a handheld OCTA device commercially available to allow for complete accessibility for children and less mobile patients, especially in the later stages of disease. Fast and efficient scanning of the retina to avoid making patients sit or fixate for too long could rectify this issue of motion artifacts.

Segmentation of vascular layers, allowing the user to distinguish individual vessel networks, is a unique ability of OCTA. However, automated segmentation by the device is not always accurate, leading to segmentation artifacts in images which can appear as vessel dropout. Initial identification of the artifact is crucial, and segmentation can be manually adjusted by the user, but there is no consensus currently as to how these artifacts should be identified and remedied.

Ocular complications of MS can also lead to image artifacts. Media opacity, as found in uveitis, greatly diminishes the quality of imaging possible using OCTA. Changes in the optical pathway, such as that caused by microcystic macular oedema (MMO) that occur in MS and NMOSD, could also lead to distortions in the resulting signal.

Overall; motion artifacts, segmentation artifacts and opacity issues can have a profound impact in image quality in OCTA. The importance of quality control of OCT images has been widely accepted in recent times, as evidenced by the OSCAR-IB criteria being integrated into many clinical trials (97–99). Quality control of OCTA images is essential and should be stressed in both the design and interpretation of studies using OCTA in MS. The creation of a set of quality control criteria for OCTA may be very helpful for the standardization of methods between different studies.

The field of view available on OCTA devices is limited, with the largest scanning area available using commercial OCTA is 8x8 mm, a field of view of ~30 degrees. Images may be collected separately and “stitched” together, but this extends the image collection time and this montaging capability is not available on all devices (Figure 5). Peripheral changes in the vasculature, such as those caused by vasculitis, are not likely to be detected using even the largest available field of view. Wide-field OCTA when available would be of great benefit to studying the retinal microvasculature in MS.
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FIGURE 5. Composite of wide-field optical coherence tomography angiography (OCTA) scan in healthy eye. Scan sample obtained with the Plex Elite 9000 (Carl Zeiss Meditec). Figure is a reprint from Kleerekooper et al. (10).


Each device has its own machine-specific algorithm to measure the difference between B-scans in order to build a picture of the retinal vessels with specific detection thresholds. Many instances where blood flow is altered, such as in leaking vessels, microaneurysms, and polypoidal lesions, will not be detected since they are below this threshold. Interesting vascular features that occur in neuroinflammatory disease, such as venous sheathing or vascular leakage, will not be picked up by OCTA.



FUTURE OUTLOOK

As discussed in this review, OCTA has only just started to be utilized in research into neuroinflammatory disease. Preliminary studies suggest that the microvascular network in the macula and the peripapillary area is less dense in MS patients, and while prior MSON insult exacerbates this finding it is also present in the absence of MSON. Similar findings are identified in the first studies reporting on AQP4-antibody seropositive NMOSD patients. Interestingly, reduced vascular densities are even identified prior to structural atrophy of retinal layers in NMOSD. Larger cohorts of ON patients in the acute stage are necessary to elucidate the timing of vascular relative to structural changes, to identify if OCTA is indeed more sensitive to early-stage damage and to find if disparities in timing of these two factors may be of diagnostic value in differentiating NMOSD and MS related ON. Furthermore, glaucoma research shows that OCTA has a lower “floor-effect” compared with OCT, being able to pick up further damage in a severely structurally atrophied retina (23–26). If research in neuroinflammatory disease could identify a similar effect, OCTA vascular densities may be more suitable outcome measures in clinical trials where participants have advanced (progressive) disease or have suffered retinal insult due to prior ON compared with OCT. Additionally, choroidal density measures may be a valuable biomarker for disease activity.

The biggest cohort to date studying OCTA in MS (20) found that vascular density correlated with more clinical outcome measures compared with structural OCT metrics. This seems to suggest that the association between certain clinical parameters may be stronger with OCTA compared with OCT thickness measures, which is in line with results in glaucoma research (23). More data is necessary to see if OCTA may provide a more relevant outcome metric that is just as easily obtainable as OCT.

As mentioned before, the possibility to elucidate the timing of vascular relative to structural insult to the retina after acute ON may help to understand the role of hypoperfusion and energy failure in MS pathophysiology. If vascular damage occurs before structural atrophy can be identified, this would give argument to the important role of hypoperfusion in MS related damage. However, if vascular density loss occurs after thinning of retinal layers, this suggests that vascular supply may be reduced due to lower local metabolic demand. This is an important question, given the potential therapeutic possibilities that may reduce MS disability accrual by alleviating hypoperfusion, that OCTA might help answer (17).

Most research has focused on the peripapillary vascular layers and the macular SVP and DVP. As alluded to shortly in this review, there may be benefit to looking into the other retinal vascular layers, such as the choroidal layer. One study identified that a more dense choroidal plexus was related to more severe disease activity in the time before, suggesting it may provide an interesting biomarker (22). However, caution needs to be taken when looking at layers situated more deeply, as it is difficult to accurately interpret the meaning of imaged data. As light travels deeper through retinal tissue, it is more distorted and affected by absorption at different levels, producing a less reliable image.

From personal experience, we know that MS patients may have abnormal phenotypes of the FAZ on OCTA (see Figure 6 for unpublished observations). However, similar FAZ abnormalities are sometimes also observed in healthy controls, and additional study is required to see if these are more common in MS.


[image: Figure 6]
FIGURE 6. Example of a foveal avascular zone (FAZ) abnormality in a patient with multiple sclerosis (MS). These figures represent an unpublished observation from the authors. However, abnormal FAZ phenotypes are also sometimes observed in healthy subjects, and additional research is necessary to investigate if these are more common in MS compared with healthy controls. (A,B) are from two different controls and show a symmetrical and round FAZ. (C,D) are from the same MS patient and show an asymmetric FAZ with vessels growing further into the center. Scale bar: 1 mm. The FAZ is delineated with a red circle in (A,B) (healthy control eyes).


Finally, OCTA may be able to pick up temporal and spatial differences in the choroidal blood supply, that is highly adaptive to fluctuations in local demand. Preliminary animal studies have demonstrated spatial and temporal heterogeneity in retinal blood supply (8). OCTA may be used to investigate if neuroinflammatory disease decreases the adaptability of the ocular blood supply.



CONCLUSION

OCTA provides an alternative quantitative measure for retinal damage in MS and NMOSD. Early results suggest that in certain circumstances OCTA, compared with OCT, may be more sensitive to retinal changes both early in the disease process, making it useful for detection of disease, and late in the disease process, rendering it suitable for monitoring of disease. Furthermore, it may also serve as a surrogate measure for vascular pathology in the CNS. Preliminary data of patients both with and without optic neuritis consistently reveal lower densities of the retinal microvasculature in both MS and NMOSD compared with healthy controls. Exploring the temporality of vascular relative to structural changes may help answer important questions about the role of hypoperfusion in the pathophysiology of neuroinflammatory disease. Finally, qualitative characteristics of retinal microvasculature may help discriminate between different neuroinflammatory disorders. However, we have to be mindful of issues such as image quality and standardization before incorporating OCTA into clinical practice.
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Background: In people with multiple sclerosis (MS), optic neuritis (ON) results in inner retinal layer thinning, and reduced density of the retinal microvasculature.

Objective: To compare inter-eye differences (IEDs) in macular optical coherence tomography (OCT) and OCT angiography (OCTA) measures in MS patients with a history of unilateral ON (MS ON) vs. MS patients with no history of ON (MS non-ON), and to assess how these measures correlate with visual function outcomes after ON.

Methods: In this cross-sectional study, people with MS underwent OCT and OCTA. Superficial vascular plexus (SVP) density of each eye was quantified using a deep neural network. IEDs were calculated with respect to the ON eye in MS ON patients, and with respect to the right eye in MS non-ON patients. Statistical analyses used mixed-effect regression models accounting for intra-subject correlations.

Results: We included 43 MS ON patients (with 92 discrete OCT/OCTA visits) and 14 MS non-ON patients (with 24 OCT/OCTA visits). Across the cohorts, mean IED in SVP density was −2.69% (SD 3.23) in MS ON patients, as compared to 0.17% (SD 2.39) in MS non-ON patients (p = 0.002). When the MS ON patients were further stratified according to time from ON and compared to MS non-ON patients with multiple cross-sectional analyses, we identified that IED in SVP density was significantly increased in MS ON patients at 1–3 years (p = < 0.001) and >3 years post-ON (p < 0.001), but not at <3 months (p = 0.21) or 3–12 months post-ON (p = 0.07), while IED in ganglion cell + inner plexiform layer (GCIPL) thickness was significantly increased in MS ON patients at all time points post-ON (p ≦ 0.01 for all). IED in SVP density and IED in GCIPL thickness demonstrated significant relationships with IEDs in 100% contrast, 2.5% contrast, and 1.25% contrast letter acuity in MS ON patients (p < 0.001 for all).

Conclusions: Our findings suggest that increased IED in SVP density can be detected after ON in MS using OCTA, and detectable changes in SVP density after ON may occur after changes in GCIPL thickness. IED in SVP density and IED in GCIPL thickness correlate well with visual function outcomes in MS ON patients.

Keywords: outcomes, inter-eye asymmetry, retinal vasculature, optical coherence tomography angiography, optical coherence tomography, optic neuritis, multiple sclerosis


INTRODUCTION

Retinal atrophy detected using optical coherence tomography (OCT) has emerged as a promising biomarker of neurodegeneration in multiple sclerosis (MS), demonstrating strong structure-function relationships, correlations with global measures of disease activity and disability progression, and differential modulation by disease-modifying therapies (1, 2). Retinal optical coherence tomography angiography (OCTA) represents a more recent evolution of OCT technology, offering a rapid, non-invasive, and inexpensive technique for examination of the retinal vasculature (3). The ability to image microvascular structure and therefore potentially metabolic demand of retinal tissue offers unique avenues for investigation in MS—a disease in which the anterior visual pathway is a key site of injury, and in which metabolic changes may play a crucial role in the pathway from inflammatory tissue injury to neurodegeneration (4, 5).

Studies employing OCTA have shown that retinal vascular plexus densities are reduced in MS—particularly within the superficial vascular plexus (SVP; which mainly supplies the ganglion cell layer), and the greatest reductions in SVP density are detectable in eyes with a history of optic neuritis (ON) (6–9). Relationships between OCTA measures and disability [both expanded disability status scale (EDSS) score and visual function] have been suggested in people with MS (6, 8). Furthermore, in one study, SVP density demonstrated significant relationships with multiple sclerosis functional composite (MSFC) score, while GCIPL thickness and MSFC scores were unrelated, suggesting that SVP density may provide additional information beyond retinal layer thicknesses as a biomarker of functional disability in MS (6). It is not yet known whether (1) increased IED in SVP density can be detected in individuals with MS after ON, (2) whether IEDs in SVP density may correlate with visual function outcomes after ON, and (3) how these relationships may compare to IEDs in retinal layer thickness measures after ON.

In this study, we aimed to establish whether IEDs in SVP density are greater in MS ON patients than in MS non-ON patients. Additionally, we set out to compare IEDs in OCT and OCTA measures after ON, and explore the relationships of these measures with visual function outcomes.



MATERIALS AND METHODS


Study Design and Participants

People with MS were recruited by convenience sampling from the Johns Hopkins MS Center for this cross-sectional study. Diagnoses were made according to the 2017 revised McDonald Criteria (10). We included patients with high-risk clinically isolated syndrome (CIS) or relapsing remitting MS (RRMS), and excluded patients with primary progressive MS (PPMS), secondary progressive MS (SPMS), seropositivity for myelin oligodendrocyte glycoprotein IgG (MOG-IgG), or seropositivity for aquaporin-4 IgG (AQP4-IgG). Patients were stratified into two groups according to ON history; (1) patients with a history of a single episode of unilateral ON [MS ON patients], and (2) patients with no history of ON in either eye [MS non-ON patients]. History of ON was established from the patients' medical records, with all diagnoses of ON made by attending neurologists with extensive clinical expertise in neuroimmunology. We excluded patients in whom (1) the diagnosis of ON was uncertain, (2) any elements of the history or ophthalmologic examination were suggestive of an alternative diagnosis (e.g., ischemic optic neuropathy, retinal artery, or vein occlusion), (3) the laterality (i.e., right vs. left) of an ON episode was unclear, (4) the history included multiple episodes of ON, or (5) the history included bilateral ON. Additional exclusion criteria included relevant known neurological or ophthalmological co-morbidities (e.g., glaucoma, macular degeneration, history of any other relevant retinal pathology such as retinal vascular occlusion or retinal detachment), prior eye trauma or ocular surgery, refractive errors of >6 or < -6 diopters, poorly-controlled hypertension, or poorly-controlled diabetes mellitus. All patients in the current study received routine, high-quality ophthalmological care. This is a standard of care for all patients with MS receiving care at our center, and therefore makes confounding from any other ophthalmological disorder highly unlikely.



OCT and OCTA Acquisition, Processing, and Quantification

OCT and OCTA scans were acquired under low-lighting conditions without pupillary dilation by experienced technicians, as described in detail elsewhere (6, 11, 12). OCT scans of the optic disc and macula were acquired using Cirrus HD-OCT (model 5000, software version 8.1, Carl Zeiss Meditec, California, United States), as our standard research protocol during the study period was to track retinal layer thicknesses in all patients using Cirrus HC-OCT, followed by Spectralis SD-OCTA imaging, and only to complete additional Spectralis SD-OCT imaging of retinal layer thicknesses where it was not burdensome on the patient. Acquired images underwent quality control in accordance with the OSCAR-IB criteria (13). Peripapillary retinal nerve fiber layer (pRNFL) thickness was quantified by the conventionally incorporated Cirrus HD-OCT algorithm. Macular retinal layer thicknesses (ganglion cell + inner plexiform layer, GCIPL; inner nuclear layer, INL; outer nuclear layer, ONL; average macular thickness, AMT) were quantified using an algorithm developed at Johns Hopkins University that has been extensively validated and utilized in both cross-sectional and longitudinal studies across multiple OCT devices (12, 14–16)

Macular OCTA scans were acquired using Spectralis SD-OCTA (model Spec-CAM S2610 with OCT2 and OCTA modules, software version 6.9a-US-IRB, Heidelberg Engineering, Germany), with TruTrack active eye tracking and full-spectrum amplitude decorrelation algorithm (FS-ADA) for motion detection and image generation. The device acquires 85,000 A-scans per second at an axial resolution of 7 um, using a wavelength of 870 nm. We excluded images with a sustained signal strength of <25 dB. 3 × 3 mm images were automatically segmented by the device into the SVP and deep vascular plexus (DVP). Density of the SVP was quantified using a deep neural network which reduces imaging artifact, improves signal-to-noise ratio of OCTA images, and increases accuracy of derived SVP density measurements. This neural network algorithm was developed at Johns Hopkins University using a variational intensity cross channel encoder that finds vessel masks by examining the common vascular architecture shared by OCTA images of the same region acquired using different OCTA devices (Figure 1) (17). Rigorous quality control criteria were applied to the acquisition and processing of OCTA images consistent with prior publications by our group (6). OCTA imaging artifact was graded by a single rater (OCM), by viewing each raw OCTA image side-by-side with the segmented image which represents an artifact-reduced vessel mask. Segmented images which demonstrated impaired detection of >25% of the capillary micro-architecture were excluded from analyses (Table 1).


[image: Figure 1]
FIGURE 1. Post-acquisition processing and segmentation of OCTA images. Images of the superficial vascular plexus (SVP) were acquired using Spectralis OCTA (Heidelberg Engineering, Germany). A neural network algorithm developed at Johns Hopkins University was trained to exploit the shared vessel structures from repeated scans acquired by two different OCTA devices while suppressing the scan-dependent noises and artifacts. The trained algorithm generates a vessel mask for each scan for computing SVP density. In this figure, OCTA images from both eyes of a patient with a history of optic neuritis are demonstrated. Inter-eye difference in SVP density in this patient was −9.4%.



Table 1. OCTA image quality control.
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Visual Function Assessment

Visual function was measured monocularly and patients were instructed to use their habitual spectacles or contact lens where applicable. Retro-illuminated Early Treatment of Diabetic Retinopathy study charts were utilized at 4 m to assess 100% letter acuity (LA), while low-contrast Sloan letter charts were utilized at 2 meters to assess 2.5% and 1.25% LA. LA scores were calculated based on the number of correct letters achieved in each chart.



Calculation of Inter-Eye Differences

IEDs in OCT, OCTA, and visual function measures were calculated with respect to the ON eye in MS ON patients, and with respect to the right eye in MS non-ON patients. For example, in a patient with a history of optic neuritis in the right eye, and a 100% contrast LA score of 65 in the right eye and 68 in the left eye, the IED for this measure would be −3.



Statistical Analyses

MS ON patients were compared to MS non-ON patients in initial analyses of baseline demographics and IEDs in OCT/OCTA measures and LA. MS ON patients were also grouped into 4 categories for further analyses, according to the time that had elapsed between the onset of ON, and the acquisition of OCT/OCTA images (<3 months, 3 to 12 months, 1–3 years, >3 years). Statistical analyses were completed using Stata version 16 (StataCorp, College Station, TX, United States). Wilcoxon rank sum test or the chi-squared test were used to compare demographic variables between the MS ON group and the MS non-ON group. For all other analyses, we used mixed-effects linear regression analyses accounting for intra-subject correlations. R2-values were estimated using the Snijders and Bosker method (18). We used unadjusted models, since variables which may affect OCT/OCTA measurements in individual eyes (e.g., age, sex, race, disease duration) are not thought to have the same degree of confounding effect on IEDs. P-value for significance was defined as <0.05.



Ethical Approval

Johns Hopkins University institutional review board approval was obtained for study protocols, and all patients provided written informed consent.




RESULTS


Demographic and Clinical Characteristics

All SVP imaging sets underwent quality control protocols and image artifact rating (Table 1). After exclusion of imaging sets in which one or both eyes were affected by major artifact, our study population comprised 43 MS ON patients (with 92 study visits) and 14 MS non-ON patients (with 24 study visits). On average, MS ON patients were younger and had a shorter MS disease duration than MS non-ON patients (p = 0.001 for both, Table 2).


Table 2. Demographic and clinical characteristics of participants.
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Inter-Eye Differences in OCT, OCTA, and Visual Function Measures

IEDs in SVP density were larger in MS ON patients as compared to MS non-ON patients [mean −2.69% (SD 3.23) vs. mean 0.17% (SD 2.39) p=0.002]. Compared to MS non-ON patients, MS ON patients also demonstrated significantly larger IEDs in pRNFL thickness, GCIPL thickness, AMT, 2.5% contrast LA, and 1.25% contrast LA (Table 3). MS ON patients were then stratified into groups according to time from ON and compared to the reference group of MS non-ON patients in multiple cross-sectional analyses (Table 4, Figure 2). Compared to the MS non-ON group, IEDs in GCIPL thickness, pRNFL thickness, and AMT were significantly larger in MS ON patients at 3–12 months post-ON, 1–3 years post-ON, and >3 years post-ON. Additionally, relative to non-ON MS patients, larger IEDs in GCIPL thickness were even detectable in MS ON patients <3 months post-ON (p = 0.01). Regarding IEDs in SVP density, larger differences were identified in MS ON patients at 1–3 years and >3 years post-ON, as compared to MS non-ON patients, whereas differences in the earlier timeframes (<3 months and 3–12 months) were not significant. It is worth noting that the MS ON groups at 1–3 years and >3 years post-ON showed a greater variation in IEDs of GCIPL thickness, pRFNL thickness, AMT, and SVP density (Figure 2), which may impact the interpretation and comparison of the multiple cross-sectional analyses illustrated in Table 4.


Table 3. Inter-eye differences in OCT, OCTA, and visual function measures in MS ON vs. MS non-ON patients.
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Table 4. Inter-eye differences in OCT, OCTA, and visual function measures, with MS ON patients stratified by time from ON.
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FIGURE 2. Inter-eye differences in SVP density, GCIPL thickness and visual function, stratified by history of optic neuritis. (A) Inter-eye differences in SVP density in MS non-ON patients vs. MS ON patients. (B) Inter-eye differences in SVP density in MS ON patients stratified by time from ON, vs. MS non-ON patients. (C) Inter-eye differences in GCIPL thickness in MS ON patients stratified by time from ON, vs. MS non-ON patients. (D–F) Inter-eye differences in 100% contrast letter acuity (D), 2.5% contrast letter acuity (E), and 1.25% contrast letter acuity (F) in MS ON patients stratified by time from ON vs. MS non-ON patients.




Relationships Between OCT, OCTA, and Visual Function Measures

In analyses of MS ON patients excluding visits during the acute phase (i.e., excluding visits <3 months post-ON), a strong relationship was identified between larger IEDs in SVP density and larger IEDs in GCIPL thickness (r2 = 0.75, p < 0.001, Figure 3), and between larger IEDs in SVP density and larger differences in 100% contrast LA (r2 = 0.31, p < 0.001), 2.5% contrast LA (r2 = 0.62, p < 0.001), and 1.25% contrast LA (r2 = 0.50, p < 0.001, Figure 4). In the same patients, significant relationships were also identified between IEDs in GCIPL thickness and IEDs in 100% contrast LA (r2 = 0.36, p < 0.001), 2.5% contrast LA (r2 = 0.62, p < 0.001), and 1.25% contrast LA (r2 = 0.68, p < 0.001, Figure 4). We also examined whether relationships between OCT/OCTA and visual function measures in individual MS ON eyes may differ to the relationships seen between inter-eye differences in the same measures. Results using measures from individual MS ON eyes were broadly similar to those identified using inter-eye differences (Figure 5).


[image: Figure 3]
FIGURE 3. Relationship between inter-eye differences in SVP density and GCIPL thickness in MS ON patients. In MS ON patients at least 3 months post-ON (after resolution of the acute phase of ON), the relationship between inter-eye differences in SVP density and GCIPL thickness is shown here. P-value was calculated using mixed-effects linear regression accounting for intra-subject correlations. R2-value was estimated from the mixed-effects model using the Snijders and Bosker method.
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FIGURE 4. Relationships between inter-eye differences in OCT/OCTA and visual function measures in MS ON patients. In MS ON patients at least 3 months post-ON (after resolution of the acute phase of ON), relationships between inter-eye differences in SVP density and 100% contrast LA, 2.5% contrast LA, and 1.25% contrast LA are demonstrated in (A–C). In MS ON patients at least 3 months post-ON, relationships between inter-eye differences in GCIPL thickness and 100% contrast LA, 2.5% contrast LA, and 1.25% contrast LA are demonstrated in (D–F). P-values were calculated using mixed-effects linear regression accounting for intra-subject correlations. R2-values were estimated from the mixed-effects model using the Snijders and Bosker method.



[image: Figure 5]
FIGURE 5. Relationships between OCT/OCTA and visual function measures in individual MS ON eyes. In MS ON eyes at least 3 months post-ON (after resolution of the acute phase of ON), relationships between SVP density and 100% contrast LA, 2.5% contrast LA, and 1.25% contrast LA in the MS ON eye are demonstrated in (A–C). In MS ON eyes at least 3 months post-ON, relationships between GCIPL thickness and 100% contrast LA, 2.5% contrast LA, and 1.25% contrast LA in the MS ON eye are demonstrated in (D–F). P-values were calculated using mixed-effects linear regression accounting for intra-subject correlations. R2-values were estimated from the mixed-effects model using the Snijders and Bosker method.





DISCUSSION

Results of our study show that IEDs in SVP density are larger in MS ON patients than in MS non-ON patients. Additionally, we found significant relationships between IEDs in SVP density and visual function measures in MS ON patients (after the acute phase of ON), and similar relationships were also identified between IEDs in GCIPL thickness and visual function. ON eyes that exhibit greater reductions of SVP density or GCIPL thickness relative to the fellow eye are more likely to have greater reductions of high- and low-contrast LA scores. We also identified potential differences between the temporal dynamics of OCT and OCTA measures after ON, as increased IED in GCIPL thickness was detectable within 3 months after ON onset, while increased IED in SVP density was only detectable at least 1 year after ON. GCIPL thickness is already considered an excellent surrogate of neuroaxonal injury after ON due to its reliability, reproducibility, and strong structure-function relationships, and our data suggest that SVP density may offer additional insights into pathobiological processes and have value as a biomarker of visual outcomes following ON.

Multiple studies have demonstrated reduced vascular plexus densities or flow indices in patients with MS, both at the optic nerve head and macula (6–9, 19–22). In the macula, SVP density has been consistently shown to be reduced in patients with MS compared to healthy controls, with reductions being greatest in eyes with a history of ON (6–9, 22). Furthermore, relationships between reduced SVP density and poorer visual function or higher global disability measures have been shown in a number of studies (6, 8). Some of the relationships between SVP density and disability measures have been stronger than those identified between GCIPL thickness and disability measures in the same patients (6). The reason for this is uncertain, but we have hypothesized that reductions SVP density may to some extent reflect not only reduced retinal tissue volume, but perhaps also provide insights into the metabolic function (or indeed dysfunction) of surviving tissue. Due to the relationships with disability measures, and good reliability and reproducibility (23, 24), OCTA has emerged in recent years as an attractive biomarker in MS. However, OCTA has a number of limitations in this population which may hamper interpretation of findings in individual patients, including quite a high frequency of imaging artifact (25) and lack of accepted normal ranges for vascular plexus densities that can be applied across devices in healthy individuals. Thus, the potential clinical utility of a single OCTA evaluation in patients with MS has not been well-demonstrated to date. To this end, examining IEDs can provide clinically-useful information at a single timepoint for individual patients, and we have demonstrated the important finding that IED in SVP density is increased after ON in MS.

The dynamics of changes in retinal layer thicknesses after ON have been well-described (26–28). The acute phase of ON is typically characterized by increased pRNFL thickness in ON eyes due to the effects of acute inflammation within the optic nerve (26, 27), and increased INL thickness may also be detectable during this phase (27). Edema and other components of the acute inflammatory process resolve over the subsequent 3–4 months, and the pRNFL and GCIPL layers undergo rapid thinning during this period reflecting neuroaxonal loss (27). By around 4–6 months after onset of ON, a new baseline in the ON eye appears to be established, and rates of retinal layer atrophy revert to being comparable to the fellow (non-ON) eye (27, 29). Over the long-term, the rate of change of GCIPL thickness may actually be lower in ON eyes than in non-ON eyes (since the proportion of tissue lost annually may be smaller when the baseline thickness is lower) (30). On the other hand, the temporal dynamics of OCTA changes following ON are not well-understood. Our data suggest that increased IED in SVP density is clearly established by 1 year after ON, but these differences may not be detectable within the initial 12 months after ON. While retinal tissue loss is likely to be a primary driver of reduced SVP density following ON, the reason for the potential temporal disconnect between these detectable changes is uncertain, and there are a number of potential explanations. First, post-ON changes in the retinal tissue structure and retinal vasculature may not be synchronous, and we hypothesize that reductions in SVP density may not only reflect initial tissue loss incited by inflammation-related axonal injury in the optic nerve, but may also be a marker of later reduced metabolic demand in injured but surviving tissue. Second, we noted that the severity of the retinal tissue loss appeared greater in our group of patients who were >1 year post-ON, and perhaps significant IEDs in SVP density are only detectable in cases where there is greater tissue injury. Third, the number of patients in our cohort who were <12 months post-ON was smaller than the number of patients who were >1 year post-ON, and so we may have been underpowered to detect differences within the earlier timeframes. Additionally, while SVP density and GCIPL thickness are known to be closely related cross-sectionally, it is not yet understood whether changes in these measures occur proportionately following ON–representing an important question for future longitudinal studies.

IEDs in retinal layer thicknesses are accepted as an informative and clinically-applicable way to measure retinal changes after optic neuritis. Since retinal layer thicknesses exhibit high inter-individual variability (even in healthy subjects), ON eyes may experience substantial tissue loss without the actual pRNFL or GCIPL thickness dropping into the “abnormal” range (considered <5th percentile in clinical practice) (31). This may partially explain why retinal layer thicknesses in individual eyes correlate well with history of ON and monocular visual function at a group level (32, 33), but monocular eye thresholds may have limited value for defining ON in individual patients (31, 34). IEDs in retinal layer thicknesses have been proposed as a more informative marker of ON in individuals, since the reliability and reproducibility of OCT-derived retinal layer thicknesses (particularly GCIPL thickness) is high, and the symmetry between right and left eyes in healthy individuals is also high (31, 34–36). IED in GCIPL thickness has emerged as a reasonably robust marker of prior ON, with a threshold of >4 um demonstrating reasonably good sensitivity and specificity for discriminating ON history (34, 35). Additionally, IED in GCIPL thickness has shown significant associations with visual function outcomes after ON (34). In our study, IED in SVP density showed similar correlations with low contrast LA (recognized as a more sensitive marker of visual dysfunction than high contrast VA in MS) (37, 38) as those identified with GCIPL thickness. This is in keeping with findings of prior work by our group, in which both SVP density and GCIPL thickness were found to correlate with EDSS and LA scores in MS patients, and SVP density was additionally found to correlate with MSFC scores (6). OCTA images are generated through the detection of motion within blood vessels according to a threshold effect, so reduced SVP density may reflect reduced tissue volume as well as reduced blood flow within surviving tissue due to tissue dysfunction or hypometabolism. For these reasons, SVP density may offer additional insights into tissue function, that is perhaps reflected in the associations we identified with high- and low-contrast LA. Another potential advantage that OCTA may offer in post-ON eyes, is that the derived vascular measures might not be affected by the same “floor” phenomenon as OCT measures (whereby retinal tissue loss may be undetectable below a certain threshold) (39).

In considering the potential importance of changes in OCTA findings following ON, it is essential to remember that reductions in macular and peripapillary vascular measures have also been reported in other etiologies of optic neuropathy such as glaucoma and non-arteritic anterior ischemic optic neuropathy (NAION) (40–42). NAION eyes demonstrate similar although usually more marked reductions in SVP density to ON eyes (40), while glaucomatous optic neuropathy may be associated with changes in deep vascular plexus (DVP) density as well as SVP density (41). While all of these optic neuropathies are associated with loss of retinal ganglion cells, the different patterns of retinal vascular changes suggests that OCTA may provide clues regarding underlying pathophysiology, requiring further exploration in future studies.

Our study is novel in its approach to examine IEDs in both OCT and OCTA measures after ON in MS. We have employed careful quality control protocols and an effective neural network based-approach to systematically reduce the impact of artifact on OCTA analyses. However, our study has a number of limitations. Our study population was relatively small, and we may have been underpowered to detect differences in OCTA measures in all of the MS ON subgroups. The MS non-ON patients were on average older, had a longer MS disease duration, and were more frequently Caucasian than the MS ON patients, and it is uncertain whether age, disease duration, or race alone may have a substantial impact on the symmetry of OCTA measures between eyes in individuals. The differences in OCTA measures between African-American and Caucasian-American people with MS represents an important question for future research in larger cohorts, since it is known that African-American people with MS tend to have worse visual outcomes after ON and accelerated rates of retinal atrophy, compared to Caucasian-American people with MS (43–45). Our multiple cross-sectional comparisons included different patients at different timepoints after ON, and some patients may have experienced a greater severity of acute ON than others. Since OCTA is a relatively new technology and we have not been tracking patients for many years with this technique, we were unable to perform a longitudinal analysis to get a robust picture of the temporal dynamics of OCTA changes after ON. This represents a key area for future research. Another important area of further study would include longitudinal evaluation of not just SVP density, but also DVP density and whole vessel density in ON eyes.



CONCLUSIONS

Increased IED in SVP density in MS patients after ON can be detected using OCTA, and detectable changes in SVP density after ON may occur slightly later than those changes in GCIPL thickness. Additionally, IED in SVP density demonstrates robust correlations with visual function in MS ON patients. Our findings support the potential clinical utility of OCTA for detecting ON-related changes in patients with MS. Furthermore, our results provide important insights into the interplay between retinal tissue changes and retinal vascular changes following ON. OCTA represents a rapid reliable technique that may provide additional clinically-relevant information beyond standard OCT techniques in MS patients, and represents a potential biomarker of post-ON outcomes for future clinical trials.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, subject to institutional review board approval and without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Johns Hopkins University Institutional Review Board. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

OM was involved in study conceptualization and planning, data acquisition and analysis, data interpretation, drafting, and revising the manuscript. GK, EV, AF, JL, HE, NP, ES, NL, and YL were involved in data acquisition and analysis, data interpretation, and revising the manuscript. KF, JP, and PC were involved in data interpretation, and revising the manuscript. SS was involved in study conceptualization and planning, data acquisition and analysis, data interpretation, and revising the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was funded by the National MS Society (RG-1606-08768 to SS), Race to Erase MS (to SS), and NIH/NINDS (R01NS082347 to PC).



REFERENCES

 1. Lambe J, Saidha S, Bermel RA. Optical coherence tomography and multiple sclerosis: update on clinical application and role in clinical trials. Mult Scler. (2020) 26:624–39. doi: 10.1177/1352458519872751 

 2. Lambe J, Murphy O, Saidha S. Can optical coherence tomography be used to guide treatment decisions in adult or pediatric multiple sclerosis? Curr Treat Options Neurol. (2018) 20:9. doi: 10.1007/s11940-018-0493-6

 3. Wang L, Murphy O, Caldito NG, Calabresi PA, Saidha S. Emerging applications of optical coherence tomography angiography (OCTA) in neurological research. Eye Vis. (2018) 5:11. doi: 10.1186/s40662-018-0104-3

 4. Dutta R, Trapp BD. Mechanisms of neuronal dysfunction and degeneration in multiple sclerosis. Prog Neurobiol. (2011) 93:1–12. doi: 10.1016/j.pneurobio.2010.09.005

 5. Salapa HE, Lee S, Shin Y, Levin MC. Contribution of the degeneration of the neuro-axonal unit to the pathogenesis of multiple sclerosis. Brain Sci. (2017) 7:69. doi: 10.3390/brainsci7060069

 6. Murphy OC, Kwakyi O, Iftikhar M, Zafar S, Lambe J, Pellegrini N, et al. Alterations in the retinal vasculature occur in multiple sclerosis and exhibit novel correlations with disability and visual function measures. Mult Scler. (2019) 2019:815–28. doi: 10.1177/135245851984511

 7. Feucht N, Maier M, Lepennetier G, Pettenkofer M, Wetzlmair C, Daltrozzo T, et al. Optical coherence tomography angiography indicates associations of the retinal vascular network and disease activity in multiple sclerosis. Mult Scler. (2018) 2018:224–34. doi: 10.1177/1352458517750009

 8. Lanzillo R, Cennamo G, Criscuolo C, Carotenuto A, Velotti N, Sparnelli F, et al. Optical coherence tomography angiography retinal vascular network assessment in multiple sclerosis. Mult Scler. (2017) 2017:1352458517729463. doi: 10.1177/1352458517729463

 9. Yilmaz H, Ersoy A, Icel E. Assessments of vessel density and foveal avascular zone metrics in multiple sclerosis: an optical coherence tomography angiography study. Eye. (2020) 34:771–8. doi: 10.1038/s41433-019-0746-y

 10. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol. (2018) 17:162–73. doi: 10.1016/S1474-4422(17)30470-2

 11. Syc SB, Warner CV, Hiremath GS, Farrell SK, Ratchford JN, Conger A, et al. Reproducibility of high-resolution optical coherence tomography in multiple sclerosis. Mult Scler. (2010) 16:829–39. doi: 10.1177/1352458510371640

 12. Caldito NG, Antony B, He Y, Lang A, Nguyen J, Rothman A, et al. Analysis of agreement of retinal-layer thickness measures derived from the segmentation of horizontal and vertical spectralis OCT macular scans. Curr Eye Res. (2018) 43:415–23. doi: 10.1080/02713683.2017.1406526

 13. Tewarie P, Balk L, Costello F, Green A, Martin R, Schippling S, et al. The OSCAR-IB consensus criteria for retinal OCT quality assessment. PLoS ONE. (2012) 7:e34823. doi: 10.1371/journal.pone.0034823

 14. Bhargava P, Lang A, Al-Louzi O, Carass A, Prince J, Calabresi PA, et al. Applying an open-source segmentation algorithm to different OCT devices in multiple sclerosis patients and healthy controls: Implications for clinical trials. Mult Scler Int. (2015) 2015:136295. doi: 10.1155/2015/136295

 15. Lang A, Carass A, Al-Louzi O, Bhargava P, Solomon SD, Calabresi PA, et al. Combined registration and motion correction of longitudinal retinal OCT data. Proc SPIE Int Soc Opt Eng. (2016) 9784:97840X. doi: 10.1117/12.2217157

 16. Sotirchos ES, Caldito NG, Filippatou A, Fitzgerald KC, Murphy OC, Lambe J, et al. Progressive multiple sclerosis is associated with faster and specific retinal layer atrophy. Ann Neurol. (2020) 87:885–96. doi: 10.1002/ana.25738

 17. Liu Y, Zuo L, Carass A, et al. Variational intensity cross channel encoder for unsupervised vessel segmentation on OCT angiography. In: Presented at the SPIE Medical Imaging. Houston, TX (2020).

 18. Snijders T, Bosker RJ. Multilevel Analysis: An Introduction to Basic and Advanced Multilevel Modeling. 2nd ed. London: Sage (2102).

 19. Wang X, Jia Y, Spain R, Potsaid B, Liu JJ, Baumann B, et al. Optical coherence tomography angiography of optic nerve head and parafovea in multiple sclerosis. Br J Ophthalmol. (2014) 98:1368–73. doi: 10.1136/bjophthalmol-2013-304547

 20. Spain RI, Liu L, Zhang X, Jia Y, Tan O, Bourdette D, et al. Optical coherence tomography angiography enhances the detection of optic nerve damage in multiple sclerosis. Br J Ophthalmol. (2018) 102:520–4. doi: 10.1136/bjophthalmol-2017-310477

 21. Cennamo G, Carotenuto A, Montorio D, Petracca M, Moccia M, Melenzane A, et al. Peripapillary vessel density as early biomarker in multiple sclerosis. Front Neurol. (2020) 11:542. doi: 10.3389/fneur.2020.00542

 22. Farci R, Carta A, Cocco E, Frau J, Fossarello M, Diaz G. Optical coherence tomography angiography in multiple sclerosis: A cross-sectional study. PLoS ONE. (2020) 15:e0236090. doi: 10.1371/journal.pone.0236090

 23. Hosari S, Hohberger B, Theelke L, Sari H, Lucio M, Mardin C. OCT angiography: Measurement of retinal macular microvasculature with spectralis II OCT angiography – reliability and reproducibility. Ophthalmologica. (2020) 243:75–84. doi: 10.1159/000502458

 24. Lei J, Durbin MK, Shi Y, Uji A, Balasubramanian S, Baghdasaryan E, et al. Repeatability and reproducibility of superficial macular retinal vessel density measurements using optical coherence tomography angiography en face images. JAMA Ophthalmol. (2017) 135:1092–8. doi: 10.1001/jamaophthalmol.2017.3431

 25. Iftikhar M, Zafar S, Gonzalez N, Murphy O, Ohemaa Kwakyi MS, Sydney Feldman BS, et al. Image artifacts in optical coherence tomography angiography among patients with multiple sclerosis. Curr Eye Res. (2019) 44:558–63. doi: 10.1080/02713683.2019.1565892

 26. Gabilondo I, Martínez-Lapiscina EH, Fraga-Pumar E, Ortiz-Perez S, Torres-Torres R, Andorra M, et al. Dynamics of retinal injury after acute optic neuritis. Ann Neurol. (2015) 77:517–28. doi: 10.1002/ana.24351

 27. Al-Louzi OA, Bhargava P, Newsome SD, Balcer LJ, Frohman EM, Crainiceanu C, et al. Outer retinal changes following acute optic neuritis. Mult Scler. (2016) 22:362–72. doi: 10.1177/1352458515590646

 28. Syc SB, Saidha S, Newsome SD, Ratchford JN, Levy M, Ford E, et al. Optical coherence tomography segmentation reveals ganglion cell layer pathology after optic neuritis. Brain. (2012) 135:521–33. doi: 10.1093/brain/awr264

 29. Costello F, Hodge W, Pan Y, Eggenberger E, Coupland S, Kardon R. Tracking retinal nerve fiber layer loss after optic neuritis: A prospective study using optical coherence tomography. Must Scler. (2008) 14:893–905. doi: 10.1177/1352458508091367

 30. Saidha S, Al-Louzi O, Ratchford JN, Bhargava P, Oh J, Newsome SD, et al. Optical coherence tomography reflects brain atrophy in multiple sclerosis: a four-year study. Ann Neurol. (2015) 78:801–13. doi: 10.1002/ana.24487

 31. Behbehani R, Ali A, Al-Omairah H, Rousseff RT. Optimization of spectral domain optical coherence tomography and visual evoked potentials to identify unilateral optic neuritis. Mult Scler Relat Disord. (2020) 41:101988. doi: 10.1016/j.msard.2020.101988

 32. Saidha S, Syc SB, Durbin MK, Eckstein C, Oakley JD, Meyer SA, et al. Visual dysfunction in multiple sclerosis correlates better with optical coherence tomography derived estimates of macular ganglion cell layer thickness than peripapillary retinal nerve fiber layer thickness. Mult Scler. (2011) 17:1449–63. doi: 10.1177/1352458511418630

 33. Petzold A, Balcer LJ, Calabresi PA, Costello F, Frohman TC, Frohman EM, et al. Retinal layer segmentation in multiple sclerosis: a systematic review and meta-analysis. Lancet Neurol. (2017) 16:797–812. doi: 10.1016/S1474-4422(17)30278-8

 34. Nolan-Kenney RC, Liu M, Akhand O, Calabresi PA, Paul F, Petzold A, et al. Optimal intereye difference thresholds by optical coherence tomography in multiple sclerosis: an international study. Ann Neurol. (2019) 85:618–29. doi: 10.1002/ana.25462

 35. Bsteh G, Hegen H, Altmann P, Auer M, Berek K, Zinganell A, et al. Validation of inter-eye difference thresholds in optical coherence tomography for identification of optic neuritis in multiple sclerosis. Mult Scler Relat Disord. (2020) 45:102403. doi: 10.1016/j.msard.2020.102403

 36. Coric D, Balk LJ, Uitdehaag BMJ, Petzold A. Diagnostic accuracy of optical coherence tomography inter-eye percentage difference for optic neuritis in multiple sclerosis. Eur J Neurol. (2017) 24:1479–84. doi: 10.1111/ene.13443

 37. Mowry EM, Loguidice MJ, Daniels AB, Jacobs DA, Markowitz CE, Galetta SL, et al. Vision related quality of life in multiple sclerosis: Correlation with new measures of low and high contrast letter acuity. J Neurol Neurosurg Psychiatr. (2009) 80:767–72. doi: 10.1136/jnnp.2008.165449

 38. Baier ML, Cutter GR, Rudick RA, Miller D, Cohen JA, Weinstock-Guttman B, et al. Low-contrast letter acuity testing captures visual dysfunction in patients with multiple sclerosis. Neurology. (2005) 64:992–5. doi: 10.1212/01.WNL.0000154521.40686.63

 39. Moghimi S, Bowd C, Zangwill LM, Penteado RC, Hasenstab K, Hou H, et al. Measurement floors and dynamic ranges of OCT and OCT angiography in glaucoma. Ophthalmology. (2019) 126:980–8. doi: 10.1016/j.ophtha.2019.03.003

 40. Fard MA, Yadegari S, Ghahvechian H, Moghimi S, Soltani-Moghaddam R, Subramanian PS. Optical coherence tomography angiography of a pale optic disc in demyelinating optic neuritis and ischemic optic neuropathy. J Neuroophthalmol. (2019) 39:339–44. doi: 10.1097/WNO.0000000000000775

 41. Fard MA, Fakhraee G, Ghahvechian H, Sahraian A, Moghimi S, Ritch R. Macular vascularity in ischemic optic neuropathy compared to glaucoma by projection-resolved optical coherence tomography angiography. Am J Ophthalmol. (2020) 209:27–34. doi: 10.1016/j.ajo.2019.09.015

 42. Chen JJ, AbouChehade JE, Iezzi R, Leavitt JA, Kardon RH. Optical coherence angiographic demonstration of retinal changes from chronic optic neuropathies. Neuro Ophthalmol. (2017) 41:76–83. doi: 10.1080/01658107.2016.1275703

 43. Caldito NG, Saidha S, Sotirchos ES, Dewey BE, Cowley NJ, Glaister J, et al. Brain and retinal atrophy in african-americans vs. caucasian-americans with multiple sclerosis: a longitudinal study. Brain. (2018) 141:3115–29. doi: 10.1093/brain/awy245

 44. Kimbrough DJ, Sotirchos ES, Wilson JA, Al-Louzi O, Conger A, Conger D, et al. Retinal damage and vision loss in african american multiple sclerosis patients. Ann Neurol. (2015) 77:228–36. doi: 10.1002/ana.24308

 45. Moss HE, Gao W, Balcer LJ, Joslin CE. Association of race/ethnicity with visual outcomes following acute optic neuritis: An analysis of the optic neuritis treatment trial. JAMA Ophthalmol. (2014) 132:421–7. doi: 10.1001/jamaophthalmol.2013.7995

Conflict of Interest: ES has served on a scientific advisory boards for Viela Bio and Genentech and is funded by a Sylvia Lawry physician fellowship award from NMSS. JP is a founder of Sonovex, Inc. and serves on its Board of Directors. He has received consulting fees from JuneBrain LLC and is PI on research grants to Johns Hopkins from 12Sigma Technologies and Biogen. PC has received consulting fees from Disarm and Biogen and is PI on grants to JHU from Biogen and Annexon. SS has received consulting fees from Medical Logix for the development of CME programs in neurology, and has served on scientific advisory boards for Biogen, Genzyme, Genentech Corporation, EMD Serono, and Celgene. He is the PI of investigator-initiated studies funded by Genentech and Biogen, was the site investigator of a trial sponsored by MedDay Pharmaceuticals, and received support from the Race to Erase MS foundation. He has received equity compensation for consulting from JuneBrain LLC, a retinal imaging device developer.

The remaining 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 © 2020 Murphy, Kalaitzidis, Vasileiou, Filippatou, Lambe, Ehrhardt, Pellegrini, Sotirchos, Luciano, Liu, Fitzgerald, Prince, Calabresi and Saidha. 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: 22 December 2020
doi: 10.3389/fneur.2020.602193






[image: image2]

Low Contrast Visual Acuity Might Help to Detect Previous Optic Neuritis

Soo-Hyun Park1, Choul Yong Park2, Young Joo Shin3, Kyoung Sook Jeong4 and Nam-Hee Kim5*


1Department of Neurology, Department of Critical Care Medicine, Department of Internal Hospital, Inha University, Incheon, South Korea

2Department of Ophthalmology, Dongguk University Ilsan Hospital and Dongguk University-Seoul Graduate School of Medicine, Goyang, South Korea

3Department of Ophthalmology, Hallym University Medical Center, Seoul, South Korea

4Department of Occupational and Environmental Medicine, Wonju Severance Hospital, Wonju, South Korea

5Department of Neurology, Dongguk University Ilsan Hospital and Dongguk University-Seoul Graduate School of Medicine, Goyang, South Korea

Edited by:
Ahmed Toosy, University College London, United Kingdom

Reviewed by:
Mark Paine, Royal Brisbane and Women's Hospital, Australia
 Christopher Charles Glisson, Michigan State University, United States

*Correspondence: Nam-Hee Kim, nheekim8@hanmail.net

Specialty section: This article was submitted to Neuro-Ophthalmology, a section of the journal Frontiers in Neurology

Received: 02 September 2020
 Accepted: 09 November 2020
 Published: 22 December 2020

Citation: Park S-H, Park CY, Shin YJ, Jeong KS and Kim N-H (2020) Low Contrast Visual Acuity Might Help to Detect Previous Optic Neuritis. Front. Neurol. 11:602193. doi: 10.3389/fneur.2020.602193



Optic neuritis (ON) has been considered to be an important factor in the diagnosis of multiple sclerosis (MS) and neuromyelitis optica spectrum disorder (NMOSD), making ON detection increasingly critical for early diagnosis. Furthermore, subclinical ONs presenting no distinct decrease in visual acuity can be missed. Low contrast visual acuity (LC-VA) is known to be able to capture visual loss not seen in conventional high-contrast visual acuity (HC-VA) in MS. Therefore, to increase the sensitivity of ON detection, we investigated the advantage of LC-VA over conventional HC-VA. One hundred and eight patients with demyelinating disease (35 MS, 73 NMOSD) with ON at least 3 months prior and 35 controls underwent neuro-ophthalmic evaluation, including best-corrected conventional high contrast visual acuity (HC-VA) and 2.5% and 1.25% low contrast visual acuity (LC-VA). Receiver operating characteristic (ROC) curve analysis and the area under the curve (AUC) of various visual functions were used to determine the most relevant visual function test for the detection of optic nerve involvement. Additionally, the optimal cutoff point was obtained from the Youden index (J-index) as the points with the best sensitivity-specificity balance. When distinguishing ON from non-ON, the area under the ROC curve (AUC) was highest for the 2.5% LC-VA (0.835, P < 0.001; sensitivity 71.5%, specificity 88.6%), while it was 0.710 (P < 0.001) for the HC-VA and 0.770 (P < 0.001) for the 1.25% LC-VA. In discriminating between controls and ON, the AUC was also highest for the 2.5% LC-VA 0.754 (P < 0.001; sensitivity 71.5%, specificity 78.5%), while it was 0.719 (P < 0.001) for HC-VA and 0.688 (P < 0.001) for 1.25% LC-VA. In eyes with a history of ON (n = 137), the HC-VA and 2.5% LC-VA were abnormal in 64.2 and 71.5%, respectively (P < 0.001), with their combination detecting abnormalities in approximately 85.4% (P < 0.001). The 2.5% LC-VA was superior to HC-VA in detecting ON when distinguishing ON from non-ON or control. The 2.5% LC-VA might be a useful, feasible, and rapid method to detect ON. Furthermore, combining 2.5% LC-VA with conventional HC-VA would be better for detecting optic nerve involvements.
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INTRODUCTION

Optic neuritis (ON) has been reported to be accompanied by demyelinating diseases such as multiple sclerosis (MS) and neuromyelitis optica spectrum disorder (NMOSD). Although ON is often resolved after appropriate treatment (1), it can cause visual disturbance and reduce the quality of life (2). ON is related to retinal axon loss, and its morphological measurement is used as a parameter of disability (3). Demyelinating diseases sometimes may present subclinical changes in visual function, which impedes their early diagnosis (2, 4). The diagnosis of NMOSD and MS in the early phase is important for their treatments and prognoses. According to the recently revised criteria of MS and NMOSD (5, 6), ON has been regarded as a more important factor for their diagnoses (6). Additionally, asymptomatic or subclinical ONs are sometimes missed in the measurement of visual function with high contrast visual acuity (HC-VA), because of a normal result of HC-VA (3, 7). Therefore, it is challenging to diagnose MS or NMOSD with asymptomatic or subclinical ON. A lot of tests including optical coherence tomography (OCT), visual evoked potential (VEP), color vision, or visual field defect have been suggested to evaluate ON (8–12). Each test investigates a unique aspect of the visual system, and several variations of each test exist (8–12). The choice of the test depends on the purpose of the study, characteristics of the patient population, and types of diseases. Recent studies suggested that low-contrast visual acuity (LC-VA) could be a more sensitive measure of visual dysfunction in ON (8, 13, 14). LC-VA can be an easy, fast, and sensitive test to evaluate deficit in visual function caused by ON in a clinical setting. In our study, we aimed to investigate the usefulness of LC-VA as a diagnostic test for ON in a large cohort of demyelinating diseases.



MATERIALS AND METHODS


Patients

This observational and cross-sectional study was performed according to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of Dongguk University Ilsan Hospital. All subjects provided informed written consent. Patients with NMOSD who were seropositive for aquaporin-4 antibody, as defined by the revised 2006 diagnostic criteria of Wingerchuk, and patients with MS who met the 2010 McDonald criteria were recruited. Patients who had an episode of ON within the last 3 months were excluded to evaluate the utility of LC-VA for assessing evidence of remote ON in eyes with stabilized visual function after optic nerve inflammation. Patients with diabetes, a history of ocular injury, glaucoma, or other ophthalmologic disorders were excluded. Ophthalmological evaluations were performed in all patients by an ophthalmologist. Finally, 143 subjects were enrolled that consisted of 35 control participants and 108 patients (35 MS and 73 NMOSD).



Visual Function

All visual tests were administered monocularly. Best-corrected conventional visual acuity (VA) with 100% contrast (high contrast visual acuity, HC-VA) was measured using the standard Snellen chart. Two-meter Sloan letter charts of 1.25 and 2.5% contrasts (Precision Vision, La Salle, IL) were used for LC-VA. LC-VA testing performed the discrimination of gradually smaller gray letters with 1.25 and 2.5% contrast level against a white background. Visual acuity (VA) was expressed using a decimal scale but was transformed to the logarithm of the minimum angle of resolution (logMAR) for statistical analyses.



Statistical Analysis

Data are presented mean (standard deviation), min, max, median (interquartile range), number (percentage), and percentile (25th, 50th, and 75th). Comparisons between groups were performed using the Student t-test or Mann–Whitney test considering normality and the properties of the variables. ANOVA test was used to compare the means of three or more groups. Detection capacity of the diagnosis for ON was tested by the receiver operating characteristic (ROC) curve analysis, and area under the curve (AUC) was calculated to determine the discriminative value of each VA test. Sensitivity and specificity analyses were performed for the diagnosis of ON. In addition, the optimal cutoff point was obtained from the Youden index (J-index) as the points with the best sensitivity-specificity balance. VA was analyzed using the logarithm of the minimum angle of resolution (9). P < 0.05 were considered to be significant. All P-values reported are two-sided. SPSS 26.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for the statistical analysis. R 4.0.1 for Windows (Washington University, St. Louis, MO, USA) were used for graph data.




RESULTS

The clinical characteristics of each group are listed in Table 1. Total of 286 eyes (70 control eyes, 137 eyes with ON, and 79 eyes without ON) were assessed. Visual functions including HC-VA and 2.5 and 1.25% LC-VA in each group are shown in Table 2 and Figure 1. HC-VA was not significantly different between the control and non-ON groups, whereas HC-VA was worse in ON compared with the non-ON or control. Although 2.5% LC-VA and 1.25% LC-VA were not different between control and Non-ON, 2.5 and 1.25% LC-VA were worse in the ON group compared with the control or non-ON.


Table 1. Baseline characteristics according to study groups.

[image: Table 1]


Table 2. Visual functions in LogMAR according to study groups.
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FIGURE 1. Visual functions for high-contrast visual acuity and for Sloan charts at 2.5% and 1.25% contrast levels. VA, visual acuity; HC-VA, high contrast visual acuity; LC-VA, low contrast visual acuity. *p < 0.05, control vs ON.


The ROC curve analysis of the visual functions was used to determine the most appropriate test for discriminating between ON and non-ON (Table 3 and Figure 2A). The area under the ROC curve (AUC) was highest in the 2.5% LC-VA (sensitivity 71.5%, specificity 88.6%). AUC was 0.710 for the HC-VA, 0.835 for the 2.5% LC-VA, and 0.770 for the 1.25% LC-VA.


Table 3. Receiver operating characteristic curve analysis of visual functions to discriminate between ON and non-ON or control.
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FIGURE 2. Receiver operating characteristic (ROC) curve. (A) ROC curve analysis of the visual functions to discriminate between ON and Non-ON. (B) ROC curve analysis of the visual functions to discriminate between controls and ON. Sens, sensitivity; Spec, specificity; VA, visual acuity; HC-VA, high contrast visual acuity; LC-VA, low contrast visual acuity.


The ROC curve analysis of visual functions was used to determine the most appropriate test to discriminate between the controls and ON (Table 3 and Figure 2B). The AUC was also highest in the 2.5% LC-VA (sensitivity 71.5%, specificity 78.5%). The AUC was 0.719 for HC-VA, 0.754 for 2.5% LC-VA, and 0.688 for 1.25% LC-VA.

The findings of HC-VA and 2.5% LC-VA were abnormal in 64.2 and 71.5% with a history of ON, respectively (Figure 3). Of the 137 eyes with ON, 19 (13.9%) were abnormal only in HC-VA, 29 (21.2%) were abnormal only in 2.5% LC-VA, and 69 (50.4%) were abnormal in both tests. The combination of HC-VA or 2.5% LC-VA detected abnormalities in 85.4% of ON and significantly improved the sensitivity relative to individual technique. Of the 79 eyes with non-ON, abnormalities were detected in 23 (29.1%) by HC-VA and 17 (21.5%) by 2.5% LC-VA. The combination of HC-VA or 2.5% LC-VA detected abnormalities in 33 (41.8%) of eyes and improved the sensitivity compared with those of each of the techniques individually.


[image: Figure 3]
FIGURE 3. Percentages of abnormal tests. (A) Percentages of the abnormal tests in ON. (B) Percentages of abnormal tests in Non-ON. (C) Percentages of abnormal tests in the control. HC-VA or 2.5% LC-VA, eyes with at least one abnormal HC-VA or 2.5% LC-VA finding; HC-VA and 2.5% LC-VA, eyes with abnormal HC-VA and abnormal 2.5% LC-VA findings. ON, optic neuritis; non-ON, non-optic neuritis; VA, visual acuity; HC-VA, high contrast visual acuity; LC-VA, low contrast visual acuity. *p < 0.05, control vs ON.




DISCUSSION

This study showed that LC-VA was more sensitive compared with HC-VA for detecting ON. Our study supports the use of LC-VA in the detection of ON, given its high sensitivity and specificity, especially the use of 2.5% LC-VA. Moreover, the combination of HC-VA and 2.5% LC-VA was superior for the detection of ON than individually. This implies that 2.5% LC-VA may be a potential marker for ON.

Visual symptoms of ON may worsen as a result of various pathological processes, including inflammation, demyelination, and axonal degeneration of the visual pathway (15). Furthermore, discrimination of ON including subclinical ON is very important to assess the disease progression and recovery (16). Various diagnostic methods of ON have been studied for early detection of ON including VA, visual field, brain imaging, VEP, OCT, etc. (17). Although there are various tests for ON discrimination, the addition of the LC-VA test is easier and simpler to apply than the other tests (13, 18). Administering HC-VA and LC-VA tests requires a short testing time of approximately 5–10 min. Even though HC-VA has demonstrated normal results, patients with ON often complain of “discomfort” in their vision (13). HC-VA often did not differentiate slight changes in visual function by ON and cannot detect subtle visual disturbance or recovery over time (8, 19).

Previous studies investigated LC-VA and identified it to be a highly reliable visual assessment method in MS patients with and without ON (20). Additionally, the clinical relationship between ON or worsening LC-VA has been demonstrated (14, 19, 21), which suggests its role as an early indicator of ON associated with the visual disturbance (21). However, there have been limitations such as the lack of comparative studies in a large number of patients and being studied only in MS patients (19, 21). In our study, we applied the LC-VA test in a large number of patients with ON including more NMOSD patients than MS patients. We additionally analyzed the ROC in the subgroup of MS patients. As with the previous studies, 2.5% LC-VA was found to be most useful for detecting ON in the MS patient group (Supplementary Table 1). Thus, this study on a large number of demyelinating diseases added to evidence that LC-VA can be useful to detect significant visual dysfunction in both MS and NMOSD, especially in eyes with mild ON.

The very faint letters of 1.25% LC-VA are difficult to distinguish by healthy eyes. Our study also demonstrated that 2.5% LC-VA had high sensitivity and specificity for the detection of ON than did 1.25% LC-VA. Additionally, our study revealed that 2.5% LC-VA might detect subclinical ON that was missed by HC-VA in comparison with non-ON and control. Therefore, it is suggested that 2.5% LC-VA can be the most useful method to identify ON than HC-VA or 1.25% LC-VA.

A comparison of the sensitivity of these techniques (HC-VA and 2.5% LC-VA) has not been performed previously. As mentioned before, 1.25% LC-VA has a worse value of visual acuity even for the healthy eyes. Therefore, except 1.25% LC-VA, this study revealed a novel finding that the combination of HC-VA and 2.5% LC-VA significantly improved the sensitivity for the detection of ON than each of the techniques individually. These results are very important to make its use realizable in busy clinical settings or research for finding evidence to diagnose ON.

This study had several limitations. First, this was a single-center study. Additional multicenter studies should be conducted. Second, this study evaluated only Asians and more NMOSD patients than MS patients due to local epidemiological factors in South Korea. Therefore, in this study, a larger group of NMOSD could have a significant impact compared to the previous studies of other races. Third, our study was a retrospective study. Disease duration and number of events for individual patients varied significantly. We only analyzed the cases more than 3 months after ON. Therefore, our study helps to find remote ON attack evidence. Further study is needed for the utility of LC-VA in acute ON. Fourth, we could not calculate the cutoff value with the ROC curve of each visual test to discriminate between MS and NMOSD due to each group having eyes with very different visual severity. Retinal damage, including retinal nerve fiber layer and ganglion cell layer thinning, and VA is more severe with the number of ON attacks and relatively more severe in NMOSD than in MS (22). Therefore, very severe residual visual disturbance (<0.4 decimal in HC-VA) after the first episode of ON was suggested as an indicator of NMOSD compared with MS (23). If each group has large numbers of eyes with first ON presenting comparable visual severity, comparison of each visual test between MS and NMOSD can be possible. Further studies are warranted to investigate the cutoff values of LC-VA and its potential implications for the diagnosis in NMOSD or MS. Fifth, our study checked only the NMO-IgG in patients. Recently, myelin oligodendrocyte glycoprotein antibody (MOG-IgG) was found in a subset of NMOSD-IgG negative NMOSD patients, extending the range of NMOSD (24–26). Therefore, patients with MOG-IgG positive require further investigation.

In conclusion, our study suggests that LC-VA can better detect the visual disturbance in ON than HC-VA in NMOSD as well as MS (8, 11, 14, 19–21, 27). Considering all of those, 2.5% LC-VA might be the most useful, feasible, and rapid method to detect evidence of ON and could be used as a potential additive diagnostic tool of ON. HC-VA and 2.5% LC-VA test may yield more powerful result for ON detection in clinical practice.
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While great advances have been made in the immunomodulatory treatment of multiple sclerosis (MS), there is still an unmet need for drugs with neuroprotective potential. Dimethyl fumarate (DMF) has been suggested to exert both immunomodulatory and neuroprotective effects in MS. To investigate if DMF has neuroprotective effects independent of immunomodulation we evaluated its effects in the non-inflammatory animal models of light-induced photoreceptor loss and optic nerve crush. This might also reveal applications for DMF besides MS, such as age related macular degeneration. Retinal neurodegeneration was longitudinally assessed by in vivo retinal imaging using optical coherence tomography (OCT), and glutathione (GSH) measurements as well as histological investigations were performed to clarify the mode of action. For light-induced photoreceptor loss, one eye of C57BL/6J mice was irradiated with a LED cold light lamp while for optic nerve crush the optic nerve was clamped behind the eye bulb. The other eye served as control. GSH was measured in the optic nerve, choroid and retina and immunohistological staining of retinal microglia (Iba1) was performed. Mice were treated with 15 or 30 mg DMF/kg bodyweight or vehicle. While no protective effects were observed in optic nerve crush, in the light-induced retinal degeneration model DMF treatment significantly reduced retinal degeneration. In these mice, GSH levels in the retina and surrounding choroid were increased and histological investigations revealed less microglial activation in the outer retinal layers, suggesting both antioxidant and anti-inflammatory effects.
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INTRODUCTION

There is an urgent unmet need for new therapeutic approaches effectively preventing the chronic progression of disability and promoting repair in autoimmune diseases of the central nervous system like multiple sclerosis (MS) (1). Fumaric acid esters including dimethyl fumarate (DMF) have previously been used to treat autoimmune disorders like psoriasis and arthritis, where they exert anti-inflammatory effects (2). After two positive phase II trials (3, 4), DMF proved positive for most primary and secondary outcome parameters in the subsequent two large phase-III-trials (5, 6) and has been approved as a disease-modifying therapy for the treatment of relapsing MS. The immunomodulatory effects of DMF have been studied in vitro and in vivo, revealing effects in several cell types, in particular T-cells. DMF and other fumaric esters have been reported to induce a shift from “Th1” cytokines (IL-2, TNF-α, IFN-γ) to “Th2” cytokines (IL-4, IL-5) as part of their treatment effect in human psoriasis. On the molecular level, these effects were reported to be due to inhibition of the NF-κB pathway (7).

In vitro, DMF and its primary metabolite monomethyl fumarate stabilized Nuclear factor erythroid 2-related factor 2 (Nrf2) and stimulated the Nrf2-dependent transcriptional activity of genes with antioxidant response elements (ARE) in their promoters, thereby increasing the expression of the ARE-driven genes NQO1, xCT, and GCL (8–10). In vivo, increased levels of Nrf2 and NQO1 activity were detected in the CNS of DMF-treated animals (9, 10). In MS patients, DMF treatment affected mainly memory T cells, resulting in a shift from Th1 toward Th2 responses (11). Although these anti-inflammatory and neuroprotective effects are attributed to DMF, its multifactorial mode of action is still not fully unraveled.

Optical coherence tomography (OCT) is a fast, non-invasive, interferometric technique allowing high resolution imaging of the eye's retina in patients and mice (12, 13). The in vivo assessments of retinal neurodegeneration hence allow preclinical studies that are directly transferable to clinical trials. Furthermore, the retinal degeneration of MS patients not only represents a morphological correlate of the functional visual deficits but also mirrors the overall disability assessed by clinical scores (14). Therefore, the anterior visual pathway is increasingly being used for clinical trials evaluating neuroprotective or remyelinating strategies (13). This makes OCT an ideal tool for visualizing the potential of DMF to prevent from neuroaxonal degeneration. In this study, we therefore investigated the effect of DMF in the non-inflammatory models optic nerve crush (ONC) and light-induced photoreceptor loss (Li-PRL). Axonal injury is a major pathological event during MS and therefore the ONC is suited to study protective effects of DMF independently of immunomodulation. The light-induced stress model might not be directly related to MS, however, the retinal degeneration is resulting from overstimulation of photoreceptors leading to accumulation of reactive oxygen species, which play a major role in MS. Additionally the model might reveal treatment options for other ocular pathologies, such as age related macular degeneration (AMD).

After the ONC and retinal irradiation an analysis of the visual pathway by OCT, histology and measurement of the important antioxidant glutathione was performed.



MATERIALS AND METHODS


Optic Nerve Crush

For the optic nerve crush, female, 6 weeks old C57BL6/J mice were used. The optic nerve was grasped approximately 3 mm from the globe with a bended forceps for 10 s. To assure a standardized clamping pressure only the self-clamping mechanism of the forceps was used to crush the nerve. The other eye served as control. DMF stock solution was prepared at 20 mg/mL in dimethyl sulfoxide (DMSO, Sigma-Aldrich) and stored at −80°C until use. Treatment started 1 week before the surgery by adding DMF for verum therapy or DMSO alone for vehicle control to the drinking water. Drinking water was replaced twice a week, uptake was measured daily, and the concentrations of the substances were adjusted to a daily treatment dose of 15 and 30 mg/kg body weight (BW) DMF per day.



Light-Induced Photoreceptor Loss

Mice (female, 6 weeks old C57BL6/J) were anesthetized (oxygen 20 mL/min with isoflurane (2 vol.%)) and the pupil of the eye was dilated with 0.5% Tropicamide/2.5% Phenylephrine before irradiation. An eye gel was applied to both eyes to prevent dehydration and the formation of cataracts. One eye was irradiated with an LED cold light lamp (KL 1500 LCD, Carl Zeiss AG, Germany) for 10 min at maximum light intensity and fully opened shutter (600 lumen, distance of optical fiber head and eye: 3 cm). The other eye was covered and served as control. During the irradiation procedure, the animals were kept warm by a heating mat. DMF treatment was started 1 week before the irradiation with 30 mg/kg BW or vehicle per os.



Optical Coherence Tomography Measurement

The measurements of retinal layers were performed using a Spectralis™ HRA+OCT device (Heidelberg Engineering, Germany) under ambient light conditions. The OCT device was equipped with several adaptions for rodents described elsewhere (15) and the scanning protocol was executed as previously described (16). Volume scans were used, which have recently reported to provide excellent inter-rater reliability (interclass correlation coefficient above 0.9) and high reproducibility (17). All measurements were performed using the TruTrackTM automated eye-tracking system incorporated in the Heidelberg Eye Explorer™ software, ensuring that the same area of the retina was assessed in all follow-up measurements. We report the methodology in line with the APOSTEL recommendations (18). Automated segmentation was carried out by the Heidelberg Eye Explorer™ software version 1.9.10.0 followed by manual correction of an investigator, blinded for the experimental groups. We calculated the total thickness of the retina (TRT), the inner retinal layers (IRL), consisting of the retinal nerve fiber layer, ganglion cell layer and inner plexiform layer as described elsewhere (19) as well as the outer retinal layers (ORL), consisting of the outer plexiform layer, outer nuclear layer and the photoreceptors. The different layers of the OCT scans are illustrated in Figure 1A. High-resolution mode was used; only scans with a quality of at least 20 decibels were included.
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FIGURE 1. OCT scan of C57Bl/6J mouse retina and ON-crush with GSH in optic nerve and retinal scans. (A) Retinal fundus and B-scans of mice before and 7 weeks after ON-crush with Heidelberg Engineering Spectralis™ HRA+OCT device with semi-automated segmentation of the retinal layers. ILM, Inner Limiting Membrane; RNFL, Retinal Nerve Fiber Layer; IPL, Inner Plexiform Layer; INL, Inner Nuclear Layer; OPL, Outer Plexiform Layer; ELM, External Limiting Membrane; BM, Bruch's Membrane; RPE, Retinal Pigment Epithelium. (B) The GSH concentration in optic nerve tissue of mice treated with 15 or 30 mg/kg BW DMF at 7 weeks after ONC. Degeneration of the (C) total retinal thickness and (D) inner retinal layers and of mice over 7 weeks after ONC. All graphs represent the pooled mean ± SEM; n = 3 animals per group. ***p < 0.001 by ANOVA with Dunnett's post hoc test compared to vehicle for (A) and area under the curve compared by ANOVA with Dunnett's post hoc test for time courses compared to control for (C) and (D).




Iba1 Staining of the Optic Nerve

At the endpoint of the experiment (7 weeks for ONC and 10 weeks for Li-PRL), mice were sacrificed with an overdose of Isofluran (Piramal Critical Care). Ketamine (50 mg/kg, i.p.) was administered for analgesia before cardiac perfusion was performed with cold phosphate-buffered saline (PBS). Eyes were isolated and fixated in 4% PFA over night at 4°C and dehydrated in ethanol solutions with increasing concentrations. After embedding in paraffin (Paraplast, Leica, Germany), longitudinal sections of 5 μm were cut for immunohistological analysis. Slices of the retinae were incubated with an Iba1 antibody (1:500, Wako chemicals). Cy3 anti-rat (1:500, Millipore) was used as secondary antibody. Microglial infiltration and activation was quantified by fluorescence intensity measurement of the Iba1 staining. Fluorescence stained longitudinal optic nerve sections were acquired with a Leica HyD detector attached to a Leica DMi8 confocal microscope (63x objective lens magnification). At least four sections of the optic nerve from one eye of each mouse were analyzed per staining.



Glutathione Measurement

For glutathione (GSH) measurements, frozen tissue samples (optic nerve, choroid or retina) from the endpoint of the experiment were homogenized using a micro pestle in PBS/EDTA buffer, sonicated and transferred to lysis buffer. Tissue was further processed and measured enzymatically as previously described (8) using the whole protein amount assessed by the bicinchoninic acid assay for normalization.



Ethics

All animal procedures were performed in compliance with the experimental guidelines approved by the regional authorities (The Ministry for Environment, Agriculture, Conservation and Consumer Protection of the State of North Rhine-Westphalia; AZ 84-02.4.2014.A059 and AZ 84-02.04.2016.A137) and conform to the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research.



Statistics

Statistical analysis was performed using Prism 5 (version 5.00, Graphpad Software, Inc., USA) and IBM SPSS Statistics (version 20, IBM Corporation, USA). A one-way analysis of variance (ANOVA) with Dunnett's post hoc test was used to compare means of multiple groups to the control group and a Student's t-test was used to compare the means of two groups for histology and GSH measurements. For these analyses, one eye/optic nerve per animal was included in the analysis. For in vivo measurements, differences in retinal thickness were analyzed using area under the curve compared by ANOVA followed by Dunnett's post hoc test.




RESULTS


DMF Is Not Effective in Optic Nerve Crush

As first experimental approach, an optic nerve crush was performed in C57Bl/6J mice with and without prophylactic DMF (15 or 30 mg/kg BW, per os) treatment, starting 1 week before the surgery. Treatment with 30 mg/kg BW, but not 15 mg/kg BW DMF resulted in an increased GSH level in the optic nerve 7 weeks after the crush (Figure 1B). The retinal thickness was measured by OCT over 7 weeks with the follow-up function of the Heidelberg Engineering software. The measurement revealed that the optic nerve crush led to a strong degeneration of the inner retinal layer (IRL) (Figures 1A,C) and a decrease of the total retinal thickness. The loss of retinal tissue was a dynamic process, showing continuous degeneration over the 7 weeks (Figure 1D). We found an elevated level of the antioxidant GSH in the optic nerve of mice treated with 30 mg/kg BW DMF, while 15 mg/kg did not significantly increase GSH. The augmented GSH level was however not accompanied by a protective effect of DMF from tissue loss: Retinal degeneration after ONC progressed at the same level under DMF therapy as in vehicle treated mice (Figures 1C,D). Of note, the contralateral eye, which served as an internal control (no crush), also showed retinal degeneration at 7 weeks after the crush (TRT: −7.16 μm ± 2.4 μm; IRL: −2.78 ± 1.3 μm).



DMF Reveals Protective Capacities After Light-Induced Retinal Damage

As DMF led to an increase of total glutathione in optic nerve tissue in the ONC model, suggesting possible protective effects in a less severe model, light-induced photoreceptor loss was performed, treating animals using the same dosing protocol: DMF 30 mg/kg BW, per os, starting 7 days before the irradiation. One eye was irradiated at maximum power (600 lumen) for 10 min, while the other eye was covered and served as a control (Figures 2A,B). While the inner retinal layer thickness remained unchanged after irradiation over 10 weeks regardless of the treatment (Figure 2C), the outer retinal layers and photoreceptors showed a strong degeneration already after 1 week, regaining thickness until week 4 after Li-PRL. In contrast to the ONC, in mice treated prophylactically with 30 mg/kg BW DMF, the degeneration of the ORL and photoreceptors was completely prevented (Figure 2D) over 10 weeks.
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FIGURE 2. Retinal degeneration after light-induced photoreceptor loss (Li-PRL). (A) Schematic image of Li-PRL and (B) image of irradiation of C57Bl/6J mouse. (C) Change of inner retinal layers (IRL) and (D) outer retinal layers (ORL) with photoreceptors (PR) of mice over 10 weeks after Li-PRL. All graphs represent the pooled mean ± SEM; n = 3 animals per group. **p < 0.01 by area under the curve compared by ANOVA with Dunnett's post hoc test compared to irradiated control. LGN = lateral geniculate nucleus.




Protection by DMF Is Mediated by Anti-inflammatory and Antioxidant Properties

Ten weeks after the Li-PRL, mice were sacrificed and longitudinal sections of the retina were stained for Iba1, a protein highly expressed in activated microglia and macrophages (Figure 3A). The irradiation led to an increased of Iba1+ cells, suggesting an enhanced microglial activation and/or macrophage infiltration, even 10 weeks after the overstimulation of the photoreceptors. These cells were mainly located in the outer retinal layers. In the non-irradiated control eye, almost no Iba1+ cells were detectable. DMF treatment diminished the increased activation of microglia and macrophages, leading to a baseline level of Iba1 in the retina (Figure 3B). Enzymatic measurement of the antioxidant GSH in the retina and surrounding choroid tissue of DMF treated mice showed an upregulation of total tissue glutathione by 3.5- and 2-fold, respectively (Figure 3C). The irradiation itself had no effect on the GSH level in the tissue (data not shown).


[image: Figure 3]
FIGURE 3. Microglia staining and GSH measure in visual system after Li-PRL. (A) Longitudinal sections of retinae of mice 10 weeks after Li-PRL stained for Iba1. (B) Quantitative analyses of microglial activation by fluorescence intensity measurement; one eye per mouse was included. (C) GSH concentration in retina and choroid tissue of mice treated with 30 mg/kg BW DMF. All graphs represent the pooled mean ± SEM; n = 3 animals per group. ***p < 0.001, *p < 0.05 by ANOVA with Dunnett's post hoc test.





DISCUSSION

In the experimental autoimmune encephalomyelitis and optic neuritis (EAEON) model, an animal model for MS, DMF has already been extensively tested (9, 20, 21). This inflammatory model, inducing prominent retinal degeneration (17), is frequently used to study the protective effects of therapeutics (13). However, an increasing body of evidence suggested effects of DMF beyond the immunomodulatory characteristics (8, 9, 22). We therefore sought to characterize the effects of DMF independently of its immunomodulatory capacities using mouse models of non-inflammatory axonal damage and retinal degeneration. While the optic nerve crush induces axonal injury, which is also occurring in the progression of optic neuritis and MS, light-induced retinal stress might as well-model other ocular pathologies, such as AMD (23). In AMD, one of the most common vision-threatening diseases, the RPE is physiologically exposed to high levels of oxidative stress during its lifespan. For the well-functioning of its antioxidant systems, the Nrf2-pathway plays an important role (24). Both approaches led to a prominent degradation of retinal tissue. While the ONC damages the optic nerve mainly inducing a degeneration of the inner retinal layers, the light-induced damage affects the cells in the outer retinal layers including the photoreceptors. While the axonal damage of the optic nerve in the ONC model results in indirect Wallerian degeneration of the RNFL, the ganglion cells and their dendritic arbor, the light induced injury directly damages the retinal pigment epithelium (RPE), the photoreceptors and their cell bodies and synaptic processes in the outer nuclear and outer plexiform layer, respectively. Of note, we also observed retinal degeneration after ON-crush in the contralateral, untreated eye. This might be due to sympathetic ophthalmia, which is a serious, bilateral uveitis that occurs after either eye surgery or penetrating or perforating eye trauma (25). The traumatic injury on the optic nerve and the surrounding tissue might therefore lead to impairment of the contralateral nerve and eye. Numerous other studies in rodents investigating retinal degeneration after ONC also found a decrease of the RNFL and TRT, as well as a loss of retinal ganglion cells (26–29). After a light-induced retinal damage, authors essentially found degeneration of the ORL and photoreceptors, in line with our results (30, 31).

Interestingly, DMF treatment only prevented retinal degeneration after Li-PRL, but not after ONC. The axonal damage in the ONC model is apparently too severe to be susceptible to the protective effects of DMF despite evidence of GSH increase in retinal tissue. Possibly, oxidative stress may not play an important role for the apoptosis of retinal ganglion cells (RGCs) in the context of the Wallerian degeneration resulting from ONC. On the other hand, the Li-PRL is resulting from overstimulation of photoreceptors leading to accumulation of reactive oxygen species, calcium overload and finally degeneration of the photoreceptors and their neurons in the outer nuclear layer. This degeneration is tightly linked to oxidative stress, which is more likely to be sensitive to the antioxidant mode of action of DMF and the resulting GSH increase. Other studies also found an enhancement of antioxidant pathways after DMF therapy. Treatment of mice with DMF or MMF resulted in increased nuclear levels of active Nrf2, with subsequent up-regulation of canonical antioxidant target genes with the effect being lost in mice lacking Nrf2 (10). In another study, DMF increased immunoreactivity for Nrf2 in neurons of the motor cortex and the brainstem as well as in oligodendrocytes and astrocyte in experimental autoimmune encephalomyelitis (EAE) mice (9). Contrastingly, Schulze-Topphoff and colleagues reported, that oral DMF therapy protected wildtype and Nrf2 deficient mice equally well from development of clinical and histologic EAE, suggesting, that the anti-inflammatory activity of DMF may occur through alternative pathways (21). In vitro, DMF and MMF significantly improved cell viability of astrocytes or neurons and increased glutathione levels after toxic oxidative challenge in a concentration-dependent manner (10). Additionally, DMF treatment stabilized Nrf2 and stimulated the Nrf2-dependent transcriptional activity of genes with ARE in their promoters (8, 9). In another in vitro study by our lab, DMF was demonstrated to increase GSH recycling through induction of glutathione reductase in the hippocampal neuronal cell line HT22 (22). Similar to our study, but in another mouse line, Jiang and colleagues treated albino BALB/c mice intraperitoneally with monomethyl fumarate (MMF), the primary metabolite of DMF, before light exposure for 1 h. 7 days later, mice were examined by OCT. MMF treatment prevented morphologic changes in the ORLs and photoreceptor layers in a dose-dependent manner (32). In an in vitro study, Nrf2 protected mouse photoreceptor cells from photo-oxidative stress induced by blue light (33). Interestingly, in the MS brain Nrf2 expression varies in different cell types and is associated with active demyelination in the lesions. Nuclear Nrf2 expression was particularly observed in oligodendrocytes, while only a minor number of Nrf2-positive neurons were detected, even in highly inflammatory cortical lesions. In degenerating cells, which showed signs of apoptotic or necrotic cell death, the most prominent Nrf2 expression was found (34).

To analyze the anti-inflammatory mode of action of DMF, we stained longitudinal retinal sections with the microglia marker Iba1. We found, that after light exposure, microglial activation was prominently increased in the ORL. In mice treated with DMF, this effect was diminished showing almost no Iba1 positive cells, similar to the non-irradiated condition. Similar findings were reported in the study of Jiang et al., where expression of the microglial marker Cd14 was upregulated after light exposure, but suppressed after MMF treatment (32). In an in vivo EAE study, treatment with DMF ameliorated clinical disability in C57Bl/6 mice and modulated activated microglia from a classically activated, pro-inflammatory phenotype to an alternatively activated, neuroprotective phenotype, presumably by activation of the hydroxycarboxylic acid receptor 2 (35).

Our own findings of neuroprotective capacities of DMF in the non-inflammatory model of light induced photoreceptor loss corroborate and extend previous reports and suggest that both antioxidant mechanisms leading to elevated GSH levels and immunomodulatory effects reducing microglial activation are involved. A limitation of the study is that the Li-PRL does not have a direct link to MS. We also do not show positive effects of DMF in an inflammatory model, which have however already been well-documented in numerous EAE and MS studies (5, 6, 8, 9, 20, 21). The main goal of our study was, to explore the effects of DMF beyond immunomodulation. After irradiation of the retina, the degeneration of the photoreceptors and outer retinal layers is mainly caused by the accumulation of reactive oxygen species, which is not only a pathological hallmark in MS, but also of other eye-related disorders. The fact that we observed no protective effects in the ONC model suggests that, despite upregulation of GSH, DMF may not be effective in traumatic axonal damage.
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Glaucoma is a multifactorial optic neuropathy characterized by the continuous loss of retinal ganglion cells, leading to progressive and irreversible visual impairment. In this minireview, we report the results of the most recent experimental studies concerning cells, molecular mechanisms, genes, and microbiome involved in neuroinflammation processes correlated to glaucoma neurodegeneration. The identification of cellular mechanisms and molecular pathways related to retinal ganglion cell death is the first step toward the discovery of new therapeutic strategies. Recent experimental studies identified the following possible targets: adenosine A2A receptor, sterile alpha and TIR motif containing 1 (neurofilament light chain), toll-like receptors (TLRs) 2 and 4, phosphodiesterase type 4 (PDE4), and FasL-Fas signaling (in particular ONL1204, a small peptide antagonist of Fas receptors), and therapies directed against them. The continuous progress in knowledge provides interesting data, although the total lack of human studies remains an important limitation. Further research is required to better define the role of neuroinflammation in the neurodegeneration processes that occur in glaucomatous disease and to discover neuroprotective treatments amenable to clinical trials. The hereinafter reviewed studies are reported and evaluated according to their translational relevance.
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INTRODUCTION

Glaucoma is a chronic and progressive optic neuropathy characterized by death of retinal ganglion cells (RGCs) with consequent localized or diffuse thinning of the nerve fiber layer and increased cupping of the optic nerve head (ONH) (1). It is a social disease; its prevalence is believed to grow strongly, and about 80 million glaucomatous patients are expected in 2020 and 112 million in 2040 (2, 3). More than 7 million people worldwide are blind due to glaucoma, and the prevalence of bilateral blindness caused by this pathology varies from 6 to 16% in western countries (4).

The precise mechanisms leading to RGCs loss are not fully understood. Several studies have suggested that glaucoma has important analogies with other neurodegenerative pathologies correlated to inflammatory responses like amyotrophic lateral sclerosis, Alzheimer's disease, Parkinson's disease, Huntington's disease, and frontotemporal dementia (5–8).

The purpose of this minireview is to discuss the consolidated knowledge of neuroinflammation in glaucoma and to focus on new experimental evidences about possible therapeutic targets and latest treatment proposals.



MAIN ACTORS OF NEUROINFLAMMATION IN GLAUCOMA


Microglia and Astroglia

Microglia and astroglia are the cell types involved in inflammatory responses within the retina (9); they consist of Müller cells and astrocytes and provide metabolic support of neurons, neurological regulation of ionic concentrations, and neuroprotective activities (8, 10–12). Microglial cells originate from blood monocytes migrating to the central nervous system (CNS) and present cellular antigens like CD11b/c and chemokine fractalkine receptor (CX3CR1) (13). They start from primitive erythromyeloid progenitors and mature in microglia (14) differentiating through different pathways dependent on colony-stimulating factor 1 receptor (CSF-1R) (15), interleukin-34 (IL-34) (16), and transforming growth factor-β (TGF-β) (17). After becoming mature, they take part in the inflammation process, which is activated by damage-associated molecular patterns (DAMPs) released by neural cells and also by astroglia and microglia (18–20). Among DAMPs, heat shock proteins (HSPs) are produced by RGCs when intraocular pressure (IOP) is elevated (21), while Tenascin-C is upregulated in astrocytes and induces toll-like receptor (TLR) activation (22). In response to the neuroinflammatory process, microglia release cytokines and chemokines (22–24) such as complement factors, tumor necrosis factor-alpha (TNF-α), and interleukin-6 (IL-6) that amplify the response and contribute to promote morphological changes of microglia into macrophages (25). M1 and M2 are two phenotypes of activated macrophages. M1 is proinflammatory and produces IL-1β, IL-12, and TNF-α (26); on the other hand, M2 synthetizes anti-inflammatory intermediaries such as IL-10, TGF-β, and neurotrophic factor insulin-like growth factor (IGF-1) (27–32).

Recently, in a study in DBA/2J mice with experimental glaucoma, the triggering receptor expressed on myeloid cells/TYROsine kinase binding protein (TREM/TYROBP) signaling network has been identified as the principal regulator mechanism of microglial responses to elevated IOP; infiltrating monocyte-like cells are likely responsible for the early proinflammatory signals (33).

Microglial cells communicate with astroglia via signaling proteins. Depending on this interaction, astroglia are differentiated into two types of reactive astrocytes, A1 and A2 (34–36). A1 has a detrimental effect (37); on the other hand, A2 has a neuroprotective function (38). Indeed, microglia and astroglia collaborate to regulate the inflammation process.

Different genes are implicated in the inflammatory pathways and are upregulated in the retina and ONH (39, 40). The first to be upregulated are TLR signaling pathways: for example, HSPs increase the expression of major histocompatibility complex (MHC) II and cytokine production (21). The second pathway is represented by nuclear factor-kappa B (NF-κB), which causes an increased expression of IL-1 cytokine family that promotes the cascade of inflammatory cytokines (TNF-α and IL-6). TNF-α is found in the optic nerve in glaucoma patients (41–43) and also Fas ligand (FasL), a proapoptotic protein, both being implicated in glaucoma pathogenesis (44). Recently, Oikawa et al. (45) demonstrated in feline's early glaucoma the upregulation of genes related to cell proliferation and immune responses (linked with the TLR and NF-κB signaling pathway), and they observed that proliferating cell types are different in ONH sub-regions. Microglia–macrophages were found in the prelaminar region and in the lamina cribrosa, while oligodendrocytes were more numerous in the retrolaminar region.




MOLECULAR MECHANISMS

After reporting the fundamental concepts related to the neuroinflammation cells and the genes involved, we now refer to the latest studies on the main molecular mechanisms selected according to their presence in neurodegenerative diseases and their translational relevance.

The exosomes have a demonstrated role in neurodegenerative diseases. In an experimental glaucoma model (46), the exosomes, produced by naive microglia (BV-2 cells) in a condition of elevated hydrostatic pressure (BV-Exo-EHP, e.g., high IOP), induced the activation of retina microglia, production of cytokines, hypermotility, proliferation, and increase of phagocytosis. They promoted increase of reactive oxygen species and cell death, causing a reduction of retina ganglion cell number. The translation relevance of this study is that the exosomes own an autocrine function in the neuroinflammation pathway correlated to neurodegeneration.

Necroptosis, a recently discovered genetic form of cell death, has a fundamental role in neurodegenerative diseases (47). It is similar to necrosis with cell swelling, granular cytoplasm, chromatin fragmentation, and cellular lysis. Necroptosis differs from apoptosis because the cell content moves into the extracellular matrix in a passive way through the altered cell membrane. Necroptosis is induced by TNF-α and also by Fas and TNF-related apoptosis-inducing ligand (TRAIL), interferons (IFNs), TLR signaling, and viral infection via DAI (DNA sensor DNA-dependent activator of IFN regulatory factor). Ko et al. (47) in a neuroinflammation model of experimental glaucoma proved that the axon degeneration is sterile alpha and TIR motif1 (SARM1)-dependent and is induced by TNF-α with a consequent oligodendrocyte loss and RGC death. The necroptosis perpetrator is mixed lineage kinase domain-like pseudokinase (MLKL) through the reduction of the axon survival factors nicotinamide mononucleotide adenylyltransferase 2 (NMNAT2) and stathmin 2 (STMN2) that inhibit SARM1 NADase action. TNF-α also activates SARM1-dependent axon degeneration in sensory nerve cells through a different necroptotic signaling mechanism.

Several recent studies have dealt with the topic of SARM1 axon degeneration pathway. The axon health is preserved by the balance between the pro-survival NMNAT2 and STMN2 and pro-degenerative molecules dual leucine zipper kinase (DLK) and SARM1 (48). Activated DLK reduces the concentration of protective factors (NMNAT2 and SCG10) and exposes axons to traumatic and metabolic damages; this event is also related to mitochondrial dysfunction that in an independent way reduces the NMNAT2 and SCG10 concentrations in the axons (49). The equilibrium between axon survival and self-destruction is strictly related to axonal NAD+ metabolism. Sasaki et al. (50) studied in cell cultures and in vivo the biomarker cADPR, which controls NAD+ levels via SARM1 and mobilizes calcium. SARM1 has a basal activity in normal conditions. After injury, the axon degeneration is preceded by SARM1-dependent rise in the amount of axonal cADPR, but the contribution of cADPR in degenerative mechanisms has not been proven. The mitochondrial dysfunction can produce an incomplete activation of SARM1 and could predispose the axons to neurodegeneration.

In the context of neuroinflammation, it is mandatory to report the interesting developments that have taken place in recent years regarding the relationship between microbiome and glaucoma. Chen et al. conducted a study in germ-free mice, demonstrating that the absence of gastrointestinal (GI) bacteria abolished the development of glaucoma (51). The immune mechanism involved in the pathogenesis of the neural damage is related to CD4+ T-lymphocytes that recognize HSPs. Bacterial HSPs cross-reacted with both mouse and human HSPs. High IOP values induced the passage of CD4+ T-cells in the retina, and these T-cells were to blame for the extended phase of neurodegeneration in glaucomatous disease. They recognized specifically both bacterial and human HSPs. The induction of neurodegeneration in glaucoma requires pre-exposure to microbial flora, either the GI and oral one (51). In the past century, the presence of elevated titers of antibodies directed against small HSPs and cross-reacting with human HSPs was demonstrated in glaucoma patients (52). It was reported that these antibodies exert cytotoxicity when directly applied to human retina (53). It was proposed that immunomodulation should become the basis of glaucoma therapy. However, the immunosuppressive therapy could be dangerous and sometimes burdened by serious side effects. One solution could be the identification of antigens triggering or enhancing the autoimmune mechanism(s) and their elimination, aiming at reducing the active aggression by autoimmune T-cells. Since the development of glaucoma was shown to be linked to the microbiome, some of its components are potentially curable, such as Helicobacter pylori, a Gram-negative flagellar bacterium present worldwide, in 20–90% of individuals. Only active H. pylori infection induces cellular immune responses against the nervous system, due to molecular mimicry and cross-reactivity with components of host nerves. A large meta-analysis was recently published by Doulberis et al. (54). When the diagnosis of H. pylori infection was performed by gastric biopsy, the odds ratio (OR) for an association was very high (5.4), with confidence interval of 3.17–9.2 (highly significant); the strong association diminished to an OR of 2.08 when only serum antibodies were measured. Similarly, also in glaucoma, the antigens recognized by the immune system were reported in quite a large number. Geyer and Levo (55) suggested that the therapy should be directed not only against the IOP but also against autoreactive lymphocytes, on the basis of the lack of neurodegeneration in experimental mice models after depletion of either B-cells and in particular T-cells directed against HSP-derived peptides (55). However, this might not be sufficient. Beutgen et al. in a recent review reported elevated levels of a variety of autoantibodies (autoAbs) both in systemic circulation and in aqueous humor of glaucoma patients (56): not only anti-HSPs, but also against myelin basic protein and glial fibrillary acid protein. Such autoantibodies are typically involved in diseases of the nervous system.



NEW POSSIBLE TARGETS AND PROPOSALS ON PHARMACOLOGICAL THERAPIES

Hereinafter, the possible new therapeutic targets to reduce or block the neuroinflammation, which are more likely to be used in future clinical practice, are outlined. They are listed in alphabetical order. In Table 1, we provided more detail on new targets, their neuroinflammatory and neurodegenerative effects, and, where provided, the therapeutic options.


Table 1. New targets, their neuroinflammatory effects, impact of neurodegeneration and therapeutic options.
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Adenosine A2A Receptor (A2AR)

Madeira et al. (57, 70) demonstrated in a Sprague Dawley rats model of ocular hypertension (OHT) that caffeine (antagonist of adenosine receptors) administration prevents OHT-induced microglial activation and causes the modulation of retinal neuroinflammation and prevention of the RGCs loss. A recent study outlined the protective effect of microglial adenosine A2A receptor (A2AR) blockade that can prevent, in human retina, microglial cell response to elevated IOP (58).



Astroglial Nuclear Factor-Kappa B

The astroglial NF-κB was evaluated as a possible treatment target for the modulation of immune response in an experimental transgenic glaucoma mouse with deletion of IkappaB kinase beta (IκKβ) in astroglial cells (59). The study showed a reduction of the increase in proinflammatory cytokines (in particular TNF-α) with consequent protection of axon from degeneration and RGCs from apoptosis, as demonstrated also by pattern electroretinogram (PERG) data.



Endothelin-1

Since 2012 (71), it was clarified that the increment of endothelin-1 (ET-1) in glaucomatous patients is linked to sub-clinical inflammation. Nor Arfuzir et al. (60), using Sprague Dawley rats that underwent intravitreal injection of ET-1, proved that the pre-treatment with magnesium acetyltaurate (MgAT) was protective against the increase induced by ET-1 in the retinal expression of IL-1β, IL-6, and TNF-α and against the activation of NF-κB and c-JUN induced by ET-1. MgAT promoted a higher RGC survival.



FasL-Fas Signaling

FasL, a type II transmembrane protein of the TNF group, promotes apoptosis after binding to the Fas receptor and is involved in the pathogenesis of glaucoma also through inflammatory pathways. Krishnan et al. (61) demonstrated in microbead-injected wild-type (WT) mice that the treatment with ONL1204, a small peptide antagonist of Fas receptors, significantly reduced RGC death and loss of axons. The authors proved that ONL1204 blocks microglial activation and inhibits the induction of multiple genes involved in glaucomatous disease, as cytokines and chemokines (GFAP, caspase-8, TNFα, IL-1β, IL-6, IL-18, MIP-1α, MIP-1β, MIP-2, MCPI, and IP10), elements of the complement (C3 and C1Q), inflammasome pathway (NLRP3), and TLR4.



Monocyte-Like Cells

Recently, in a mouse model of ocular hypertension (DBA/2J eyes), it was proved that monocyte-like cells enter the ONH and that monocyte–platelet interactions occur in glaucomatous tissue (62). Using these monocyte-like cells as therapeutic target, the authors demonstrated that the treatment with DS-SILY, a peptidoglycan that hinders the platelet adhesion to the vessel endothelium and to monocytes, and the treatment with genetic targeting of Itgam (CD11b), an immune cell receptor that blocks effusion of the monocytes from the vessels, can both be neuroprotective by reducing neuroinflammation.



Optic Nerve Head Astrocytes

Means et al. (63) demonstrated that pretreatment with polyphenolic phytostilbene and antioxidant trans-resveratrol (3,5,4′-trihydroxy-trans-stilbene) on ONHs underwent oxidative stress with tert-butyl hydroperoxide (tBHP) and induced a significant reduction in activated caspases, neurofibrillary tangle (NFT) formation, and cleaved Tau. These findings outlined that resveratrol can have protective properties to prevent ONH astrocyte (ONHA) dysfunction and degeneration.



Phosphodiesterase Type 4 Signaling

Cueva Vargas et al. (64) evaluated the anti-neuroinflammatory activity of ibudilast, a clinically approved cAMP phosphodiesterase (PDE) inhibitor with special affinity for PDE type 4 (PDE4). In an OHT rat model, the intraocular administration of ibudilast decreased the production of proinflammatory cytokines and reduced macroglia and microglial reactivity in the retina and optic nerve. Ibudilast had a positive effect on RGC soma survival, avoided axonal degeneration, and enhanced anterograde axonal transport in POAG eyes through activation of the cAMP/PKA pathway.



Sterile Alpha and TIR Motif Containing 1

Since SARM1 induces Wallerian degeneration, this pathway could be a therapeutic target (65). The SARM1 inhibition prevents axonal degeneration in traumatic injuries and neurodegenerative disorders. As reported before, SARM1 is involved in innate immune response, and it is possible that the relationship between immune regulation and neurodegenerative disorders will play an important role for new therapeutic possibilities. The discovery of a reliable biomarker of axonal damage, i.e., the neurofilament light chain (NfL) and the possibility of testing NfL in plasma or serum, could be an important step to develop SARM1 inhibitors that protect axons from degeneration (66).



Toll-Like Receptors 2 and 4

As reported, TLR signaling is involved in homeostasis and in pathology of CNS. TLR2 and TLR4 expressed by microglia take part in the glial response and in the neuroinflammation. Yang et al. (67) demonstrated that in C57BL/6J mice, the alpha 1-antitrypsin (AAT), a serine protease inhibitor, blocks microglial activation in chronic ocular hypertension model. It was shown that AAT inhibits leukocyte migration and has antithrombotic, antiapoptotic, and anti-inflammatory properties (68). In OHT rats, Ji et al. (69) demonstrated that the human umbilical cord mesenchymal stem cell (hUC-MSC) transplantation blocks TLR4-related microglial activation and neuroinflammatory pathways.




NEW PROPOSAL HOLISTIC APPROACHES

In this section, we reported studies proposing holistic medicinal treatments to modulate/reduce the neuroinflammation in an experimental model of glaucoma. Table 2 illustrates new therapies with details on modulations of inflammatory mechanisms.


Table 2. New proposals of holistic treatments to contrast neuroinflammation in glaucoma.
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Antioxidants

Oxidative stress can alter the immune function of the glia and promotes the neuroinflammation in glaucoma. The effects of the antioxidant Tempol were tested on ocular hypertensive retina and optic nerve samples and on NF-κB, a redox-sensitive transcriptional regulator of neuroinflammation. The analysis of markers of oxidative stress (proinflammatory cytokines, including IL-1, IL-2, IFN-γ, and TNF-α) demonstrated that the treatment was able to decrease the neuroinflammation markers (72).



Ketogenic Diet

A recent research study (73) evidenced that the ketogenic diet reduces inflammation through inhibition of AMPK activation and HCAR1-mediated inhibition of the NLRP3 inflammasome. The way by which ketogenic diet works in neuroprotection is not completely known up to now. Researches supposed that ketogenic diet reduces oxidative stress, inhibits class I histone deacetylases, promotes Nrf2 activation to upregulate antioxidants, and inhibits NF-κB to reduce inflammation (74, 75).



Coriolus and Hericium Nutritional Mushrooms

Trovato Salinaro et al. (76) reported the potential effect of Coriolus and Hericium, nutritional mushrooms, in the therapy of neurodegenerative diseases including Alzheimer's disease and glaucoma; they act as modulators of mechanisms of cellular protection (antioxidant properties) from mitochondrial dysfunction and neuroinflammation.



Hydrophilic Saffron Extract

Studies conducted (77) in a mouse model of laser-induced unilateral OHT on a hydrophilic saffron extract (crocin 3%) demonstrated the reduction of morphological features of microglial activation in OHT and in contralateral eyes. The treatment with saffron extract in part inverted the downregulation of P2RY12. The saffron extract administrated orally protected RGCs from death by reducing neuroinflammation correlated with increased IOP.




DISCUSSION

The co-participation of the innate immune response and the inflammation in the pathogenesis of optic nerve degeneration in glaucomatous disease is now an established and proven event (78–82). The purpose of this minireview was to outline potential targets for future therapies, some of which are already being studied, and to describe possible treatments related to alternative medicine. These recent studies performed on animal models have improved our knowledge on cellular mechanisms, partly already known, but mainly on the signaling pathways of neuroinflammation. The studies analyzed openly the way to new possibilities of modulation of neuroinflammation (such as antagonist of A2AR, stem cells, MgAT, resveratrol, and alpha 1-antitrypsin) with a view to achieve effective neuroprotective treatments for glaucomatous disease. An important limitation is the almost total lack of researches in human. On the basis of the data reported, the possible ways of developing future research are illustrated in Figure 1. Further studies are needed to transfer the current experimental evidence into clinical research in order to slow down or to prevent the progressive glaucoma neurodegeneration.


[image: Figure 1]
FIGURE 1. Next steps of developing future research.
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Purpose: To determine the levels of pro-inflammatory cytokines and soluble mediators (TNF-α, IL6, IL2, and PDGF-AB) in 28 vitreous biopsies taken from patients with proliferative diabetic retinopathy (PDR) and treated with increasing doses of curcumin (0. 5 and 1 μM), with or without homotaurine (100 μM) and vitamin D3 (50 nM).

Materials and Methods: ELISA tests were performed on the supernatants from 28 vitreous biopsies that were incubated with bioactive molecules at 37°C for 20 h. The concentration of the soluble mediators was calculated from a calibration curve and expressed in pg/mL. Shapiro-Wilk test was used to verify the normality of distribution of the residuals. Continuous variables among groups were compared using the General Linear Model (GLM). Homoscedasticity was verified using Levene and Brown-Forsythe tests. Post-hoc analysis was also performed with the Tukey test. A p ≤ 0.05 was considered statistically significant.

Results: The post-hoc analysis revealed statistically detectable changes in the concentrations of TNF-α, IL2, and PDGF-AB in response to the treatment with curcumin, homotaurine, and vitamin D3. Specifically, the p-values for between group comparisons are as follows: TNF-α: (untreated vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.008, (curcumin 0.5 μM vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.0004, (curcumin 0.5 μM vs. curcumin 1 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.02, (curcumin 1 μM vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.025, and (homotaurine 100 μM + vitamin D3 50 nM vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.009; IL2: (untreated vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.0023, and (curcumin 0.5 μM vs. curcumin 0.5 μM+ homotaurine 100 μM + vitamin D3 50 nM) p = 0.0028; PDGF-AB: (untreated vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.04, (untreated vs. curcumin 1 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.0006, (curcumin 0.5 μM vs. curcumin 1 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.006, and (homotaurine 100 μM + vitamin D3 50 nM vs. curcumin 1 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.022. IL6 levels were not significantly affected by any treatment.

Conclusions: Pro-inflammatory cytokines are associated with inflammation and angiogenesis, although there is a discrete variability in the doses of the mediators investigated among the different vitreous samples. Curcumin, homotaurine, and vitamin D3 individually have a slightly appreciable anti-inflammatory effect. However, when used in combination, these substances are able to modify the average levels of the soluble mediators of inflammation and retinal damage. Multi-target treatment may provide a therapeutic strategy for diabetic retinopathy in the future.

Clinical Trial Registration : The trial was registered at clinical trials.gov as NCT04378972 on 06 May 2020 (“retrospectively registered”) https://register.clinicaltrials.gov/prs/app/action/SelectProtocol?sid = S0009UI8&selectaction = Edit&uid = U0003RKC&ts = 2&cx = dstm4o.

Keywords: diabetic retinopathy, neuroprotection, vitreous, curcumin, homotaurine, vitamin D3, pro-inflammatory cytokines


INTRODUCTION

The number of people of all age groups who are visually impaired worldwide is estimated at 285 million; among these, 39 million are blind (1). Visual impairment is strongly associated with increasing age. In high-income regions of Central/Eastern Europe, diabetic retinopathy (DR) and glaucoma are the most important causes of vision loss (2). Glaucoma affects more than 70 million people worldwide (3) and it leads to progressive optic nerve degeneration, with a gradual loss of retinal ganglion cells (RGCs) (4, 5). The pathogenesis of glaucoma is not yet completely clarified (i.e., mechanical/ischemic insult, neuroinflammation, etc.) (6). Furthermore, although lowering intraocular pressure (IOP) has been clearly shown to decrease the progressive visual loss in most patients with glaucoma (7), there are some patients for whom IOP lowering is either insufficient, difficult to achieve, or associated with risks of adverse effects, especially when patients are treated with surgical procedures (8). Thus, other strategies are needed to reduce or reverse the progressive neurodegeneration, and this represents the rationale for therapies based on neuroprotection (9). By definition, neuroprotection is an effect that may result in rescue, recovery, or regeneration of the nervous system, its cells, structure, and function (10). In ophthalmology as well as for glaucoma, neuroprotection is also emerging as a therapeutic target for diabetic retinopathy (11).

Diabetic retinopathy (DR) is one of the most common complications of diabetes mellitus and is a leading cause of vision loss and blindness in the working-age population worldwide. Once considered solely as a microvascular disease, DR has been recognized as a neurodegenerative disease of the retina (12–13 effects of antioxidants). Progressive blindness is due to the long-term accumulation of pathological abnormalities in the retina of hyperglycemic patients. In the initial phase, non-proliferative diabetic retinopathy (NPDR) is almost asymptomatic, with the onset of microhemorrhagic and microischemic episodes and an increase in vascular permeability. Subsequently, the progression of the disease is accompanied by the onset of a chronic inflammatory state and neovascularization in a vicious circle that feeds and determines the accumulation of damage to the retina through hypoxia, oxidative stress, and widespread neurodegeneration. Among the metabolites, hyperglycemia is known to be the major factor activating several metabolic pathways that are harmful for the retina (12). Moreover, an increased level of glutamate has been reported in both the retina and vitreous of diabetic patients, suggesting a neurotoxic role of glutamate, which may damage retinal neurons, especially retinal ganglion cells, by excitotoxicity (12–15). Thus, glaucoma and diabetic retinopathy have in common the occurrence of a progressive neurodegeneration. In fact, several studies have shown that there is an overexpression of excitatory proteins, such as glutamate and NMDA, in the retina and vitreous in glaucoma, diabetic retinopathy, and multiple animal models of retinal ischemia (16, 17). In proliferative diabetic retinopathy (PDR), vitreous humor undergoes structural and molecular changes as well as changes in its composition, which play a pivotal role in supporting the disease progression (18). The vitreous is a transparent, gel-like structure of 4 mL in volume, which fills the space between the lens and the retina (19). It is composed of 98-99% of water, with traces of cations, ions, proteins (mainly collagen), and polysaccharides such as hyaluronic acid (20). In PDR patients undergoing pars plana vitrectomy, vitreous samples are characterized by altered levels of bioactive molecules, with pro-angiogenic, pro-inflammatory, and neuromodulatory activities (19). This clearly demonstrates that the vitreous acts as a reservoir of soluble signaling mediators that may exacerbate retinal damage. On the other hand, the vitreous obtained from patients with PDR can be a powerful tool to evaluate the anti-angiogenic/anti-inflammatory activity of new biomolecules that could be potential candidates for the treatment of diabetic vitreoretinopathy. Currently, PDR is treated with laser photocoagulation, vitreoretinal surgery, or intravitreal injection of drugs targeting the vascular endothelial growth factor (VEGF) and steroid agents (21). However, although these protocols are effective in the short term, they cause side effects and are indicated only for the advanced stages of the disease.

Thus, non-invasive, non-destructive, and longer-duration treatment options are also needed (22). Recently, research efforts have been made to identify neuroprotective compounds that are able to prevent visual field loss and preserve visual function. A promising alternative for the treatment of early-stage NPDR comes from nutraceuticals. In fact, in vitro and in vivo studies have revealed that a variety of nutraceuticals offers important antioxidant and anti-inflammatory effects that can counteract the first diabetes-driven molecular events that cause vitreoretinopathy, acting as upstream regulators of the disease (23). Based on the results of several investigations, it is reasonable to assert that a single constituent that affects one target has limited efficacy in preventing the progression of multifactorial diseases. A large body of research revealed that the use of a combination of compounds with synergistic multitarget effects may offer a more powerful approach for the prevention of diseases, including retinal neurodegeneration (24–27). In experimental models, it has been shown that the co-treatment of citicoline and homotaurine has a direct neuroprotective effect on primary retinal cells exposed to glutamate toxicity and high glucose (HG) levels (28). Glutamate-induced excitotoxicity is implicated in the pathophysiology of several degenerative diseases of the retina, including glaucoma. Moreover, HG-induced neurotoxicity is a characteristic of diabetic retinopathy (29, 30). Curcumin, a yellowish non-flavonoid polyphenol that constitutes the main active compound of Curcuma longa, is widely known for its antioxidant and anti-inflammatory properties (31–33). Many studies have also described its marked protective effect on retinal cells against oxidative stress and inflammation (31–35). Lastly, vitamin D3 levels appear to be lower in diabetes mellitus type 2 patients, and this could have therapeutic implications (36). This study aimed to analyze the soluble mediators of inflammation and angiogenesis in the vitreous of patients with diabetic retinopathy treated with homotaurine, curcumin, and vitamin D3.



MATERIALS AND METHODS

The study was conducted at the Department of Medicine and Health Sciences “V. Tiberio” of Molise University, Campobasso (Italy), in accordance with the ethical principles of the Declaration of Helsinki. The CTS (technical scientific committee) of the Department approved the study protocol (registered at clinicaltrials.gov, identifier NCT0437897). All the study participants provided written informed consent. This was a prospective study including 28 eyes of 28 patients consecutively enrolled from September 16, 2019 to December 16, 2019. The patients were scheduled to undergo a 23-gauge, three-port pars plana vitrectomy for retinal detachment, and all the patients completed the study. Inclusion criteria were age ≥18 years, patients with diabetic retinopathy requiring vitrectomy, and willingness to participate in the study following the indications provided. The exclusion criteria were previous vitrectomy in the study eye, previous buckle surgery, previous intravitreal injection, concurrent retinovascular or other ocular inflammatory disease, history of ocular trauma and concomitant intake of any topical or systemic NSAID or corticosteroid therapy, and presence of systemic inflammations. All phakic patients were operated with phacoemulsification of the crystalline lens plus intraocular lens (IOL) implant at the time of vitrectomy to allow a careful cleaning of the vitreous base. Vitrectomy surgery was performed using a 23-gauge transconjunctival system; no triamcinolone was used during any step of the surgery.

After the removal of the posterior hyaloids, the vitreous base was thoroughly removed. All the visible proliferative vitreoretinopathy (PVR) membranes were dissected, and relaxing retinotomies were performed. The retinal periphery was inspected for retinal breaks that were marked with endodiathermy, after which the retina was reattached using perfluorocarbon liquid and air. Three rows of endolaser treatment were applied behind the posterior vitreous base in all the patients (200 spots, 200–250 mW according to retinal pigmentation). All the patients in both groups were prescribed topical dexamethasone (six times per day) and homatropine (two times per day).

At the beginning of the surgery, 0.5–1.0 mL of undiluted aqueous was removed, and samples were immediately frozen and stored at −80°C until analysis. This procedure was used to prevent the vitrectomy intervention itself from generating or altering the expression of cytokines and endothelial growth factors or the BSS (balanced salt solution) from diluting the vitreous.

TREATED GROUP: Twenty-eight portions of vitreous samples from 28 eyes of patients undergoing vitrectomy for diabetic retinopathy complications, incubated with curcumin, homotaurine, and vitamin D3. The substances were treated with increasing doses of curcumin (Cureit®) (0.5 μM and 1 μM), with or without homotaurine (100 μM) and vitamin D3 (50 nM), to evaluate a possible synergistic effect on the expression of inflammatory cytokines.

CONTROL GROUP: The same fractions of vitreous samples (n = 28) were evaluated for the expression of oxidative biomarkers, inflammatory cytokines, and metalloproteinases, without any treatment.

PRIMARY ENDPOINT: Evaluation of the anti-inflammatory effect of curcumin, homotaurine, and vitamin D3 on the expression of inflammatory cytokines in human vitreous samples of patients with PDR.


Reagents

Cholecalciferol (vitamin D3) and 3-Amino-1-propanesulfonic acid (homotaurine) were purchased from Sigma-Aldrich, whereas Cureit® curcumin was provided by Fisher Chemicals Aurea Biolab. Curcumin and vitamin D3 were first dissolved in DMSO (dimethyl sulfoxide) to final concentrations of 250 and 25 mM, respectively. Homotaurine was resuspended in PBS to a final concentration of 500 mM.



ELISA Assays

Curcumin is a well-known bioactive molecule, largely employed in supplement formulation due to its anti-inflammatory properties. To evaluate its role in the regulation of the levels of pro-inflammatory soluble mediators in the vitreous fluid obtained from 28 patients with PDR, samples were exposed to curcumin at different concentrations for 24 h with or without homotaurine and vitamin D3. Subsequently, IL6, IL2, TNF-α, and PDGF-AB were measured by ELISA assays in 50 μl of diluted samples from different conditions.

Vitreous biopsies were thawed and centrifuged. Afterwards, 50 μL of vitreal fluid from each patient were aliquoted into 96-well plates and incubated for 24 h at 37°C in 100 μL HBSS (Hank's Balanced Salt Solution) with curcumin at different concentrations (0.5 and 1 μM) and with or without 100 μM homotaurine and 50 nM vitamin D3. Controls were exposed to HBSS containing DMSO. The day after, samples were diluted twice in sample diluent and cytokines were measured by ELISA assay.

Quantitative detection of soluble mediators in vitreal biopsies was performed using sandwich ELISA kits with High Sensitivity. IL2 and TNF-α were measured by Human Pre-coated ELISA Kit (BIOGEMS-PEPROTECH), whereas IL6 and PDGF-AB were detected using PicoKine ELISA Kits (Boster Biological Technology). All kit reagents, samples, and standards were prepared according to the manufacturer's instructions. The measured optical density was read at 450 nm and was directly proportional to the concentration of human recombinant proteins in the standards or samples. The concentration of soluble mediators was calculated from a calibration curve and expressed as pg/mL. Each experimental point was replicated three times, and absolute levels of IL6, IL2, TNF-α, and PDGF-AB were measured by ELISA. Subsequently, average levels of soluble mediators measured in treated vitreous were expressed as a percentage of the baseline level, considering the control aliquot from the same patient as baseline. According to manufacturer's instructions, optimal detection ranges were 15.6–1,000 pg/mL (sensitivity <0.1 pg/mL) for IL2; 15.6–1,000 pg/mL (sensitivity <1 pg/mL) for TNF-α; 4.69–300 pg/mL (sensitivity <0.3 pg/mL) for IL6; and 31.2–2,000 pg/mL (sensitivity <2 pg/mL) for PDGF-AB. Only the mean IL6 levels in vitreous biopsies were found to be close to the lower limit of detection, however, we could still measure significative optical densities in our experimental conditions.



Gene Expression

To verify whether curcumin in combination with vitamin D3 and homotaurine in the vitreal fluid could exert an anti-inflammatory and anti-angiogenic effect, we monitored the expression of pro-inflammatory genes and mitogen-activated genes in an immortalized cell line exposed for 24 h to vitreal biopsies from patients with diabetic retinopathy together with curcumin, vitamin D3, and homotaurine or not. A subset of four vitreous was used in this experiment.



Sample Size

The sample size was estimated with a suitable macro developed in the SAS language. We conducted a pilot study from which we derived the Mean Square Error (MSE). In order to make the data less variable, we applied the logarithmic transformation that made the residuals normal. The General Linear Model (GLM) provided the standard deviations (square root of MSE) necessary to perform the calculation of the Sample Size (±0.29, ±0.18, ±0.18, ±0.32, respectively, for PDGF-AB, IL2, IL6, and TNF-α).

Considering the following differences, on a logarithmic scale, d = 0.32, 0.13, 0.11, and 0.29, which correspond to a reduction of 52.1, 32.4, 22.4, and 48.7% relative to PDGF-AB, IL2, IL6, and TNF-α, we obtained with a power of 80% and α = 0.05 the following sample sizes: n = 19, 26, 61, and 28 subjects, taking into account the correction for multiple comparisons. For clinical purposes, we considered n = 28 as the final sample size.



Statistical Analysis

Continuous variables (PDGF-AB, IL2, IL6, and TNF-α levels) were expressed as mean ± SD. Shapiro-Wilk test was used to verify the normality of distribution of the residuals.

To make the residuals normal, we applied suitable mathematical functions in order to respect the Gauss condition.

The continuous variables (PDGF-AB, IL2, IL6, and TNF–α levels) were compared among groups (untreated, curcumin 0.5 μM, curcumin 1 μM, homotaurine 100 μM + vitamin D3 50 nM, curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM, and curcumin 1 μM + homotaurine 100 μM + vitamin D3 50 nM) using the GLM (General Liner Model) method. Homoscedasticity was verified by Levene and Brown-Forsythe tests. Post-hoc analysis was performed by the Tukey test.

A p ≤ 0.05 was considered statistically significant. The statistical analysis was performed using SAS v. 9.4 and JMP v. 15 (SAS Institute Inc., Cary, NC, USA).




RESULTS

Twenty-eight vitreous biopsies from 28 patients with PDR were analyzed. The mean age (± standard deviation) was 68.9 ± 7.8 years. Of the 28 included patients, 16 (57.1%) were males and 12 (42.9%) were females. Mean time (± standard deviation) since diagnosis of diabetes mellitus in these patients was 31.4 ± 8.7 years. The mean age (± standard deviation) at the time of vitrectomy was 68.9 ± 7.9 years old. In vitreous samples, the pro-inflammatory cytokines IL6, TNF-α, and IL2 and the angiogenic factor PDGF-AB were all detectable in the conditions of the sample. Mean IL6, IL2, TNF-α, and PDGF-AB levels in the vitreous of the patients are reported in Table 1.


Table 1. Levels of soluble mediators in vitreal biopsies from patients with diabetic retinopathy.

[image: Table 1]

The post-hoc analysis revealed statistically detectable changes in the concentration of TNF-α, IL2, and PDGF-AB in response to treatment with curcumin, homotaurine, and vitamin D3. Specifically, the p-values for between group comparisons are as follows: TNF-α: (untreated vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.008, (curcumin 0.5 μM vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.0004, (curcumin 0.5 μM vs. curcumin 1 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.02, (curcumin 1 μM vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.025, and (homotaurine 100 μM + vitamin D3 50 nM vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.009 (Figure 1); IL2: (untreated vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.0023 and (curcumin 0.5 μM vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.0028 (Figure 2); PDGF-AB: (untreated vs. curcumin 0.5 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.04, (untreated vs. curcumin 1 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.0006, (curcumin 0.5 μM vs. curcumin 1 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.006, and (homotaurine 100 μM + vitamin D3 50 nM vs. curcumin 1 μM + homotaurine 100 μM + vitamin D3 50 nM) p = 0.022 (Figure 3). IL6 levels were not affected by any treatment (Figure 4).
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FIGURE 1. Histogram of the mean and standard deviations of TNF-α (pg/ml) by experimental groups.
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FIGURE 2. Histogram of the mean and standard deviations of IL2 by experimental groups.
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FIGURE 3. Histogram of the mean and standard deviations of PDGF-AB by experimental groups.
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FIGURE 4. Histogram of the mean and standard deviations of IL6 by experimental groups.


Gene expression performed on four vitreous biopsies demonstrated that vitreal fluids can induce the cyclinD1 gene and the pro-inflammatory cytokine genes TNFα and IL6 on human HEK293 cells; contrarily when vitreal fluids were used in combination with curcumin, vitamin D3, and homotaurine such levels were down-regulated (Figure 5).


[image: Figure 5]
FIGURE 5. Gene expression in the vitreous of diabetic retinopathy patients.




DISCUSSION

Intravitreal corticosteroids and anti-VEGF agents have become the first-line therapy for diabetic macular edema and PDR (37). However, in clinical practice, the use of anti-VEGF is not always applicable, due to the requirement of frequent injections and poor patient compliance. In fact, laser photocoagulation still plays an important role in the treatment of DR. However, in spite of a range of treatments such as those aforementioned, many patients with DR do not respond well to current approaches. Thus, there is still a need for more effective treatments, and biomarkers may help to gain knowledge of DR and contribute to the development of novel clinical strategies to prevent vision loss in people with diabetes (38). Optimization of current treatment therapies with regard to the number of intravitreal injections, dosage, and duration as well as of strategies for combination therapy is of great importance to improve the quality of life of patients with DR (37) and to enhance their chances of visual recovery.

The presence of a chronic systemic low-grade inflammation is characteristic of diabetes mellitus, contributing to the worsening of the inflammatory process that occurs in the eye (13, 22, 39–41). In DR, oxidative stress is promoted by several mechanisms, including the pathway of polyols (41–43), vascular dysfunction, production of pro-inflammatory cytokines (TNF-α, IL6, and interleukin-1 beta) and protein kinase C, accumulation of advanced glycation products, activation of the renin-angiotensin-aldosterone system, increment of growth factors, and leukostasis (44–53). Regarding cytokines, several studies have shown increased levels of pro-inflammatory cytokines in the vitreous and retina of diabetic patients and animals (53, 54). Indeed, intravitreal concentrations of major pro-inflammatory cytokines and chemokines, including IL1β, TNF-α, IL6, and IL8, are markedly upregulated in the vitreous of patients with PDR (55–57). Furthermore, an increase of TNF-α, IL8, and soluble IL2 receptor was observed in the progression from DR to PDR (58). It is clear that inflammation plays a key role in DR and, for this reason, the inhibition of the inflammatory pathway could be an interesting treatment option for DR (44, 45, 58, 59).

It is well known that the changes occurring in the retina are closely linked to biochemical changes in the vitreous humor (57, 60, 61). In fact, the vitreous has metabolic activity, and although it is considered as an acellular structure, phagocytic mononuclear hyalocytes and other cellular components are found in its different regions (62). Moreover, due to its proximity to the retina, the vitreous can undergo structural and biochemical changes that reflect the pathophysiological processes occurring in the retinal tissue (19, 61).

Our study highlighted the ability of curcumin to reduce cytokine levels in the vitreous of diabetic patients. We also observed an additional anti-inflammatory effect when curcumin was combined with homotaurine and vitamin D3, suggesting that these molecules can regulate the inflammatory network between the vitreous and retina at different levels. This effect is confirmed by the gene expression experiment which demonstrated that the combination of curcumin, vitamin D3, and homotaurine down-regulate the cyclinD1 gene and the pro-inflammatory cytokine genes TNFα and IL6 expression. It is well known that the synergism of curcumin with other bioactive molecules like those in turmeric makes a positive impact by generating high concentration of “free curcuminoids” in the blood plasma, as shown in previous studies (63). Moreover, homotaurine has been proven effective in reducing proinflammatory cytokines in synergy with other compounds. This result adds to the growing body of literature showing neuroprotective effects of homotaurine (30). Furthermore, the association of curcumin and homotaurine with vitamin D3 has also proved to be successful, confirming the results of numerous studies that have identified vitamin D as having a key role in diabetes. Vitamin D deficiency has been shown to impair insulin synthesis and secretion in animal models of diabetes (64, 65). Vitamin D3 decreases diabetes induced Reactive Oxygen Species (ROS) and exerts protective effects against retinal vascular damage and cell apoptosis in association with the inhibition of the ROS/TXNIP/NLRP3 inflammasome pathway (66, 67).

In our study, only IL6 levels showed no significant changes in response to treatment with the various compounds tested. This result could be due to the cross-talk between IL1β and IL6 signaling, more precisely due to the inhibitory action of IL1β on IL6 signaling, as has been reported by Shen et al. (68).

Finally, the identification of additional biomarkers in DR might lead to potential therapeutic targets and additive treatment options to improve metabolic control and neuroprotection in the context of individual customized therapy. This would maximize the patient's outcomes, with less collateral effects, leading to a reduction in the number of treatments, and enabling the control of lateral effects. In the DR treatment, anti-angiogenic therapy and anti-inflammatory agents could be used in combination, possibly simultaneously, to reduce the number of injections, risks, and costs (44).



CONCLUSION

These findings confirm that pro-inflammatory cytokines and angiogenetic factors are associated with inflammation and angiogenesis, which synergistically contribute to the pathogenesis of DR. Our results underline that a multi-target treatment may provide a therapeutic strategy for DR treatment in the future. Natural anti-inflammatory compounds play an important role through their ability to reduce cytokine levels and regulate the inflammatory network (40) and reduce the rate of administration of anti-neovascularization agents, leading to an improvement in the quality of life of these patients.
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Objective: This study used the regional homogeneity (ReHo) technique to explore whether spontaneous brain activity is altered in patients with iridocyclitis.

Methods: Twenty-six patients with iridocyclitis (14 men and 12 women) and 26 healthy volunteers (15 men and 11 women) matched for sex and age were enrolled in this study. The ReHo technique was used to comprehensively assess changes in whole-brain synchronous neuronal activity. The diagnostic ability of the ReHo method was evaluated by means of receive operating characteristic (ROC) curve analysis. Moreover, associations of average ReHo values in different brain areas and clinical characteristics were analyzed using correlation analysis.

Result: Compared with healthy volunteers, reduced ReHo values were observed in patients with iridocyclitis in the following brain regions: the right inferior occipital gyrus, bilateral calcarine, right middle temporal gyrus, right postcentral gyrus, left superior occipital gyrus, and left precuneus. In contrast, ReHo values were significantly enhanced in the right cerebellum, left putamen, left supplementary motor area, and left inferior frontal gyrus in patients with iridocyclitis, compared with healthy volunteers (false discovery rate correction, P < 0.05).

Conclusion: Patients with iridocyclitis exhibited disturbed synchronous neural activities in specific brain areas, including the visual, motor, and somatosensory regions, as well as the default mode network. These findings offer a novel image-guided research strategy that might aid in exploration of neuropathological or compensatory mechanisms in patients with iridocyclitis.
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INTRODUCTION

Uveitis is the most common type of inflammatory ophthalmological disease and has been estimated to cause up to 10% of legal blindness in the USA (1). Iridocyclitis is an acute inflammation of the iris and ciliary body; this is the most common pattern of uveitis, which is present in 85% of affected patients. Typical clinical features of iridocyclitis include eye redness, pain, blurred vision, photophobia, and miosis (2). HLA-B27 is a common risk factor for anterior uveitis, which has been found in ~40–70% of patients with uveitis (3). A range of complications such as secondary glaucoma, high intraocular pressure, cystoid macular edema, and posterior synechiae often occur, especially in patients with HLA-B27 (4). Subsequently, visual acuity can decrease temporarily or permanently because of the underlying inflammatory process or ocular complications of iridocyclitis. Moreover, a variety of patients with non-infectious iridocyclitis exhibit immune-mediated diseases (5), such as ankylosing spondylitis (AS), interstitial nephritis, and sarcoidosis. Elucidation of the underlying etiology may be challenging, because there is considerable variability in these mechanisms (e.g., from infectious to autoimmune diseases); however, this elucidation remains important, especially for patients with recurrent iridocyclitis.

Over the past few years, extensive neuroimaging researches have been conducted to evaluate cortical structural abnormalities in patients with iridocyclitis. Multiple studies have recorded ocular morphologic alterations affected by uveitis, including alterations in peripapillary retinal nerve fiber layer thickness, macular volume, and retinal thickness (6–8). Both cellular and humoral responses to a series of retinal antigens and their epitopes are known to occur in patients with iridocyclitis (9). Thus, even mild ocular inflammation can affect the ocular posterior segment, potentially leading to retinal and brain neurodegeneration through the visual pathway (10). Moreover, the retinal vessels have the same physiological, anatomical, and embryological characteristics with cerebral vessels; various quantitative and qualitative alterations involving the retinal capillary plexuses or choriocapillaris have been observed in patients with uveitis by means of optical coherence tomography angiography (11, 12). In addition, patients with iridocyclitis were shown to have a greater risk of depression and tend to adopt negative coping strategies (13, 14). In a pilot clinical study, Maca et al. pointed out that patients with iridocyclitis showed symptoms of cognition impairment including cognitive avoidance, distraction, and self-revalorization deficit through standardized psychological questionnaires (15). However, the abovementioned studies were limited to analyses of neuronal morphological changes and structural abnormalities in patients with iridocyclitis. To our knowledge, there is a lack of direct evidence regarding altered brain function in patients with iridocyclitis. Here, we hypothesized that iridocyclitis would influence the functions of certain brain areas, which might facilitate identification of the underlying neural mechanism.

Resting-state functional magnetic resonance imaging (fMRI) permits visualization of functional changes in the whole brain in vivo; it has the advantage of non-invasiveness, accurate positioning, and no ionizing radiation (16). Synchronous neuronal activity has been shown to occur in the normal human brain, particularly during memory and learning, in previous fMRI and electroencephalographic studies (17, 18). Moreover, transmission of synchronous neuronal activity is known to be involved in neuronal information processing (19). Regional homogeneity (ReHo) is a highly reliable fMRI index for evaluation of local synchronous neural activity patterns at rest; it measures the coherence of the blood oxygen level-dependent signal between the time series of a given cluster and its nearest neighbors by using Kendall's coefficient of concordance (20). The principle of the blood oxygen level-dependent signal is based on the inconsistencies in the local hemodynamics of neurons following excitation, in order to reveal spontaneous neuronal activity by quantifying alterations in blood oxygen level signals (21). Areas with higher ReHo signals imply that those brain regions have similar activities, compared with their neighbors. In contrast to conventional seed-based functional connectivity technique, ReHo provides the possibility to search for abnormalities in the entire brain functional connectome without pre-definition the region of interests. Besides, it is more stable than amplitude of low-frequency fluctuation method and less affected by global nuisances in the retest analysis (22). Most previous researches have proven that the ReHo technique is a reliable technique for application in various neuro-ophthalmological assessments; it has been widely used to reveal the mechanisms of ophthalmologic diseases including diabetic retinopathy (23), optic neuritis (24), amblyopia (25), and retinal detachment (26).

Iridocyclitis can induce both structural and functional alterations to the retina and its vessels, thereby affecting visual function. fMRI can be used to visualize alterations in regional neuronal activity and serve as a valuable monitoring modality, thereby improving disease management. Thus far, the spontaneous brain activity patterns of patients with iridocyclitis has been unclear. This study applied the ReHo technique to investigate spontaneous neuronal activity in patients with iridocyclitis.



METHODS


Participants

The study followed the tenets of the Declaration of Helsinki and was approved by the institutional review board of the Eye Center, Renmin Hospital of Wuhan University. Each participant provided signed informed consent to participate in our study. This study enrolled 26 patients with iridocyclitis (mean age 45.15 ± 14.95) and 26 healthy volunteers (mean age 45.30 ± 13.87) who were matched on the basis of sex, age, and education. Patients with iridocyclitis enrolled in the study met the inclusion criteria as follows: [1] diagnosis of iridocyclitis, based on the Standardization of Uveitis Nomenclature Working Group classification (27); [2] ability to undergo magnetic resonance imaging scanning; [3] right-handed preference; and [4] no history of psychotropic drug use or psychiatric diseases. The exclusion criteria for patients with iridocyclitis were as follows: [1] presence of other ocular diseases (e.g., age-related macular degeneration, high myopia, epiretinal membrane, and glaucoma); [2] history of refractive/vitreoretinal surgery or ocular trauma; and/or [3] systemic diseases.

Inclusion criteria for healthy volunteers were as follows: [1] no retinal diseases such as diabetic retinopathy, cataract, or macular edema; [2] no psychiatric or neurological disorders; [3] no contraindications for magnetic resonance imaging scanning; [4] right-handed preference; and [5] binocular visual acuity ≥ 1.0. All participants underwent a complete ophthalmic assessment (biomicroscopy, slit-lamp examination, best-corrected visual acuity measurement, fundus examination, indirect ophthalmoscopy, and fluorescein angiography).



MRI Parameters

Both whole-brain functional and T1-weighted MRI scans were carried out on a 3.0T GE MR750W scanner (GE Healthcare) with a standard head coil. Each participant was instructed to stay awake with eyes closed and relax their minds until the examination was over (28, 29). The whole-brain anatomical T1-weighted images were collected with a three-dimensional spoiled gradient-recalled echo sequence with following parameters: repetition time (TR)/echo time (TE), 8.5 ms/3.3 ms; gap, 0 mm; field of view (FOV), 240 × 240 mm2; acquisition matrix, 256 × 256; thickness, 1.0 mm; and flip angle, 12°.

The whole-brain fMRI data was recorded by applying gradient-recalled echo-planar imaging sequence with parameters as follows: TR/TE, 2,000 ms/25 ms; gap, 1.2 mm, thickness, 3.0 mm; FOV, 240 × 240 mm2; acquisition matrix, 64 × 64; 35 axial slices; and flip angle, 90°. The whole scanning time was ~15 min, and a total of 240 volumes of functional images were acquired.



fMRI Data Preprocessing

Initially, functional images were checked by the MRIcro software (http://www.MRIcro.com) to exclude unqualified data. All preprocessing was performed using the Data Processing & Analysis of Brain Imaging (DPARSFA4.3, Institute of Psychology, Beijing) and the Statistical Parametric Mapping 12 (The MathWorks, Inc.) software running on Matlab 2014b (MathWorks, Natick, MA, USA) (30). [1] Original DICOM files were converted into NIFTI files. [2] The first 10 volumes of each functional time series were discarded to maintain magnetization equilibrium. [3] The remaining 230 volumes of functional images were modified for slice timing effects, motion corrected, and realigned. Data from subjects whose head motion with maximum displacement in any axis of >2.0 mm or head rotation of >1.5° were excluded. [3] Individual T1-weighted images were registered to the mean fMRI data, and then, the resulting aligned T1-weighted images were segmented using the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra toolbox for improving spatial precision in the normalization of fMRI data (31). All the data were ultimately normalized to the standard Montreal Neurological Institute (MNI) space. [4] Detrend of the time course was performed. [5] Linear regression analysis was used to remove nuisance covariates (such as white matter signal, six head motion parameters, and cerebrospinal fluid signal); [5] After that, the fMRI images were band pass-filtered (0.01–0.08 Hz) to reduce the effects of low-frequency drift and high-frequency signals (32).



ReHo Calculation

Calculation of ReHo values for fMRI data was conducted using REST (http://www.restfmri.net) toolbox. ReHo reflects the local synchronization between the spontaneous activity of a given voxel and its nearest neighboring voxels (20). ReHo is calculated by Kendall's coefficient of concordance with the formula below, where W represents the Kendall's coefficient of concordance among given voxels; Ri represents the sum rank of the time point; n represents the number of ranks; K = 27; and R = (n + 1) K / 2 represents the mean of the Ris. To reduce the impact of individual variability, the ReHo index was divided by the global the mean ReHo value. Finally, the fMRI data were smoothed with a 4 × 4 × 4 mm3 full-width at half-maximum Gaussian kernel.
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Statistical Analysis

Differences between participants' demographic and clinical variables were analyzed by independent sample t-tests or the chi-square test using SPSS software (SPSS version 20.0, IBM Corporation, Armonk, NY, USA). P < 0.05 was considered to imply statistical significance. Besides, values are displayed as the mean ± standard deviation. Multiple comparison correction was conducted using the false discovery rate (FDR) method, and the statistical threshold for significance was set at P < 0.05. All ReHo maps were z-transformed with Fisher' r-to-z transformation to reduce the impacts of individual variations for group statistical comparisons. One-sample t-tests were performed to evaluate patterns of z-value ReHo maps, and two-sample t-tests were performed to investigate differences in ReHo values between patients with iridocyclitis and the healthy volunteers using SPM 8 software. The specific anatomical locations of all statistically significant results were presented as an image by BrainNet Viewer software (https://www.nitrc.org/projects/bnv/).

Pearson's correlation coefficients were calculated to investigate possible relationships between the average z ReHo of different brain areas and clinical characteristics of patients with iridocyclitis using SPSS software. In addition, brain areas with a distinctly different mean ReHo values between patients with iridocyclitis and healthy volunteers were analyzed using the receiver operating characteristic (ROC) curve method (SPSS version 20.0).




RESULTS


Demographics and Clinical Data

The typical anterior segment photograph of iridocyclitis is displayed in Figure 1. There were no significant differences in age (P = 0.97), sex (P = 0.780), and educational status (P = 0.871) between the iridocyclitis group and healthy volunteer group. By contrast, the notable differences were observed in the best-corrected visual acuity-left and best-corrected visual acuity-right (P < 0.001) between the two groups. More participants' demographic data are presented in Table 1.


[image: Figure 1]
FIGURE 1. Typical anterior segment photograph of iridocyclitis.



Table 1. General clinical information of patients with iridocyclitis and healthy volunteers.
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ReHo Differences

Figure 2 shows the spatial distributions of ReHo values of the patients with iridocyclitis and healthy volunteers. Compared with healthy volunteers, significantly decreased ReHo value was observed in the patients of iridocyclitis in the following brain regions: the right inferior occipital gyrus, the right middle temporal gyrus, the bilateral calcarine, the right postcentral gyrus, the left superior occipital gyrus, and the left precuneus [FDR correction, P < 0.05; Figure 3 (blue)]. In contrast, it was observed that the ReHo value was significantly enhanced in the right cerebellum, the left putamen, the left supplementary motor area, and the left inferior frontal gyrus in patients with iridocyclitis compared with healthy volunteers [FDR correction, P < 0.05; Figure 3 (red)]. Table 2 exhibited the altered brain areas and corresponding information between iridocyclitis group and healthy volunteer group (FDR correction, P < 0.05). The average values of alterations in ReHo between the two groups are displayed as a histogram (Figure 4). Nevertheless, no notable correlation was observed between average ReHo values in altered brain areas and patients' clinical features (P > 0.05).


[image: Figure 2]
FIGURE 2. Distribution patterns of the ReHo value at the group level in iridocyclitis patients and healthy volunteers. One-sample t-test result of ReHo maps within the iridocyclitis (A) and healthy volunteers (B). The color bar represents the t-values (FDR correction, P < 0.05). Abbreviations: L, left; R, right; FDR, false discovery rate correction.
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FIGURE 3. The comparison of different ReHo between the patients of iridocyclitis and healthy volunteers. The iridocyclitis patients displayed significantly reduced ReHo values in the right inferior occipital gyrus, the right middle temporal gyrus, the bilateral calcarine, the right postcentral gyrus, the left superior occipital gyrus, and the left precuneus and displayed enhanced ReHo values in the right cerebellum, the left putamen, the left supplementary motor area, and the left inferior frontal gyrus compared with healthy volunteers (FDR correction, P < 0.05). Abbreviations: L, left; R, right; FDR, false discovery rate correction.



Table 2. Brain regions with significantly different ReHo signal values between the iridocyclitis patients and healthy volunteers.
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FIGURE 4. The average values of changed ReHo signal values between the iridocyclitis patients and healthy volunteers.




ROC Curve

To explore whether the distinctive ReHo signal values obtained from the two groups could be a useful diagnostic marker to distinguish patients with iridocyclitis from healthy volunteers, ROC curve analysis was conducted. The areas under the ROC curve (AUCs) were as follows: right inferior occipital gyrus [0.815; P < 0.001; 95% confidence interval (CI), 0.693–0.937]; right middle temporal gyrus (0.815; P < 0.001; 95% CI, 0.695–0.936), right calcarine (0.834; P < 0.001; 95% CI, 0.726–0.942), left calcarine (0.806; P < 0.001; 95% CI, 0.683–0.930), right postcentral gyrus (0.926; P < 0.001; 95% CI, 0.854–0.998), left superior occipital gyrus (0.845; P < 0.001; 95% CI, 0.738–0.952), and left precuneus (0.843; P < 0.001; 95% CI, 0.733–0.954) (Table 3 and Figure 5A, iridocyclitis < healthy volunteers); right cerebellum (0.833; P < 0.001; 95% CI, 0.719–0.947); left putamen (0.891; P < 0.001; 95% CI, 0.802–0.979); left inferior frontal gyrus (0.916; P < 0.001; 95% CI, 0.844–0.987); and left supplementary motor area (0.879; P < 0.001; 95% CI, 0.788–0.969) (Table 3 and Figure 5B).


Table 3. ROC curves for the mean ReHo of changed brain areas.
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FIGURE 5. ROC curve analysis of the average ReHo of altered brain areas. ROC curve in ReHo values: (A) iridocyclitis < healthy volunteers: right inferior occipital gyrus [0.815; P < 0.001; 95% confidence interval (CI), 0.693–0.937], right middle temporal gyrus (0.815; P < 0.001; 95% CI, 0.695–0.936), right calcarine (0.834; P < 0.001; 95% CI, 0.726–0.942), left calcarine (0.806; P < 0.001; 95% CI, 0.683–0.930), right postcentral gyrus (0.926; P < 0.001; 95% CI, 0.854–0.998), left superior occipital gyrus (0.845; P < 0.001; 95% CI, 0.738–0.952), and left precuneus (0.843; P < 0.001; 95% CI, 0.733–0.954); (B) iridocyclitis > healthy volunteers: right cerebellum (0.833; P < 0.001; 95% CI, 0.719–0.947), left putamen (0.891; P < 0.001; 95% CI, 0.802–0.979), left inferior frontal gyrus (0.916; P < 0.001; 95% CI, 0.844–0.987), and left supplementary motor area (0.879; P < 0.001; 95% CI, 0.788–0.969). Abbreviations: IC, iridocyclitis; AUC, area under the ROC curve.





DISCUSSION

ReHo values represent the local spontaneous coherence of neural activity and have been widely applied for analysis of multiple ophthalmologic diseases (23, 26, 33), such that this technique has considerable potential (Table 4). To our knowledge, it is the first study in which the ReHo technique has been applied to evaluate the effect of iridocyclitis on resting-state synchronous brain activity. The results of this study exhibited that, compared with healthy volunteers, patients with iridocyclitis had reduced ReHo in the right inferior occipital gyrus, bilateral calcarine, right middle temporal gyrus, left superior occipital gyrus, right postcentral gyrus, and left precuneus. They also had enhanced ReHo in the right cerebellum, left putamen, left inferior frontal gyrus, and left supplementary motor area (Figure 6).


Table 4. Regional homogeneity method applied in ophthalmological diseases.
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FIGURE 6. ReHo results of spontaneous neuronal activity in the iridocyclitis group. Compared to the healthy volunteers, the ReHo value of iridocyclitis patients in regions 1–6 was decreased to various extents, while the value of regions 7–10 was increased: [1] right inferior occipital gyrus (t = −3.8763), [2] right middle temporal gyrus (t = −4.0949), [3] right calcarine (t = −5.2475), [3] left calcarine (t = −4.2266), [4] right postcentral gyrus (t = −7.0129), [5] left superior occipital gyrus (t = −4.5975), [6] left precuneus (t = −4.5016), [7] right cerebellum (t = 5.1730), [8] left putamen (t = 4.9854), [9] left inferior frontal gyrus (t = 5.3275), and [10] left supplementary motor area (t = 4.2742). Note: Spot sizes indicate degrees of quantitative changes. Abbreviations: ReHo, regional homogeneity; FDR, false discovery rate correction.


We found that patients with iridocyclitis generally exhibited significant reduction of ReHo values in portions of vision-related regions. The occipital lobe is a crucial anatomical area for visual information processing. It also controls pupil accommodation reflex activities and eye movements related to vision (38). The calcarine sulcus is located in the medial surface of the occipital lobe, within the primary visual cortex (V1). Retinal photoreceptors take a core role in visual function. They convert light signals to nerve impulses and transmit these impulses to retinal ganglion cells. Numerous studies have shown that through the visual pathway, visual signals are projected to the visual cortex (39). Although iridocyclitis is defined as inflammation of the iris and ciliary body, recent studies have demonstrated retinal involvement (8, 40, 41). These findings imply that simultaneous fluid accumulation in the retina and choroid during acute inflammation, combined with deprivation of retinal input, might lead to functional alterations within the visual cortex. Thus, we presume that visual information processing in the brain might have deteriorated in patients with iridocyclitis because of this vision loss.

The main clusters with decreased ReHo values were observed in the right postcentral gyrus. Anatomically, the postcentral gyrus belongs to the primary somatosensory cortex (S1), which receives somatosensory input from the thalamocortical systems and sends these inputs to other parts of the somatosensory cortex (42). The postcentral gyrus participates in various sensory perceptions (such as the temperature and position perceptions) and is also involved in the central processing of the pain, tactile stimuli, and sense of touch (43, 44). Some neuroimaging researches have reported that multiple pain-related diseases are related to S1 dysfunction, including acute eye pain and low back pain (33, 45). Consistent with those findings, the reduced ReHo values observed in our study indicate that patients with iridocyclitis may exhibit abnormal local synchronization in the postcentral gyrus due to clinical symptoms of chronic recurrent eye pain. Furthermore, the postcentral gyrus is reportedly strongly associated with spontaneous activity in the primary visual areas and is jointly activated with the occipital visual areas during visual imagery tasks (46). In support of these findings, we found patients with iridocyclitis showed lower ReHo area in the right postcentral gyrus compared to healthy volunteers, which may suggest a harmful effect on the postcentral gyrus.

The functions of the middle temporal gyrus are complex and diverse. It participates in the composition of the visual ventral processing stream and primary auditory projection, as well as in brain functional activities such as visual memory and semantic processing (47). The results of the present study showed that iridocyclitis may influence the visual memory functions of affected patients. In addition, the middle temporal gyrus is a critical component of the default mode network, which is primarily activated in the resting state and exhibits reduced activity in the task-based state. The default mode network is related to cognition, emotional processing, self-reflection, and memory; its dysfunction has been observed in many diseases, such as depression and Alzheimer's disease (48, 49). Thus far, several studies have explored vision-related quality of life and mental health status in patients with uveitis (13, 14). Qian et al. found that depression is a major comorbidity in patients with ocular inflammatory disease, while Hoeksema et al. reported that patients with HLA-B27-anterior uveitis exhibited more depressive symptoms and negative coping strategies, compared with controls (15, 50). In this study, the results displayed reduced ReHo values in the middle temporal gyrus in patients with iridocyclitis, compared with healthy volunteers, suggesting that patients with iridocyclitis might exhibit dysfunction in terms of cognition and emotion regulation.

As a component of the superior parietal lobule and the core of the frontoparietal central-executive network, the precuneus connects with the adjacent visual cortical regions and with visual areas in the cuneus (51). Utevsky et al. demonstrated that the precuneus also serves as a critical component of the default mode network (52). Functionally, the precuneus has a key part in various highly integrated tasks, such as visuomotor coordination, episodic memory retrieval, visuospatial imagery, as well as working memory (53, 54). Thus, the reduction of ReHo signal values in the precuneus might reflect impaired precuneus function in the iridocyclitis group.

Notably, we observed that patients with iridocyclitis displayed enhanced ReHo values in regions of the right cerebellum. This brain area participates in multiple functions, especially motor control. Damage to the cerebellum may result in dysfunctions of movement, affective regulation, and visuomotor coordination (55, 56). Iridocyclitis is known to be the foremost clinical characteristic of ankylosing spondylitis in a subset of patients. Li et al. found that patients with ankylosing spondylitis exhibited enhanced activation in the cerebellum anterior lobe on fMRI (57). Consistent with those findings, we also observed patients with iridocyclitis exhibited increased ReHo values in the cerebellum. Therefore, we hypothesize iridocyclitis may contribute to compensatory motor function enhancement in the cerebellum.

The putamen is a large nucleus of the basal ganglia that participates in motor control and constitutes a core component of the basal ganglia network (58). Furthermore, the putamen is closely associated with learning (59). We observed that patients with iridocyclitis exhibited enhanced ReHo values in the left putamen. Therefore, we speculate iridocyclitis might contribute to functional alteration of the putamen. The finding of enhanced spontaneous neuronal activity in the left supplementary motor area further indicates the potential compensatory mechanism of the motor function in the patients of iridocyclitis.

The ROC curve indicates the reliability of the results. AUC values of 0.7–0.9 are presumed to indicate perfect accuracy, values of 0.5–0.7 are considered moderate accuracy, and values <0.5 are considered low accuracy. The ROC curve analysis in our study revealed that AUCs in each brain area exceeded 0.8, which suggested that those specific ReHo differences had high diagnostic accuracy in identification of iridocyclitis. In summary, our results indicate that the ReHo method might constitute a sensitive fMRI measurement for the future diagnosis of patients with iridocyclitis.

There were several limitations in this study. First, the impacts of physiological noise (e.g., respiratory fluctuations, head motion, and cardiac fluctuation) were not completely eliminated and might reduce the specificity of the results. To improve the reliability of ReHo, careful optimization and preprocessing of the data (such as linear regression analysis) can be performed. Second, relatively minimal data were included in the analysis, which may have restricted the generalizability of the results and the corresponding statistical power. In a future study, we will include additional data and conduct a multicenter investigation to verify the current findings. Further parameters, including comprehensive clinical assessments and the duration of iridocyclitis in affected patients, will also be included in the correlation analysis. Third, in addition to spontaneous neural activity in the brain measured by ReHo, multimodal MRI imaging technologies should be applied to further investigate the brain function alterations in individuals with iridocyclitis.



CONCLUSION

Our study demonstrated that patients with iridocyclitis exhibited disturbed synchronous neural activities in specific brain areas, including the visual, motor, and somatosensory regions, as well as the default mode network, compared with healthy volunteers. These results might offer valuable information for use in investigation of the neuropathological or compensatory mechanisms in patients with iridocyclitis and suggest a potential approach for further treatment development.
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Background: Neuromyelitis optica spectrum disorder (NMOSD) is a clinically defined, inflammatory central nervous system (CNS) disease of unknown cause, associated with humoral autoimmune findings such as anti-aquaporin 4 (AQP4)-IgG. Recent clinical trials showed a benefit of anti-B cell and anti-complement-antibodies in NMOSD, suggesting relevance of anti-AQP4-IgG in disease pathogenesis.

Objective: AQP4-IgG in NMOSD is clearly defined, yet up to 40% of the patients are negative for AQP4-IgG. This may indicate that AQP4-IgG is not disease-driving in NMOSD or defines a distinct patient endotype.

Methods: We established a biobank of 63 clinically well-characterized NMOSD patients with an extensive annotation of 351 symptoms, patient characteristics, laboratory results and clinical scores. We used phylogenetic clustering, heatmaps, principal component and longitudinal causal interference analyses to test for the relevance of anti-AQP4-IgG.

Results: Anti-AQP4-IgG was undetectable in 29 (46%) of the 63 NMOSD patients. Within anti-AQP4-IgG-positive patients, anti-AQP4-IgG titers did not correlate with clinical disease activity. Comparing anti-AQP4-IgG-positive vs. -negative patients did not delineate any clinically defined subgroup. However, anti-AQP4-IgG positive patients had a significantly (p = 0.022) higher rate of additional autoimmune diagnoses.

Conclusion: Our results challenge the assumption that anti-AQP4-IgG alone plays a disease-driving role in NMOSD. Anti-AQP4-IgG might represent an epiphenomenon associated with NMOSD, may represent one of several immune mechanisms that collectively contribute to the pathogenesis of this disease or indeed, anti-AQP4-IgG might be the relevant factor in only a subgroup of patients.

Keywords: immunology, autoimmunity, neuromyelitis optica, aquaporin, channelopathies, neuromyelitis optica, AQP4, anti-AQP4-IgG

  Key Messages:

• No clinical differences between anti-AQP4-IgG positive or negative patients

• No significant change of anti-AQP4-IgG levels during disease progression, but a non- significant increase in the mean anti-AQP4-IgG titer was visible only after multiple relapses

• anti-AQP4-IgG+ patients have a significantly (p = 0.022) higher rate of additional autoimmune diagnoses.


INTRODUCTION

Neuromyelitis optica spectrum disorder (NMOSD) is a rare [prevalence about 1:100,000; incidence 0.1-0.4 per 100,000 (1–4)], devastating chronic inflammatory CNS disease. There is no clear cause for the disease, and NMOSD in the past had a grim prognosis in many cases due to limited therapeutic options (1, 5–7). NMOSD is clinically characterized by attacks of uni- or bilateral optic neuritis (ON), acute myelitis and/or brain/brainstem encephalitis (8) and is associated with specific autoantibodies (aAbs) such as anti-aquaporin-4 (AQP4), targeting an astrocytic water channel (9), or anti-myelin oligodendrocyte glycoprotein (MOG)-IgG (5, 10). Approximately 60% of all NMOSD patients are positive for anti-AQP4-IgG (11–13). Anti-AQP4-IgG is therefore thought to play a key or even causal role in disease pathogenesis, characterizing the anti-AQP4-IgG positive subset of NMOSD as a channelopathy (11).

There are several other lines of evidence suggesting that NMOSD is a humoral autoimmune disease: (1) Detection of substantial local deposition of vasculocentric, activated complement in active lesions in patients (14); (2) Recapitulation of NMOSD-like clinical features in rodents following passive transfer of patient serum (15, 16); (3) Capacity of NMO-IgG to bind to the extracellular domain of AQP4 on astrocytes and activate complement in vitro (17, 18); and (4) Quantitative measures of complement-mediated injury to AQP4-expressing cells in vitro could be correlated with clinical disease progression in a limited number of patients (19). Indeed, a recent clinical trial with eculizumab, a complement factor 5 (C5) antibody, demonstrated clinical efficacy in anti-AQP4-IgG-positive patients, supporting the notion that NMOSD is a complement-dependent disorder of the CNS (20, 21). Furthermore, complement-independent AQP4-antibody-mediated astrocytopathies have been proposed from in vitro cell culture models (22) and B cell targeting therapies such as anti-CD20 and anti-CD19 have been shown to prevent relapses and are now used as first line therapeutic options for this disease (23–25).

Despite this evidence, more recent trials have failed to show a correlation of complement-mediated cell killing activity with relapse rates or relapse severity (26) and questioned the role of anti-AQP4-IgG (27). In addition, in most rodent in vivo models, neither induction of anti-AQP4-IgG by immunization, its presence by transgenic anti-AQP4 expression nor continuous infusion of anti-AQP4-IgG was sufficient to cause disease (16). In these preclinical models, NMOSD-like pathology could only be recapitulated if human (not murine) complement was co-administered intracerebrally.

The question of the role and relevance of anti-AQP4-IgG is of high therapeutic relevance, as only approximately between half and two-thirds of the patients are positive for these antibodies, and eculizumab has only been trialed in AQP4-positive patients. Although NMOSD patients are clinically well-defined and relatively homogeneous, and robust endotypes have not been identified to date, the question of whether there exist clinically relevant, AQP4-positive and AQP4-negative subtypes has not been formally addressed.

Here, we investigated 63 clinically well-characterized NMOSD patients to better understand the pathogenesis of this debilitating disease and assess the relevance of anti-AQP4-IgG positivity. Our results challenge the currently assumed, disease-driving role for anti-AQP4-IgG, which holds therapeutic relevance for NMOSD sufferers. Our findings also expand our present understanding of antibody driven autoimmunity, complement and neurodegeneration. However, we finally cannot prove nor rule out that anti-AQP4-IgG might indeed play a major disease-driving role in a subset of patients.



MATERIALS AND METHODS


NMOSD Patients

Demographic characteristics, diagnoses, medical history, age at disease onset, time to diagnosis, duration of clinical observation, clinical attacks, attack-related factors such as clinical presentation, attack treatment, attack outcome and remission rate, resulting disability, other therapies, short-term remission status, laboratory values from routine tests, AQP4- and MOG-aAb status as determined by cell-based assays [due to its high relevance in this disease group (28–30)], annualized relapse rate (ARR), optical coherence tomography (OCT) (24) as well as magnetic resonance imaging (MRI) results (31) and an array of other variables (Supplementary Table 1) have been recorded from over 100 adult NMOSD patients from an ongoing prospective longitudinal observational study conducted at the NeuroCure Clinical Research Center of Charité Universitaetsmedizin Berlin according to standardized Wingerchuk 2015 criteria (32). In addition, an extensive test battery including Expanded Disability Status Scale (EDSS), Multiple Sclerosis Functional Composite (MSFC), The Short Form (36) Health Survey (SF-36), fatigue severity scale (FSS), Fatigue Scale for Motor and Cognitive Functions (FSMC), Beck Depression Inventory (BDI), McGill Pain Questionnaire (MPQ), painDETECT questionnaire (PDQ), Brief Pain Inventory (BPI), National Eye Institute Visual Function Questionnaire (NEI-VFQ), National Eye Institute Visual Function Questionnaire (NEI-VFQ), Neuro-Ophthalmic Supplement (NOS) and visual analog scales (VAS) for general well-being, cognition, pain and fatigue, were also included. A complete list of all 1,232 variables can be found in Supplementary Table 1. We could include 351 of these variables in our analyses, all of which resulted in a numeric, non-descriptive value or which could be turned into a numeric result, and for which we had a reasonable amount of tested subjects.

Inclusion criterion for patients was a diagnosis of NMOSD according to Wingerchuk et al.'s 2015 criteria (32). The data collection started in 2008 in order to merge and facilitate clinical and research activities around NMOSD. Sixty-three patients had full datasets and were included in further analyses, demographic data and aAb status can be found in Supplementary Table 2. These patients (79% female, mean age at diagnosis 45 years) had a mean duration of disease of 4.1 years (median 5.5 years) with a mean of 2.73 relapses (median two relapses) and a mean disability of 7.42 points in the EDSS (median nine points) after enrollment.

All data was stored, archived and disposed in a safe and secure manner during and after the conclusion of the research project in line with current data protection regulations (General Data Protection Regulation: DSGVO). We have established policies and procedures to manage data handled electronically as well as through non-electronic means in accordance with good laboratory practice.



Ethics Statement

All data collected from patients and investigated in this study was used after written informed consent as approved by the ethics committee of the Charité–Universitätsmedizin Berlin (proposal EA1/041/14) according to the Declaration of Helsinki (59th WMA General Assembly, Seoul, October 2008).



Statistical Analyses

Principal Component Analyses (PCA) and heatmap visualization were performed using ‘ClustVis’ (33) as we did it before (34). In brief, SVD (Singular Value Decomposition) with imputation (as the most common method) or Nipals PCA model was used to calculate the principal components (PC). PC 1 and 2 were presented on the X and Y axis while the percentages of represented total variances were shown in brackets. Different methods (Pareto, vector, or mostly Unit variance) were used as scaling method applied to the rows or no scaling was used. Imputation and SVD (or Nipals PCA) were iteratively performed until estimates of missing values converged. We drew ellipses for each dataset, datapoints fall with a probability of 0.95 inside these ellipses.

In an attempt not to miss a fitting model due to artificial fragmentation of patients' populations due to overanalyses, we used a stepwise approach based on our initially collected 1,232 variables. The most extensive set consisted of all 351 numeric variables (listed in Supplementary Figure 1 on the Y-axis). We also tested a medium sized set of 47 variables which was left after the extensive clinical score details and deeply investigating single symptom areas had been removed, leaving only the score results in the dataset. Two further reduced sets of a limited number of 20 and 25 key variables were also analyzed, after variables dealing with the relapses had been removed. This was done because we had only data on relapses for a fraction of all patients. Finally, a core set of 18 variables was analyzed after additional other diagnoses (mainly further autoimmune diseases) of the patients were removed.

Cladograms and heatmaps were generated after phylogenetic cluster analyses were performed. Patients were clustered in columns (shown on the X-axis) and variables were clustered in rows (presented on the Y-axis) which were centered. Different (correlation, binary, Canberra, Manhattan, maximum, euclidean and most often correlation) distance and different (Ward as unsquared distances, simple Ward, McQuitty, complete, single and most often average) linkage methods were used as models, as stated in the legends. Unit variance scaling was in some analyses applied only to the variables in the rows. On top of the rows, anti-AQP4 status or as an example the SF-36 variable: “limitations due to pain” are shown in red and blue. Imputation was used for missing value estimation. The results were expressed as Z-scores.

Additional autoimmune diseases correlated with anti-AQP4-IgG-positivity and we used chord plotting with “Circos” (35) to demonstrate this.

Normal distribution was tested with the Anderson-Darling, the D'Agostino & Pearson, the Shapiro-Wilk and the Kolmogorov-Smirnov tests. An approximately Gaussian distribution served as basis to perform Student's t and ANOVA tests using GraphPad Prism version 8.4.3 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com. Most data were not normally distributed, we therefore used a non-parametric, unpaired and two-tailed Mann–Whitney test. The null hypothesis of random results was rejected if the P-value was very small <0.05.

Exon expression was used from GTEx (Genotype-Tissue Expression) Analysis Release V8 (dbGaP, database of Genotypes and Phenotypes, Accession phs000424.v8.p2) based on expression data of AQP4: ENSG00000171885.13 from HGNC (Human Genome Organization, HUGO Gene Nomenclature Committee; HGNC Accession: 637; https://www.gtexportal.org/home/gene/AQP4).




RESULTS


Anti-AQP4-IgG Status Does Not Define a Subgroup

In order to better understand the spectrum of clinical and pathological features of NMOSD, we established a biobank of 63 clinically well-characterized NMOSD patients regularly seen at our institution (Supplementary Tables 1, 2) as part of an ongoing observational study with an extensive annotation of 351 singular symptoms, patient characteristics (such as biographic, demographic, and social data), laboratory results, clinical scores, imaging (MRI and OCT) findings and physical examination results. Of these 63 patients, 34 were anti-AQP4-IgG+ and 29 were anti-AQP4-IgG−. anti-MOG-IgG could be identified in 18 patients, one patient was double positive for anti-AQP4-IgG and anti-MOG-IgG. From this, we wanted to find a mathematical model, which fits to the anti-AQP4-IgG-status and correlates with the clinical variables. Therefore, we used numerous mathematical models to test whether aAbs such as anti-AQP4-IgG could play a role in the pathophysiology and the clinical characteristics of NMOSD. We repeated those analyses for different collections of variables as well as for the full set. This was performed as it was not clear, how many and which variables would be congruent and related to the anti-AQP4-IgG-status. Specifically, we applied phylogenetic clustering, PCA and longitudinal causal interference analysis.

We found that anti-AQP4-IgG status does not associate with any subgroup of patients, characterized by patterns of symptoms, patient characteristics, laboratory results, clinical scores or findings (Figures 1, 2; Supplementary Figures 1–7), as demonstrated by overlap of the 95% prediction ellipses in PCA. Here all variables were converted to two most principal components, to be able to plot it in 2D. There were no anti-AQP4-IgG-dependent subgroups of patients identifiable, irrespective of whether a PCA was performed with a basic set of symptoms and clinical markers in the database (N = 20; Figure 1A) or with the complete set (351 variables; Figure 1B; Supplementary Figure 1). The anti-AQP4-IgG positive and negative patients form again fully overlapping groups in all 57 cluster analyses performed for this study, independent of PCA method, model used, as well as type or amount of input data. Only two of the 57 models were exemplary, shown in Figure 1. There was also a near full matching of the 0.95 CI prediction ellipses of anti-AQP4-IgG positive and negative patients in the PCAs. To show a contrary example, two distinct groups of patients could be defined using the variables of the “36-item containing short form health survey” (SF-36 score). The best group-defining single value from those 36 variables was the second pain variable (question 22) of this score, assessing the level of interference of pain with normal work (including work outside the home and housework) during the past 4 weeks. Figure 1C shows a PCA based on the remaining 35 variables taken from this score, except the mentioned pain variable two, for which the patient cases have been colored. Patients having high (values 50, 75 and 100) vs. low levels (values 0 and 25) of this work disturbing pain therefore form two different subgroups in the PCA (based on the remaining 35 variables) with largely non-overlapping 0.95 CI prediction ellipses. This finding is independent of model and data used.
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FIGURE 1. Anti-aquaporin 4 (AQP4)-IgG status does not define distinct subgroups of patients by principle-component analyses (PCA) independent by model, number or type of markers used. Anti-AQP4-IgG status does not define a subgroup (such as anti-AQP4-IgG positive and -negative patients) as demonstrated by the full overlap of the 95% prediction ellipses in principle-component analyses (PCA). This is irrespective of how many and which markers are, or which model is used. Patients with Neuromyelitis optica spectrum disorder (NMOSD) were colored according to their anti-AQP4-IgG-status (A,B) or the second pain variable, describing levels of pain disturbing work during the last 4 weeks (question 22 from the “36-item containing short form health survey,” SF-36 score; in C). Singular value decomposition (SVD) with imputation was used here in all PCAs to calculate principal components (PC). Prediction ellipses are such that with a probability of 0.95, a new observation from the same group will fall inside the ellipse. (A) A PCA was performed with all variables (but not anti-AQP4 statuses) and the patients were marked according to their anti-AQP4-IgG status. The PCA-plot shows PC1 and PC2, explaining 24 and 15% of the total variance, respectively, and was performed using only a limited number of key variables (N = 20) such as the Expanded Disability Status Scale (EDSS), disease activity and severity, sex and age. Prediction ellipses were drawn such that a new observation from the same group will fall inside the ellipse with a probability of 0.95. However, those prediction ellipses as well as the data points completely overlap. No difference based on anti-AQP4-IgG status is visible. (B) As in A, but all 351 variables (symptoms, disabilities, lab values, anamnestic, psychosomatic scores, and clinical markers) which have been recorded for the patients are included in the analysis, except for the anti-AQP4 statuses. Again, no difference based on anti-AQP4-IgG status is visible, in marked contrast to (C): Same as in A but shown are patients having high vs. low levels of interference of pain with normal work (including work outside the home and housework) during the past 4 weeks. A PCA based on the remaining 35 variables from the SF-36 score (except the mentioned pain variable two, for which the patient cases have been colored) is shown. Here, the prediction ellipses for a probability of 0.95, as well as the dots per se, show a remarkable difference between the two groups. AQP4, aquaporin 4; EDSS, Expanded Disability Status Scale; NMOSD, neuromyelitis optica spectrum disorder; PC, principal components; PCA, principle-component analysis; SF-36, 36-item short form health survey; SVD, singular value decomposition.
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FIGURE 2. The anti-aquaporin 4 (AQP4)-IgG status does not define a subgroup that would be detectable in heatmap-based clustering analyses. In addition to the PCAs, the same data sets as in Figure 1 were used to perform calculations based on phylogenetic clustering analyses using heatmaps. As before, no difference based on anti-AQP4-IgG status were identifiable. This is in contrast to the two clearly visible different groups, which are based on the second pain variable taken from the 36-item short form health survey (SF-36). (A,B) Patients with Neuromyelitis optica spectrum disorder (NMOSD; N = 63) were clustered in columns using correlation distance and average linkage based either on only a limited number of key variables, such disease activity, severity, sex and age etc. (A; N = 20) or based on up to 351 symptoms and clinical markers (B; shown here in rows) were clustered. Unit variance scaling is applied to the symptoms and the clinical markers. On top of the rows, anti-AQP4 status is shown. No group based on anti-AQP4-IgG status is visible. (C) As in (A,B), only the 35 variables of the SF-36 score were used and the same patients were clustered. In contrast to anti-AQP4-IgG, on the left side of the dendrogram, clearly visible a major group based on a high pain variable was formed. A difference to the anti-AQP4-IgG status can be seen due to the cluster on the left, formed by the residual variables of the SF-36 score. All patients are positive for a high second pain variable. On top of the rows, the second pain variable taken from the SF-36 score is color encoded shown.


We used the same datasets in Figure 2 for heatmap-based phylogenetic clustering analyses. Again, a low number of 20 variables (Figure 2A) as well as a complete set of our database (Figure 2B) leads to two major groups, which are independent of anti-AQP4-IgG status (shown in red and blue on top of the heatmaps). In Figure 2A the patient group in the left main cluster are characterized by a higher age at disease onset, a higher degree of unemployment and disability, lower levels of education, higher scores in pain and fatigue questionnaires as compared to the cluster on the right side. In contrast, the patients in the right main cluster were younger at disease onset, report lower pain levels, but score worse in functional scores such as EDSS and MSFC.

In contrast, phylogenetic cluster analysis e.g., based only on the variables from the SF-36 score as done for Figure 1C leads to separation of two groups (Figure 2C): One mainly with high levels of work disturbing pain (Figure 2 left side) and a group of patients where all but one have low levels of the pain variable 2 (Figure 2 right side).

The anti-AQP4-IgG positive and negative patients form almost always fully heterogeneous groups in all 57 cluster analyses performed for this study, independent of clustering method, model used, as well as type or amount of input data (Figures 2A,B; Supplementary Figures 1–5).

Some subgroups roughly related only to a negative anti-AQP4-IgG status could be found, but only with certain, uncommon clustering methods (marked with green boxes in Supplementary Figure 6) and if the number of variables were extraordinarily reduced to 18. Specifically, only removal of all information dealing with relapses, drugs, therapies and response to therapy, all variables from more extensive clinical score details (which investigated single symptom areas such as motor function, vision, psychological scores, detailed characteristics of pain etc.), all imaging data, as well as by removing all data about additional other diagnoses led to formation of these single subgroups with a negative anti-AQP4-IgG status. Those remaining 18 variables consisted mainly of a set of limited biographical data, while only the age at symptom onset and diagnosis, the disability level and selected EDSS score results were the remaining disease relevant markers. As the more severely ill patients still always formed subgroups with completely mixed anti-AQP4 status, this finding represents very likely a stochastic artifact due to a high number of clustering attempts.



Anti-AQP4-IgG-Titer Does Not Correlate With Disease Activity

Anti-AQP4-IgG titers were determined as described previously (36), but did not increase significantly with increased number of attacks (Figures 3A,B) nor with increased disease activity, measured as increased number of relapses per year (ARR; Figure 3C). There was also no significant increase of the titer with the number of affected symptom areas as a surrogate for disease severity (Figure 3D). As higher disease activity (defined as increased number of ARR) was not associated with an increase of anti-AQP4-IgG titers, a biological gradient was not apparent. Even if no significant change of anti-AQP4-IgG levels could be identified after two relapses, a non-significant increase in the mean anti-AQP4-IgG titer was visible with multiple relapses. The mean titers (from 0.075 to 0.128), but not of the median, increased after the third relapse as compared to the second one. In addition, a non-significant increase in the median could be noted between relapse one and two (from 0 to 0.025), but no increase was found in the mean anti-AQP4-IgG levels.
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FIGURE 3. Longitudinal causal interference analysis: anti-AQP4-IgG-Titer does not correlate with disease activity or progression. The level of anti-AQP4-IgG antibody titers remain unchanged after increased number of attacks (A,B). Also, the number of relapses per year (ARR) do not correlate with the anti-AQP4-IgG status (C). The level of anti-AQP4-IgG titers are not increased if more symptom areas are affected (D). A dichotomy can be seen if the level of anti-AQP4-IgG is plotted vs. the anti-MOG-IgG titer (E): NMOSD patients which are anti-MOG-IgG positive do not have anti-AQP4-IgG and vice versa. AU, arbitrary unit.


Mean titer of anti-AQP4-IgG after attack 1 was 0.134 (median 0; range 0–2.26; SD 0.362; 95% CI 0.026–0.241; N = 46), after attack 2 it was 0.075 (median 0.025; range 0—.26; SD 0.099; 95% CI 0.031–0.119; N = 22) and after attack 3 0.128 (median 0; range 0–1.00; SD 0.2857; 95% CI −0.053–0.309; N = 12). There was no increase in titer, if the first attack was compared with the second (P = 0.365; 95% CI −0.239–0.575) or the second with the third attack (P = 0.803; 95% CI −0.517–0.626). Also, after two attacks there was no significant difference between the titer from attack 1 and 3 (P = 0.606; 95% CI −0.676–0.451; Figures 3A,B).

In addition, the ARR did not differ significantly (P = 0.351; 95% CI −0.206–0.571) between anti-AQP4-IgG positive (Mean 0.590; Median 0.414; range 0–4.000; SD 0.764; N = 34) and negative (Mean 0.773; Median 0.667; range 0–3.000; SD 0.774; N = 29) patients (Figure 3C).

The number of symptom areas affected (mean 0.563; median 0.500; range 0–3.000; SD 0.653; 95% CI 0.417–0.708; N = 80) did not correlate (Pearson r = −0.050; P = 0.657) with the titer of anti-AQP4-IgG (mean 0.117; median 0.000; range 0–2.260; SD 0.299; 95% CI 0.050–0.183; N = 80; Figure 3D). The number of attacks (mean 1.575; median 1.000; range 1–3; SD 0.743; 95% CI 1.410–1.740; N = 80) did also not correlate (Pearson r = −0.036; P = 0.750) with the titer of anti-AQP4-IgG (not shown).

NMOSD patients were either anti-MOG-IgG or anti-AQP4-IgG single positive, or double negative (Figure 3E).

The titer of anti-AQP4-IgG (mean 0.121; median 0.000; range 0–2.260; SD 0.204; 95% CI 0.052–0.190; N = 77) did not correlate (Pearson r = −0.066; 95% CI −0.286–0.160; P = 0.568) with the titer of anti-MOG-IgG (mean 0.014; median 0.000; range 0–0.740; SD 0.086; 95% CI −0.005–0.033; N = 77; Figure 3E).

In addition to the cluster analyses and PCAs, we could not identify any difference related to anti-AQP4-IgG in more classical analyses of various markers of disease history and severity, including age at relapses, treatment plans, pain, visual function, fatigue and psychometric scores (Supplementary Figure 7).

There was no significant difference in the temporal characteristics of the history of disease (disease onset, diagnosis, start and stop of therapies, ages at the first visit in our clinic as well as ages at the relapses) for Anti-AQP4-IgG positive and negative patients.

In full detail, in the “mean age at symptom onset (years)” with a P of 0.54 (mean age 41.82 vs. 39.37 years (yrs); median 42.50 vs. 39.00 a; range 14–65 vs. 7–70; SD 14.68 vs. 16.37; 95% CI 36.70–46.95 vs. 32.89–45.85; N = 34 vs. 27), in the “mean age at first diagnosis (years)” with a P of 0.84 (mean age 43.42 vs. 44.22 yrs; median 43.00 vs. 44.00 a; range 15–67 vs. 17–79; SD 14.26 vs. 15.51; 95% CI 38.37–48.48 vs. 38.09–50.36; N =3 3 vs. 27), in the “mean age at start of current therapy (years)” with a P of 0.72 (mean age 45.32 vs. 43.82 ysr; median 45.00 vs. 47.00 a; range 15–68 vs. 20–72; SD 14.23 vs. 15.05; 95% CI 39.80–50.84 vs. 37.15–50.49; N = 28 vs. 21), in the “mean age at start of first therapy (years)” with a P of 0.98 (mean age 44.15 vs. 44.00 yrs; median 41.50 vs. 45.00 a; range 20–67 vs. 19–70; SD 13.33 vs. 15.30; 95% CI 37.91–50.39 vs. 35.17–52.83; N = 20 vs. 14), in the “mean age at stop of current therapy (years)” with a P of 0.85 (mean age 46.10 vs. 45.21 yrs; median 44.00 vs. 46.00 a; range 28–68 vs. 20–71; SD 11.63 vs. 15.14; 95% CI 40.65–51.55 vs. 36.47–53.95; N =2 0 vs. 14), in the “mean age at first visit date (years)” with a P of 0.54 (mean age 49.04 vs. 46.50 yrs; median 50.00 vs. 48.50 a; range 21–73 vs. 21–79; SD 14.28 vs. 15.43; 95% CI 43.39–54.68 vs. 40.27–52.73; N = 27 vs. 26), in the “mean age at relapse 1 (years)” with a P of 0.79 (mean age 41.58 vs. 40.44 yrs; median 42.50 vs. 39.00 a; range 14–66 vs. 7–70; SD 14.31 vs. 15.98; 95% CI 35.80–47.36 vs. 33.85–47.03; N = 26 vs. 25), in the “mean age at relapse 2 (years)” with a P of 0.67 (mean age 44.38 vs. 42.25 yrs; median 46.00 vs. 44.00 a; range 14–66 vs. 9–70; SD 15.07 vs. 16.94; 95% CI 37.52–51.24 vs. 34.32–50.18; N = 21 vs. 20) or in the “mean age at relapse 3 (years)” with a P of 0.36 (mean age 43.25 vs. 37.33 yrs; median 43.50 vs. 40.50 a; range 15–66 vs. 10–67; SD 15.86 vs. 17.23; 95% CI 34.80–51.70 vs. 26.38–48.28; N = 16 vs. 12) as shown in Supplementary Figure 7A.

There was also no significant difference for Anti-AQP4-IgG positive and negative patients regarding different treatments. Anti-AQP4-IgG positive and negative patients did not differ significantly in receiving Rituximab (mean 0.56 vs. 0.38 cycles; median 1.00 vs. 0; range 0-1 for both; SD 0.50 vs. 0.49; 95% CI 0.38–0.73 vs. 0.19–0.57; N = 34 vs. 29) with a P of 0.16, Azathioprine (mean 0.15 vs. 0.14 cycles; median 0 for both; range 0-1 for both; SD 0.36 vs. 0.35; 95% CI 0.02–0.27 vs. 0.00–0.27; N = 34 vs. 29) with a P of 0.92 or Mycophenolate mofetil (mean 0.03 vs. 0.07 cycles; median 0 for both; range 0-1 for both; SD 0.17 vs. 0.26; 95% CI −0.03–0.09 vs. −0.03–0.17; N = 34 vs. 29) with a P of 0.47 (Supplementary Figure 7B).

We could also not identify any significant difference in pain as well as in visual function scores. Anti-AQP4-IgG positive and negative patients demonstrated no difference in the “McGill Pain Questionnaire (MPQ)” (mean 30.50 vs. 28.69; median 36 vs. 29; range 6–55 vs. 5–50; SD 14.38 vs. 15.61; 95% CI 22.84–38.16 vs. 19.26-38.12; N = 16 vs. 13) with a P of 0.75 (passed Test for normal distribution), in the “painDETECT questionnaire (PDQ)” (mean 28.10 vs. 26.15; median 28 vs. 20; range 2–49 vs. 9–63; SD 14.99 vs. 15.93; 95% CI 21.27–34.92 vs. 18.70–33.60; N = 21 vs. 20) with a P of 0.69 (passed Test for normal distribution), in the “Brief Pain Inventory (BPI)” (mean 34.50 vs. 35.64; median 35.5 vs. 28; range 10–54 vs. 2–78; SD 15.71 vs. 27.09; 95% CI 21.36–47.64 vs. 17.44–53.83; N = 8 vs. 11) with a P of 0.92 (passed Test for normal distribution), in the “visual analog scale (VAS) pain” (mean 35.43 vs. 31.88; median 34.0 vs. 26.5; range 0–100 vs. 0–98; SD 29.78 vs. 28.35; 95% CI 22.56–48.31 vs. 19.90–43.85; N = 23 vs. 24) with a P of 0.54 (not normal distributed), in the “National Eye Institute Visual Function Questionnaire (NEI-VFQ)” (mean 107.6 vs. 113.5; median 109.0 vs. 113.0; range 58–124 vs. 104–129; SD 12.88 vs. 7.20; 95% CI 102.0–113.1 vs. 110.5–116.5; N = 23 vs. 25) with a P of 0.10 (not normal distributed) or in the composite “National Eye Institute Visual Function Questionnaire (NEI-VFQ) and Neuro-Ophthalmic Supplement (NOS)” (mean 47.00 vs. 45.04; median 49 vs. 46; range 25–54 vs. 29–56; SD 6.82 vs. 6.03; 95% CI 44.05–49.95 vs. 42.55–47.53; N = 23 vs. 25) with a P of 0.30 (normal distributed) as shown in Supplementary Figure 7C.

We also compared disability status Scales and could not identify a difference. Anti-AQP4-IgG positive and negative patients demonstrated no significant difference in the “Multiple Sclerosis Functional Composite (MSFC)” with a P of 0.68 (mean 7.96 vs. 8.21; median nine for both; range 4–9 for both; SD 2.07 vs. 1.87; 95% CI 7.08–8.83 vs. 7.31–9.11; N = 24 vs. 19) as shown in Supplementary Figure 7D.

There was no significant difference for Anti-AQP4-IgG positive and negative patients in the “The Short Form (36) Health Survey (SF-36)” with a P (passed Test for normal distribution) of 0.56 (mean 97.78 vs. 99.04; median 99 vs. 101; range 80–112 vs. 81–108; SD 7.99 vs. 7.01; 95% CI 94.33–101.2 vs. 96.15–101.9; N = 23 vs. 25), in the “visual analog scale (VAS). general” with a P (normal distributed) of 0.35 (mean 39.39 vs. 46.38; median 35 vs. 57.5; range 0–100 vs. 0–82; SD 27.06 vs. 23.91; 95% CI 27.69–51.09 vs. 36.28–56.47; N = 23 vs. 24), in the “visual analog scale (VAS) cognition” with a P (passed Test for normal distribution) of 0.65 (mean 31.61 vs. 31.70; median 25 vs. 26; range 0–98 vs. 0–69; SD 30.11 vs. 24.40; 95% CI 18.59–44.63 vs. 21.15–42.25; N = 23 for both), in the “fatigue severity scale (FSS)” with a P (data was normal distributed) of 0.89 (mean 34.65 vs. 35.36; median 30 vs. 33; range 9–63 vs. 10–63; SD 18.70 vs. 15.19; 95% CI 26.57–42.74 vs. 29.09–41.63; N = 23 vs. 25), in the “Fatigue Scale for Motor and Cognitive Functions (FSMC)” with a P (passed Test for normal distribution) of 0.96 (mean 36.90 vs. 36.58; median 29 vs. 38.5; range 4–76 vs. 1–69; SD 21.24 vs. 19.75; 95% CI 27.23–46.57 vs. 28.25–44.92; N = 21 vs. 24), in the “Beck Depression Inventory (BDI)” with a P (normal distributed data) of 0.30 (mean 9.32 vs. 11.82; median 7.5 vs. 10; range 1–27 for both; SD 7.42 vs. 8.36; 95% CI 6.03–12.61 vs. 8.11–15.52; N = 22 for both) or in the “visual analog scale (VAS) fatigue" with a P (results fitted to a normal distribution) of 0.22 (mean 36.61 vs. 46.67; median 23 vs. 54.5; range 0–100 vs. 0–76; SD 29.15 vs. 26.16; 95% CI 24.00–49.22 vs. 35.62–57.71; N = 23 vs. 24) as shown in Supplementary Figure 7E.

Even if a reduction of the Anti-AQP4-IgG titers was visible, there was no statistically significant difference (P = 0.85; no normal distribution) in the titer of Anti-AQP4-IgG between rituximab treated patients and untreated patients (mean 0.09 vs. 0.19; median 0 for both; range 0–0.74 vs. 0–2.26; SD 0.17 vs. 0.51; 95% CI 0.02–0.16 vs.−0.04–0.42; N = 25 vs. 21) as shown in Supplementary Figure 7F.

However, we identified a close to significant (P=0.09) increased rate of malignomas in the anti-AQP4-IgG negative as compared to the positive group (mean 0 vs. 0.10 malignomas; median was 0 in both cases; range 0 vs. 0–1; SD 0 vs. 0.31; 95% CI 0–0 vs.−0.014–0.221; N = 34 vs. 29; not shown). Further analysis showed that this increased rate in the anti-AQP4-IgG negative group was not present in anti-MOG-IgG positive patients, but only in anti-MOG-IgG negative patients (mean 0 vs. 0.20 tumors; median was 0 in both; range 0 vs. 0–1; SD 0 vs. 0.42; 95% CI 0-0 vs.−0.102–0.502; N = 17 vs. 10). However, this was even less significant (P = 0.13; not shown).



Positive Anti-aquaporin 4 (AQP4)-IgG Status Is Associated With Other Autoimmune Diseases in Addition to NMOSD

We identified a high number of additional diagnoses in addition to NMOSD in our patient collective (Figure 4A). While double aAb, anti-AQP4- and anti-MOG-IgG-negative patients had a higher rate of malignancies, anti-AQP4-IgG+ patients had a significantly (P = 0.022; Mann–Whitney test as not normal distributed) higher rate of additional autoimmune diagnoses as compared to anti-AQP4-IgG-negative patients (mean 0.47 in AQP4-IgG+ vs. 0.07 in AQP4-IgG−; median was 0 in both; range 0–4 vs. 0–1; SD 0.90 vs. 0.26; 95% CI 0.16–0.78 vs.−0.03–0.17; N = 34 vs. 29; Figure 4B). Ten of the 34 anti-AQP4-IgG+ patients (29%) had at least one additional autoimmune disorder as compared to only two of the 29 anti-AQP4-IgG− patients (7%). Of those ten anti-AQP4-IgG+ patients, three had two and one had even four additional autoimmune diseases.
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FIGURE 4. A positive anti-aquaporin 4 (AQP4)-IgG status is associated with the presence of other autoimmune diseases in addition to NMOSD, while a negative status is associated with malignancies. A chord plot, based on the 59 patients for which we had both, anti-AQP4- and anti-MOG-IgG test results, is shown (A). The patients were sorted according to these results into four groups, shown on the left side of the chord plot: anti-AQP4-IgG+ and anti-MOG-IgG+: double AQP4+MOG-IgG positive anti-AQP4-IgG− and anti-MOG-IgG+: single MOG-IgG positive anti-AQP4-IgG+ and anti-MOG-IgG−: single AQP4-IgG positive anti-AQP4-IgG− and anti-MOG-IgG−: no aAb. On the right side, key findings such as: number of relapses; any other autoimmune disease (thyroiditis; SLE; myasthenia; Sjogren's and other); diabetes; hypertension; any malignancy and traumatic injury are show. The thickness of the connecting chords between the four patient subgroups and the key findings represents the number of patients with each of those conditions. The chords connecting the patients with “any malignancy” have been colored red, however there is only one chord present, connecting “any malignancy” with the “anti-AQP4-IgG− and anti-MOG-IgG−: no aAb” group. Therefore, all patients with malignancy do not have any of the aAbs. In contrast, the chords connecting patients with “any other autoimmune disease” have been colored blue. The thickest chord, representing about 80% of the autoimmune group, is connected to the “single AQP4-IgG positive” patients. Vice versa, in this “single AQP4-IgG positive” group, the connection to the autoimmune group represents about 40% of all its connections. Therefore, 80% of all patients with a second autoimmune condition were single AQP4-IgG positive and in this group, it was the largest contributing factor and showed a significant difference related to the AQP4-IgG status (B).


The two leading additional autoimmune disease were autoimmune thyroiditis in 4 and systemic lupus erythematosus (SLE) in five of the anti-AQP4-IgG+ patients (Supplementary Table 2). In contrast, none of the anti-AQP4-IgG− patients had SLE and only one patient had autoimmune thyroiditis.




DISCUSSION

In this study, anti-AQP4-IgG positive or negative subgroups are not clearly associated with clinical parameters. The observation that patients without anti-AQP4-IgG are not clinically distinguishable from those patients with detected anti-AQP4-IgG argues challenges the hypothesis that anti-AQP4-IgG plays a major disease-driving role. However, we cannot exclude that the autoantibody assays were made at the wrong time point over the course of the disease. We used the data at baseline, the first visit of the patient as it might change after relapse therapy e.g., with rituximab.

This indiscernibility might be explained by either of the following: (1) with anti-AQP4-IgG we detect a polyreactive aAb and we know only one, maybe a minor, low affinity target of this aAb; (2) Anti-AQP4-IgG is a secondary, disease sustaining aAb (like in rheumatic fever), but not initiating it; patients can still benefit clinically from targeting it; (3) Anti-AQP4-IgG is an indicator for a yet unknown disease subgroup; or (4) Anti-AQP4-IgG is an epiphenomenon without salient clinical relevance for the course of NMOSD.

Emerging research suggests that autoimmune diseases, even when mediated by T cells, will frequently accompany the emergence of aAb to the same, often intracellular autoantigens (aAgs) (37, 38). aAbs, whose serum levels correlate with disease severity, have the potential to be used not only as biomarkers but also to identify relevant T cell targets (39–41). Nevertheless, the diversity and polyreactivity of aAbs in individuals with an autoimmune condition poses a significant barrier to determining which aAgs are pathogenic.

According to the Bradford Hill criteria, a biological gradient should be present, to prove the causal role of a presumed cause and an observed effect (disease) (42). This missing biological gradient, the missing increase of the anti-AQP4-IgG with increasing disease activity, is hard to explain. In other autoimmune disease such as Lupus nephritis, there is a clear correlation of severity of the clinical disease with anti-dsDNA-autoantibodies (43, 44).

“Bystander” B cell responses have been observed in several autoimmune diseases, Hashimoto's thyroiditis being a good example. In Hashimoto's, high amounts of anti-thyroid aAb are produced and correlate well with the clinical course (45). These aAb can even fix complement and facilitate the destruction of thyroid cells (46, 47). However, they are a consequence of the disease process, not a cause (48, 49). Another example is polymyositis, where anti-myoglobin aAbs correlate well with clinical activity, but do not participate in the induction of tissue destruction (50). Whether aAbs play a pathogenic role in MS, a comparable CNS disease, remains unclear; but even when they lack a causative role in disease, aAbs nevertheless inform us about the identity of the aAgs that are available and recognized by the autoimmune T cell population. Many aAb are IgG type natural occurring antibodies (NAbs), which are present from birth and not induced later (51, 52). NAbs do not appear to depend on CD4 T cell help, noteworthy because anti-CD4 is ineffective in MS (53, 54). Identifying the targets of NAbs is technically challenging. NAbs purified with immunoadsorbent columns with one aAg are often cross-reactive to other aAgs (51). Polyreactivity is a big problem, as we need to identify the set of best binding aAgs for each monoclonal Ab, select the disease-relevant targets and define possible pathogenic T cell epitopes of those aAgs (55). Nevertheless, we have extensive experience in aAb characterization and have developed protocols that overcome many of these challenges (56, 57).

The initiation of disease, how the blood-brain barrier (BBB) breaks down, is left unexplained. AQP4, the six transmembrane helix water channel, is not expressed on endothelial cells, therefore translocation of anti-AQP4-IgG through the BBB, due to a leaky BBB and/or local production of it is required (58). Those aAbs are thought to be of high pathophysiologic if not etiologic relevance even as a myriad of other aAgs have now been found in several major neurological diseases (37). As NMOSD is thought to be caused by an autoimmune reaction and as patients with NMOSD experience almost exclusively symptoms due to CNS involvement, an expression of the target of this autoimmune reaction limited selectively to the CNS would fortify the pathological hypothesis. Many new isoforms of AQP4 just have been identified (Supplementary Figure 8) with broad expression of the main transcript outside the CNS. Expression data of AQP4: ENSG00000171885.13 from HGNC (Acc: HGNC: 637) shows eight splice variants (Supplementary Figure 8), which represent different protein isoforms, the major one is also highly expressed in the lungs, thyroid, gastrointestinal (GI) system and other organs. Proteomics data reveals an AQP4 protein presence in lung and stomach which is comparable to its presence in astrocytes. However, in patients with anti-AQP4-IgG, pulmonary and gastric symptoms have not been described. Yet there are studies investigating binding of patients' anti-AQP4-IgG against two of the major AQP4 forms expressed on astrocytes (59), although others have proposed that anti-AQP4-IgG may not be the main direct cause of the astrocytopathy in NMOSD, but demonstrated that anti-AQP4-IgG down-regulates CXC motif ligand 12 (CXCL12) and impairs remyelination by oligodendrocyte progenitor cells (60). Indeed, the high degree of heterogeneity of the patients' IgGs to targeting different isoforms of AQP4 raises the question how well other isoforms are targeted, especially in non-CNS organs.

However, there are four CNS-specific transcripts, of which transcript six might be functional and exclusively use exon two, making it an ideal target for a CNS-selective aAb leading to a localized autoimmune reaction in NMOSD. In further studies, we should also test those isoforms, splice variants as well as other genotypes of AQP4 as target of the aAb. We cannot exclude that anti-AQP4-IgG plays a prominent role at an earlier or later stage, especially as the expression is heavily modified by inflammation (especially IFNγ) (61).

AQP4 represents only one of many so far described IgG aAgs in NMOSD such as anti-nuclear and anti-Ro aAbs (1, 62). Thus, it is possible that several autoreactive IgG against several targets collectively contribute to disease. The recent positive trial data demonstrating efficacy of anti-CD19 in NMOSD indirectly supports this notion (23, 63), although it should be noted that B cells serve additional functions beyond merely manufacturing IgG (64). Interestingly, we found no difference in anti-AQP4 status after treatment with rituximab, to which most patients responded with a clinical improvement. Similar as what has been described in other autoimmune diseases, a reduction in anti-AQP4 status would have been conceivable (65). This might be a further hint that the role of anti-AQP4-IgG as disease driving aAb has been overestimated.

The finding that a positive anti-AQP4-IgG status is significantly associated with the presence of other autoimmune diseases in addition to NMOSD might indicate that anti-AQP4 is indeed a “bystander” B cell response as explained above. Therefore, in some patients detectable anti-AQP4-IgG titers may signify the co-occurrence of NMOSD and additional autoimmune disease. In our patient cohort, five patients suffered from additional SLE, four from autoimmune thyroiditis and two from Sjogren's syndrome. This pattern fits in with the long-known association of NMOSD with these autoimmune syndromes, which first led to the discovery of NMO-IgG and turned out to be anti-AQP4-IgG (1). Interestingly, pathological changes in the IgG half-life have been described in all of these diseases, so that certain aAbs can be present at elevated titers (66–69). In addition, B cell survival and activation is enhanced in those autoimmune diseases (70). This might give a hint that anti-AQP4-IgG might be present in other NMOSD patients, but below the detection limits of the test as additional immune pathologies are needed to make it detectable with the current clinically used test procedures and available immunoassays. So far, our results challenge the assumption that anti-AQP4-IgG alone plays a disease-driving role in NMOSD as it is determined with the currently used immunoassays. We cannot finally rule out that Anti-AQP4-IgG might be the main pathologic factor in a subset of patients, but our analyses rather indicate that it is represent as an epiphenomenon or may be one of many immune mechanisms that collectively contribute to the pathogenesis of this disease.

In further studies, we would suggest evaluating the tissue specific expression of the target, it's splice variants, as well as a possible polyreactivity of Anti-AQP4-IgG. We would also suggest to use ex vivo translated AQP4 or more selective certain peptide epitopes to improve the capability of the immunoassay.



CAPSULE SUMMARY

We performed phylogenetic clustering, PCA and causal interference analyses to test for a role of anti-AQP4-IgG in 63 comparable patients suffering from NMOSD. Our results challenge the current concept that anti-AQP4-IgG plays a sole or predominant disease-driving role in many patients with this disease.
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Retinal Thickness Analysis in Progressive Multiple Sclerosis Patients Treated With Epigallocatechin Gallate: Optical Coherence Tomography Results From the SUPREMES Study
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Background: Epigallocatechin gallate (EGCG) is an anti-inflammatory agent and has proven neuroprotective properties in animal models of multiple sclerosis (MS). Optical coherence tomography (OCT) assessed retinal thickness analysis can reflect treatment responses in MS.

Objective: To analyze the influence of EGCG treatment on retinal thickness analysis as secondary and exploratory outcomes of the randomized controlled Sunphenon in Progressive Forms of MS trial (SUPREMES, NCT00799890).

Methods: SUPREMES patients underwent OCT with the Heidelberg Spectralis device at a subset of visits. We determined peripapillary retinal nerve fiber layer (pRNFL) thickness from a 12° ring scan around the optic nerve head and thickness of the ganglion cell/inner plexiform layer (GCIP) and inner nuclear layer (INL) within a 6 mm diameter grid centered on the fovea from a macular volume scan. Longitudinal OCT data were available for exploratory analysis from 31 SUPREMES participants (12/19 primary/secondary progressive MS (PPMS/SPMS); mean age 51 ± 7 years; 12 female; mean time since disease onset 16 ± 11 years). We tested the null hypothesis of no treatment*time interaction using nonparametric analysis of longitudinal data in factorial experiments.

Results: After 2 years, there were no significant differences in longitudinal retinal thickness changes between EGCG treated and placebo arms in any OCT parameter (Mean change [confidence interval] ECGC vs. Placebo: pRNFL: −0.83 [1.29] μm vs. −0.64 [1.56] μm, p = 0.156; GCIP: −0.67 [0.67] μm vs. −0.14 [0.47] μm, p = 0.476; INL: −0.06 [0.58] μm vs. 0.22 [0.41] μm, p = 0.455).

Conclusion: Retinal thickness analysis did not reveal a neuroprotective effect of EGCG. While this is in line with the results of the main SUPREMES trial, our study was probably underpowered to detect an effect.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier: NCT00799890.

Keywords: optical coherence tomography, retina, progressive multiple sclerosis, treatment response, epigallocatechin gallate


INTRODUCTION

Multiple sclerosis (MS) is the most common autoimmune inflammatory and degenerative central nervous system (CNS) disease, often resulting in sustained neurological deficits (1). The majority of patients manifest with a relapsing remitting (RRMS) disease course (2, 3), followed by a secondary progressive (SPMS) stage ~20 years from onset (4). However, 15–20% show a primary progressive (PPMS) disease course from onset (3, 5, 6). Neurodegeneration may be present in any course from the onset of the disease (7–10).

The principle of disease modifying therapy (DMT) aims at decreasing relapse frequency and disability progression. Whereas various immunomodulatory drugs for the treatment of RRMS targeting the inflammatory aspect of the disease have been established in the last decades (11), treatment options for progressive MS are sparse (12, 13). Furthermore, due to the absence of clinical relapses, treatment response is difficult to measure in progressive MS and has to rely on measures not primarily associated with relapse activity (13).

Green tea anti-inflammatory, anti-oxidative, and anti-cancerogenic effects have been shown on various conditions such as energy metabolism, cell development, and neuroprotection (14–17). The most active agent is the polyphenol epigallocatechin-gallate (EGCG), comprising 50–80% of the total catechins in green tea (18). EGCG has shown immunomodulatory effects by inhibition of T cell proliferation and thus modulates the production of T cell-derived cytokines, e.g., Interferon-γ, Interleukin-2, and tumor necrosis factor (TFN) α (from T helper type 1 cell subset) (19–21). In an experimental animal model of MS (experimental autoimmune encephalomyelitis, EAE) the oral intake of EGCG suppressed inflammation via inhibition of TNFα and nuclear factor kappa-light-chain-enhancer of activated B cells in T cells, thus resulting in reduced clinical disease severity and fewer CNS lesions in mice (22–24). Furthermore, treatment with EGCG and glatiramer acetate in EAE mice delayed disease onset, reduced clinical disability and reduced inflammatory infiltrates (25). In clinical trials, oral intake of EGCG was associated with improved muscle metabolism during moderate exercise in RRMS (26) and improved cognitive rehabilitation in genetic disorders (27, 28).

Optical coherence tomography (OCT) allows quantification of anterior visual pathway damage in MS patients (29–33). While thinning of the peripapillary retinal nerve fiber layer (pRNFL), containing unmyelinated axons, and the ganglion cell layer, containing their cell bodies, reflect neuroaxonal atrophy as a consequence of retrograde neurodegeneration, the inner nuclear layer (INL) is associated with inflammation manifesting in thickening and edema (31, 34–40). The ganglion cell layer is usually—due to similar contrast on OCT images—analyzed in combination with the inner plexiform layer (GCIP). RNFL and GCIP changes are found even during early stages of MS and occur also in absence of a history of optic neuritis (ON) (8, 41–44). Response to DMT is reflected by decreased rates of GCIP thinning (45) and thinning of INL in RRMS patients (46). A recent study has shown faster retinal thinning—also compared to RRMS patients and no effect of DMT on thinning rates in progressive MS (47). The study has been discussed controversially (48).

The SUPREMES study (Sunphenon in progressive forms of multiple sclerosis) was a phase 2 monocentric, prospective, randomized double-blind placebo-controlled pilot study to evaluate the effect of EGCG/Sunphenon on brain atrophy in MRI over a period of 36 months in patients with primary and secondary progressive multiple sclerosis (NCT00799890). The primary results of the SUPREMES study have been published elsewhere (49). OCT parameters were assessed as secondary and exploratory outcomes. The aim of our study was to evaluate the impact of EGCG on longitudinal retinal component changes in patients with progressive MS.



MATERIALS AND METHODS


Patients and Study Design

In total, 61 patients were randomized to the SUPREMES trial (NCT00799890) at the NeuroCure Clinical Research Center (NCRC) at Charité—Universitätsmedizin Berlin, Germany. Inclusion and exclusion criteria, randomization, blinding process and primary and secondary endpoints are described in detail elsewhere (49). Primary outcome parameter of the main study was brain atrophy detected as the difference between brain parenchymal fraction after 36 months compared to baseline. Inclusion criteria were age between 18 and 65 years, diagnosis of primary progressive or secondary progressive multiple sclerosis according to the McDonald criteria version 2005 (50), expanded disability status scale (EDSS) (51) between 3.0 and 8.0 and at least 30 days between the last exacerbation and study screening. Exclusion criteria were treatment with any immunomodulatory or immunosuppressive drugs, with exception of methylprednisolone up to 3 months before screening. Regarding OCT, pRNFL was a secondary outcome parameter; GCIP and INL were analyzed as exploratory endpoints. For inclusion in the analysis of OCT, ophthalmological diseases such as glaucoma, recurrent iritis, myopia <-5 dpt were considered as additional exclusion criteria. As for many patients OCT scanning was not available in the beginning, we only included patients to the OCT analysis who had at least one follow-up OCT at least 6 months from baseline OCT.



Study Medication

Patients in the treatment arm started treatment with one capsule containing Sunphenon 200 mg/day and placebo patients received identical capsules without active component. After 3 months, participants received two capsules per day of either EGCG or placebo medication. After 6 months, the medication increased to 600 mg/day, after 18 months to 800 mg/day and after 30 months they received the full amount of 1,200 mg/day.



Ethics

The SUPREMES trial was approved by the local ethics committee (LaGeSo ZS EK 10 407/08, new: 08/0407-EK 15) and by the German Federal Institute for Drugs and Medical Devices (BfArM). The trial is registered with EudraCT (2008-005213-22) and clinicaltrials.gov (NCT00799890) and was conducted in accordance with the current version of the Declaration of Helsinki and the applicable German law. All subjects provided written informed consent prior to enrolment.



Optical Coherence Tomography

Patients underwent spectral domain OCT (Spectralis SD-OCT; Heidelberg Engineering, Heidelberg, Germany) with the Eye Explorer 1.9.10.0 and automatic real-time (ART) image averaging. pRNFL was calculated from a standard ring scan around the optic nerve head (12°, 1536 A-scans, 16 ≤ ART ≤ 100) using segmentation by the device's software with viewing module 6.0.14.0. A macular volume scan (25° × 30°, 61 B-scans, 768 A-scans per B-scan, 12 ≤ ART ≤ 15) was acquired for intraretinal segmentation of GCIP and INL. Segmentation of macular scans was performed with SAMIRIX (52). All OCT scans were revised for retinal changes unrelated to MS, sufficient quality (53, 54), segmentation errors and were manually corrected by a blinded experienced grader if necessary. OCT methods are reported in line with the APOSTEL criteria (55).



Statistical Methods

Cohort baseline differences with subject reference in numerical variables were either given as mean ± standard deviation and analyzed with t-test, or as median and interquartile range (IQR) and analyzed with Wilcoxon rank-sum test, while Chi-Square test was applied for categorical variables. Due to overall low sample size and high number of missing data (Figure 1) we tested the OCT first examination and the longitudinal main hypothesis with “nonparametric analysis of longitudinal data in factorial experiments” as implemented in the R package nparLD (56). We modeled first OCT examination within an F1-LD-F1 design and used the ANOVA-Type test with treatment arm as whole-plot factor and eye as sub-plot factor for inference. We performed longitudinal analysis within the F1-LD-F2 experimental design with one whole-plot factor and two sub-plot factors, where the second sub-plot factor is the stratification of the first. Using this design, we used treatment group as whole-plot factor, time as the first subplot factor, and eye as the second to account for two eye measurements per patient at each time point. We excluded three-year follow up because of potential bias resulting from missing data. The main question was whether the time profiles of the two groups were parallel or diverging, i.e., if there exists a statistical interaction between treatment group and time after 2 year follow up, which would indicate an effect of EGCG on OCT changes over time. The effect size is represented by the relative marginal treatment effect (RTE), indicating whether data tend to be smaller/larger under respective factor level combinations. The analysis set included missing values as described in the flow chart (Figure 1). In this data set we rounded follow-up time to full years in order to use time as a categorical variable. To confirm our findings, changes in OCT parameters were estimated with linear mixed models (LMM) using the formula: OCT value ~ group*time from baseline + (1 + time from baseline|patient/eye). In LMM, all sessions were considered including time since baseline as a continuous variable. No corrections for multiple comparisons were performed for this exploratory outcome analysis. Statistical analyses were performed with R (57) version 3.6.2 with packages nparLD (56), lme4, lmertest, tidyverse, tableone, ggplot2, beeswarm, ggplot, RMisc. Statistical significance was established at p < 0.05.


[image: Figure 1]
FIGURE 1. CONSORT chart describing the enrolment process of OCT analysis and case numbers at each year of follow-up. PMS, progressive MS; OCT, Optical coherence tomography; pRNFL, peripapillary retinal nerve fiber layer; GCIP, ganglion cell and inner plexiform layer; INL, inner nuclear layer.





RESULTS


Cohort Description

Sixty-one patients with progressive MS were randomized in the SUPREMES trial to receive either EGCG treatment or placebo. From these patients, we had to exclude 16 patients because of missing OCT data. From the 45 patients with OCT data, seven patients had no follow-up OCT data, and 7 patients had to be excluded due to ophthalmological diseases such as glaucoma, recurrent iritis, and myopia <-5 dpt. Thus, 31 patients were included in analysis. The inclusion process is detailed in Figure 1. Moreover, from 2 patients (1 EGCG, 1 placebo), one eye was excluded from all analyses because of unilateral retinopathy. Two pRNFL scans from 2 patients (both EGCG) and 34 macular scans from 28 sessions of 20 patients (8 EGCG, 12 placebo) failed the OSCAR-IB quality criteria and had to be excluded (53, 54).



Baseline OCT Findings

Baseline cohort details are described in Table 1. Patients had their first OCT examination median 1.05 (interquartile range 0.00–1.52) years after randomization. The OCT cohort comprised 15 patients from the treatment and 16 patients from the placebo group. There were no significant differences in age, sex, time since disease onset, EDSS, time in the trial, and follow-up duration between treatment and placebo groups (Table 1). Patients in the EGCG treated arm had thicker GCIP, INL, and—though not significant—pRNFL (Table 2).


Table 1. Baseline cohort description.

[image: Table 1]


Table 2. First OCT measurements.

[image: Table 2]



Longitudinal OCT Results

Figure 2 illustrates changes over time in the EGCG treated and Placebo group. Table 3 depicts changes over time separately for the treatment and the placebo arms and their statistical comparison from non-parametric longitudinal data analysis. There was no significant interaction of treatment and time for any parameter. Table 4 includes results from LMMs, as well not detecting any significant differences in change over time between ECGC and placebo group.


[image: Figure 2]
FIGURE 2. Longitudinal retinal layer changes in the EGCG treated and placebo group. Error bars indicate the standard error to the mean. EGCG, epigallocatechin-gallate; pRNFL, peripapillary retinal nerve fiber layer; GCIP, ganglion cell and inner plexiform layer; INL, inner nuclear layer.



Table 3. Longitudinal OCT changes in treatment arms—nonparametric analysis.
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Table 4. Longitudinal OCT changes in treatment arms—linear mixed models.
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DISCUSSION

In this study, we performed an analysis of OCT data as secondary (pRNFL) and exploratory (GCIP, INL) outcomes in the SUPREMES trial. Specifically, we investigated differences in retinal thickness changes over time between patients treated with EGCG vs. placebo. We found no difference between the treatment groups.

These results support the findings in the analysis of the primary and secondary outcome parameters of the SUPREMES trial: no evidence for treatment was found on brain atrophy, lesion load, and clinical scores (49). The primary outcome parameter of the SUPREMES trial was brain atrophy, a commonly used outcome for neuroprotective trials in MS (58). While brain atrophy measurement is widely established, retinal thickness analysis has been included as an additional outcome as the use of brain atrophy is not without challenge: a reduction of acute swelling by a potent anti-inflammatory intervention may lead to the phenomenon of “pseudoatrophy,” which is referred to as decreased brain volume due to the resolution of edema and inflammation after treatment (59, 60). Furthermore, as our cohort had an average age of 50 years, treatment effects on brain atrophy may be confounded by non-linear aging effects (61).

In contrast, retinal thickness measurements are less prone to aging (52). Furthermore, GCIP is not prone to swelling (62), whereas a subtle swelling of pRNFL outside of acute ON has not been reported so far. While they may be inferior to brain atrophy at face value, GCIP and pRNFL may be superior for detecting neuroprotective effects due to a lack of pseudoatrophy. Nevertheless, we did not find a significantly reduced atrophy of pRNFL and GCIP in the EGCG group.

While pRNFL and GCIP thinning reflect neuroaxonal damage, the INL is considered a marker of inflammation. Treatment response is considered to be associated with INL thinning (46). However, the INL is also subject to atrophy as indicated by thinning in a large progressive MS study (47). In our study, the INL showed no overall thickness changes. This suggests that either no time-dependent change occur, or that both atrophy and inflammation occur in our cohort, masking a treatment-associated thinning.

Other clinical trials also failed to show a treatment effect of EGCG: The SUNIMS trial (63) reported no treatment effect of EGCG on clinical or MRI measures in RRMS patients. Moreover, a recently published study demonstrated no impact of EGCG after 48 weeks of treatment on disease progression in multiple system atrophy (64). A potential reason for the failure of EGCG in clinical trials could be the lower bioavailability of oral EGCG than previously assumed (65, 66).

Several limitations may impact our results. First, the low sample size of our cohort. A previous study estimated that the sample size for a progressive MS trial on neuroprotective agents should be at least n = 173 for pRNFL and n = 125 for GCIP per trial arm for a 3-year study (power 80%, effect size 50%), numbers way larger than achieved in this exploratory outcome analysis (47).

Another weakness is that treatment and placebo groups were not well-matched regarding baseline OCT, with a significantly thicker GCIP and INL in the treatment group. In our non-parametric analysis, we used the change of retinal parameters as outcome and the linear mixed models we computed additionally consider the individual intercept at baseline. Thus, we assume that the differences at OCT baseline had no influence on the longitudinal analysis.

To date, there are few studies applying OCT as an outcome parameter in clinical trials of MS. To the best of our knowledge, there is no published prospective interventional study that applied OCT as outcome parameter in trials in the progressive forms of the disease. While OCT detected differences in retinal thickness change between different treatment groups in RRMS (45), it is possible that the retina of SPMS and PPMS patients are less responsive to treatment. Another aspect is the high frequency of primary eye disorders in a usually elder progressive MS population. In our study, almost 20% of patients needed to be excluded due to eye comorbidities. Furthermore, due to increased disability, progressive MS patients are often less compliant with the OCT examination, leading to a high number of noise or cut-off scans failing the quality control. While this does not preclude OCT as endpoint from clinical trials in progressive MS, it suggests that careful ophthalmological examination for comorbidities and rigorous quality control of OCT scans are of paramount importance. A recent retrospective study showed a decreased macular RNFL thinning associated with 4-aminopyridine treatment in a mixed cohort of RRMS and progressive MS patients (67). These and our results encourage the further evaluation of OCT measurements as outcome parameters in clinical trials of progressive MS.

To conclude, our study shows no effect over time of EGCG on pRNFL, GCIP, or INL. As such, our study does not provide sufficient evidence for a neuroprotective effect of EGCG on retinal thickness in patients with SPMS and PPMS. While this is in line with the outcomes of the main SUPREMES trial, our study was probably underpowered to detect a treatment effect.
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Purpose: To prospectively investigate the efficacy and tolerance of low-dose rituximab (RTX) for the treatment of neuromyelitis optica-associated optic neuritis (NMO-ON).

Methods: Optic Neuritis patients with seropositive aquaporin 4-antibody (AQP4-Ab) were diagnosed with NMO-ON and recruited for treatment with low-dose RTX (100 mg * 4 infusions) and were then followed monthly for a minimum of 3 months. Reinfusion of 100 mg RTX was given when the CD19+ B lymphocyte frequency was elevated to above 1%. The serum AQP4-Ab level was tested by an enzyme-linked immunosorbent assay (ELISA).

Results: A total of 43 NMO-ON patients (1 male/42 female, 75 involved eyes) were included in this study. CD19+ B cell clearance in the peripheral blood was induced in 97.7% of patients after induction treatment. A significant decrease in serum AQP4-Ab concentration was observed after induction treatment (P = 0.0123). The maintenance time of B cell clearance was 5.2 ± 2.25 months. The relapse-free rate was 92.3% in patients followed-up for over 12 months, and patients with non-organ-specific autoimmune antibodies tended to relapse within 6 months. A total of 96.2% of patients had stable or improved vision, and a decrease in the average expanded disability status scale (EDSS) score was found. Structural alterations revealed by optic coherence tomography were observed in both ON and unaffected eyes. The rates of infusion-related reactions and long-term adverse events (AEs) were 18.6 and 23.1%, respectively. No severe AEs was observed.

Conclusions: Low-dose rituximab is efficient and well-tolerated in treating NMO-ON.

Keywords: neuromyelitis optica, optic neuritis, rituximab, immunosuppression, aquaporin 4 antibody


INTRODUCTION

Neuromyelitis optica-associated optic neuritis (NMO-ON) is an inflammatory autoimmune optic neuropathy with severe visual loss. Relapse may occur in 90% of NMO-ON patients, which may lead to poor visual outcome and can be accompanied by progressing neurological disability (1, 2). Therefore, the most critical management strategy in the remission phase of NMO-ON is to control clinical relapses, thereby improving the prognosis.

Neuromyelitis optica-associated optic neuritis is diagnosed with a positive serum aquaporin-4 antibody (AQP4-Ab), which targets the astrocytic water channel in the central nervous system (CNS) (3). Aquaporin-4 antibody-mediated autoimmunity is considered to play the most critical role in the pathogenesis of NMO (4, 5). In the last decade, the monoclonal antibody rituximab (RTX) targeting B cells has been gradually applied for the management of relapses in Neuromyelitis optica spectrum disorders (NMOSDs) (5–7). Previous studies have suggested that RTX could significantly reduce the annual relapse rate (ARR) in approximately 90% of patients, improve the degree of disability, shorten the length of spinal cord lesions, and show good safety (6–10). Intravenous RTX, as an empirical immunotherapy in treating NMOSDs, has been listed as the first-line treatment in the remission phase (11, 12).

Regimens of RTX treatments in NMO were based on the use of RTX by patients with lymphoma (13) (375 mg/m2 infused once per week for 4 weeks or 1,000 mg infused twice, with a 2-week interval), which were high-cost, off-label therapies, and might have a high risk of adverse reactions. In recent years, several studies have indicated that a reduced dose of RTX has therapeutic value for NMOSD, mostly based on the evaluation of expanded disability status scale (EDSS) scores and ARR (9, 14, 15). Expanded disability status scale scores, known as a classic disability assessment method in NMOSD, were insufficient for patients with ON as the main attack. The decrease in monocular vision might not even change the EDSS score. Furthermore, few studies have paid attention to the fluctuation of serum AQP4-Ab levels during the treatment procedure after low-dose RTX treatment. The relationship of AQP4-Ab levels with disease activity after low-dose RTX treatment remains unclear.

This study is the first to administer low-dose RTX to NMO-ON patients in a Chinese neuro-ophthalmologic center. In this study, comprehensive visual function evaluation was performed, risk factors associated with disease activity were evaluated. Neuromyelitis optica-associated optic neuritis was diagnosed with seropositive AQP4-Ab using cell-based assays (CBAs), and the fluctuation of antibody levels was tested using an enzyme-linked immunosorbent assay (ELISA) method throughout the follow-up period.



MATERIALS AND METHODS


Patients

Hospitalized patients diagnosed with relapsing NMO-ON in the remission phase were enrolled in the Chinese People's Liberation Army General Hospital (PLAGH) from February 2017 to August 2019 for this study. Neuromyelitis optica-associated optic neuritis was diagnosed with seropositive AQP4-Ab using both CBAs and ELISA methods (16). Patients with hepatic or retinal diseases, cardiac dysfunction, a history of cancer and chronic infection, abnormal blood cell count, pregnancy, and refractive error exceeding −6.0 D were excluded. The patients were followed for at least 3 months. Failure to follow up for 2 consecutive months was considered follow-up loss. All adverse events (AEs) during RTX treatment were recorded.



Treatment Protocol

In the induction phase, 100 mg of RTX was intravenously (IV) administered once a week 4 consecutive times. Peripheral blood B-cell counts (using CD19 expression) were obtained at baseline and every month. Further infusions were given at 100 mg IV when the B cell frequency was elevated to above 1%. All patients were pretreated with ibuprofen 0.3 g orally and promethazine hydrochloride 25 mg IV prior to each RTX infusion. High-dose methylprednisolone IV (IVMP) (1g/day for 3–5 days) was used for the management of acute disease attack.



Tests for Serum AQP4-Ab and Other Autoimmune Antibodies

For qualitative test of AQP4-Ab, we established a transfected cell line of EGFP-AQP4-m23-HEK293 using the published methods (16). The patient's serum was gradiently diluted and add to the fixed cells. Positive results were determined when fluorescent labeling of anti-human second antibody coincided with EGFP. For all NMO-ON patients, an ELISA method (RSR Co., US) was used to test AQP4-Ab at baseline and after RTX treatment at least once every 2 months. A flow cytometry method was used to detect the frequency of CD19+ B cells in peripheral blood before and after the first infusion, after the induction treatment (four infusions) and then per month. Blood was also drawn for total antinuclear antibody (ANA) titers and autoantibodies against double-stranded DNA, extractable nuclear antigens including Sjögren syndrome A (SSA)/B (SSB), ribosomal p protein, Scl-70, Jo-1, thyroglobulin (TG), thyroid peroxidase (TPO), and β2-glycoprotein I antigen in the rheumatologic research center in PLAGH.



Ophthalmological Examinations, OCT Procedures, and Evaluation of EDSS Score

Ophthalmologic examinations included slit lamp inspection, swinging-light tests for the search for RAPD, and direct or indirect ophthalmoscopy with dilated pupils for retinal examination. Best-corrected visual acuity (BCVA) was tested using a Snellen chart.

OCT was performed using Cirrus HD-OCT (software version 3.0, Model 4000; Carl Zeiss Meditec, Inc., Dublin, CA, USA). All OCT scanning was performed by an experienced operator in a darkroom. Patients with a pupil diameter <2 mm received mydriasis. We followed OSCAR-IB criteria in the retinal OCT quality assessment (17). Peripaillary retinal nerve fiber layer (pRNFL) thickness was calculated by averaging the following four quadrants: temporal, nasal, superior, and inferior. Macular data were evaluated by the cube average thickness (quadrant measurements of retinal thickness in a 6 × 6 mm volume cube between the inner limiting membrane and the retinal pigment epithelium: ILM-RPE) and the thickness map displaying measurements calculated from nine macular areas corresponding to the Early Treatment Diabetic Retinopathy Study (Figure 5).

Expanded disability status scale scores were evaluated in all NMO-ON patients using the Kurtzke Functional System Rating Scale. Two doctors evaluated the same patient separately and calculated the average EDSS score at each evaluation.



Statistical Analysis

Statistical analyses were performed using the Statistical Program for Social Sciences statistical software (version 21.0; IBMSPSS, Inc., Chicago, IL). The numeric variable is represented as Mean ± SD. A paired t-test was used to compare measurement data in the follow-up period with those at baseline. The differences before and after treatment in the two groups were compared by analysis of variance (ANOVA) or rank-sum test. Categorical data were analyzed using the chi-squared test or Fisher's exact test. P-values < 0.05 were considered significant.




RESULTS


Demographic Manifestations

A total of 43 patients with NMO-ON (75 eyes) were included in this study. The average age at the time of enrollment was 33.5 ± 12.79 years, and females accounted for 97.7% (42/43). At the time of enrollment, 23 patients only experienced ON. The last attack was ON in 36 patients and or ON combined with acute myelitis in seven patients. The time from the last attack to enrollment was 2.4 ± 1.63 months. Ten patients were treated with immunotherapies before enrollment, including seven of azathioprine (oral 1.5–4.0 mg/Kg*days), one of mycophenolate mofetil (MMF, oral 1.5–3.0 g/days), and two of MMF combined low-dose prednisolone. A total of 12 patients had accompanying autoimmune diseases (ADs) at the time of enrollment (12/43, 27.9%), including seven organ-specific (OS) ADs (autoimmune thyroid disease, idiopathic thrombocytopenic purpura, myasthenia gravis) and five non-OS (NOS) ADs (systemic lupus erythematosus and Sjögren syndrome). Twenty-two patients (22/43, 48.8%) had other autoimmune antibodies. The frequency of combined OS autoantibodies (OS-Abs: TG-Ab, TPO-Ab) was 25.6% and that of combined NOS autoantibodies (NOS-Abs: ANA, SSA, etc.) was 37.2%. The demographic and clinical details of NMO-ON are summarized in Table 1.


Table 1. Demographic and clinical manifestations of NMO-ON patients.
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Relapses and ARR

The patients were followed up for 3–19 months (median 8 months). A total of 11 relapses in eight patients, including two ON and nine acute myelitis, were observed during the follow-up period. The average time from induction to first recurrence was 3.3 ± 2.32 months (ranged 0.25–6 months). The relapses before and after low-dose RTX treatment are presented in Figure 1. Among 13 patients who were followed up for more than 1 year, the ARR decreased significantly from 1.19 ± 0.286 to 0.15 ± 0.154 (p = 0.009), and the relapse-free rate was 92.3% (12/13).


[image: Figure 1]
FIGURE 1. Relapses in neuromyelitis optica-associated optic neuritis patients before and after low-dose rituximab (RTX) treatment. Each horizontal line represents a patient. Red/Black square, relapse; red cross, last follow-up; black cross, lost to follow-up.


A total of 22 patients were followed up for more than 6 months. Of the 22 patients, six relapsed. The comparison of clinical characteristics between relapsed and non-relapsed patients indicated a higher frequency of NOS-Abs in relapsed patients (p = 0.046) (Table 2).


Table 2. Comparison of clinical characters between relapsed and non-relapsed patients within 6 months of RTX treatment.
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Dynamic Changes of B Cells and Serum AQP4-Ab

Complete B-cell clearance (CD19+ B cell ≤1%) was observed in 35 patients (81.4%) after the first RTX infusion and 42 patients (97.7%) after the induction treatment (Figures 2A,B). One patient experienced an increase in the frequency of B cells after the first infusion and relapsed within a short period of time after induction treatment (Figure 4B).


[image: Figure 2]
FIGURE 2. (A,B) Changes in CD19+ B cell frequency before and after the first rituximab infusion (A) and induction treatment (B) (red point: patients without B cell clearance). (C) Changes in serum aquaporin-4 antibody (AQP4-Ab) before and after low-dose rituximab induction treatment. *P < 0.05.


The maintenance time of B cell clearance ranged from 2 to 12 months (directly into the second cycle of treatment) within 1 year after induction (5.2 ± 2.25 months). Reinfusion was administered in 22 patients, of whom 20 were followed up for 6 months or more. The average treatment interval was 4.4 ± 2.26 months. Most of the reinfusion occurred in the eighth month after induction treatment (46.2%) (Table 3).


Table 3. Presentation of the re-infusion time after RTX induction treatment.
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The overall serum AQP4-Ab levels decreased significantly after induction treatment (P = 0.0123), but AQP4-Ab level in four patients elevated (Figure 2C). The fluctuation of serum AQP4-Ab levels in 12 months is shown in Figure 3. Compared with baseline, the serum AQP4-Ab level decreased significantly after 1 month (P = 0.009) but increased significantly after 12 months of induction treatment (P = 0.025).


[image: Figure 3]
FIGURE 3. Comparison of serum aquaporin-4 antibody (AQP4-Ab) levels in neuromyelitis optica-associated optic neuritis patients before and after low-dose rituximab induction within 12 months. **P < 0.01; *P < 0.05.


Among the 11 relapses, 6 (54.5%) were accompanied by B cell regeneration (ratio>1%), and 5 (45.4%) occurred within 14 days after RTX infusion. AQP4-Ab was tested in 10 relapses, of which 9 (90%) showed rapidly increased or continuous high levels of AQP4-Ab. The peripheral blood CD19+ B cell frequency and serum AQP4-Ab level in relapsed patients are shown in Figure 4 (data from patient No. 24 are not shown because AQP4-Ab was not detected at relapse). The increase in AQP4-Ab could occur regardless of the regeneration of CD19+ B cells.


[image: Figure 4]
FIGURE 4. Association of clinical relapse with CD19+ B cell frequency and aquaporin-4 antibody (AQP4-Ab) level in six relapsed patients with neuromyelitis optica-associated optic neuritis.




Ophthalmological Findings and EDSS Scores

A total of 13 patients (26 eyes) were followed up for at least 1 year, of whom BCVA, OCT parameters and EDSS scores after 1 year of treatment were compared with those at enrollment. The results showed that BCVA improved in six eyes (23.1%), remained stable in 19 eyes (73.1%), and was reduced in only one eye (3.8%). The average EDSS score of the 13 patients was 2.85 ± 0.291 after treatment for 1 year compared with 3.00 ± 0.291 at baseline (p = 0.219).

OCT data was collected in 22 eyes (invalid data of four eyes with low vision was excluded). The peripapillary retinal nerve fiber layer (pRNFL) was significantly thinner in the superior, inferior, and nasal quadrants (Figures 5B–D); the macular neuroretinal thickness was significantly decreased in the inferior quadrant of both the inner and outer rings (Figures 5H,L). Moreover, structural alterations were observed in unaffected eyes (Figure 5, green points).


[image: Figure 5]
FIGURE 5. Changes in optic coherence tomography (OCT) parameters in neuromyelitis optica-associated optic neuritis patients followed up for 12 months (22 eyes): The peripapillary retinal nerve fiber layer (pRNFL) was significantly thinner in the superior, inferior and nasal quadrants (B–D); the macular neuroretinal thickness was significantly decreased in the inferior quadrant of both the inner and outer rings (H,L). **P < 0.01; *P < 0.05. Red points: relapsed eyes; Green point: unaffected eye. IS, superior quadrant of the inner ring; II, inferior quadrant of the inner ring; IN, nasal quadrant of the inner ring; IT, temporal quadrant of the inner ring; OS, superior quadrant of the outer ring; OI, inferior quadrant of the outer ring; ON, nasal quadrant of the outer ring; OT, temporal quadrant of the outer ring).




AEs and Severe AEs

There were a total of 8 (18.6%) mild infusion reactions reported in patients, including chills, nasal congestion, sore throat, fatigue, elevated body temperature, and dizziness. Seven cases occurred at the first infusion, and one case occurred at the fifth infusion. Spontaneous remission was noted in all of cases. Two cases of pulmonary infection and one case of urinary infection were observed in the 13 patients followed up for over 1 year, and all recovered after antibiotic treatment. There were no cases of SAEs observed throughout the observation period.




DISCUSSION

In this study, low-dose RTX was prospectively applied to NMO-ON patients for the first time. According to the 2015 diagnostic criteria of NMOSDs (18), 43 AQP4-Ab seropositive NMO-ON patients were included in this study. At present, the detection methods of AQP4-Ab include CBA, tissue section immunofluorescence staining, flow cytometry, ELISA, and radioimmunoassay. Cell-based assay is considered to have higher sensitivity and specificity compared to ELISA and other method (16). So we used CBA for qualitative test of AQP4-Ab. In this study, all patients tested positive for AQP4-Ab by both CBA and ELISA methods, which ensured the accuracy of diagnosis and the consistency of our cohort. The average age of onset in this group was 28.5 years old, which was younger than that reported in other studies, and the majority (97.7%) were female. This might be due to the bias caused by the younger patients, who were more likely to accept new treatment methods, which could not represent the demographic characteristics of NMOSD. However, high prevalence rates of multiple episodes and bilateral involved ON were observed in our cohort, which was in accordance with previous studies of NMO-ON (2).

Here, we found that after 1 year of low-dose RTX treatment (approximately 20% of the conventional dose), the ARR decreased significantly, and the relapse-free rate was 92.3%. Up to 96.2% of patients had stable or improved vision, and a decrease in the average EDSS score was found. The prognostic visual acuity in NMO-ON was found to be correlated with the time of acute treatment at ON onset, as well as ON relapses (19). So the decreased ARR could contribute to the favorable prognosis. In a study of conventional-dose RTX for NMOSD, the reduction rate of ARR ranged from 25% to 100% (6–8, 10, 20). We considered that the studies with relatively low effectiveness of RTX have the following commonalities: (1) patients included in most of the studies were diagnosed with NMO or long segment myelitis, which had higher EDSS scores than our ON patients; (2) positive serum AQP4-Ab was not included in the inclusion criteria in many studies, and patients with negative AQP4-Ab may have different pathological mechanisms, such as myelin oligodendrocyte glycoprotein antibody or glial fibrillary acidic protein antibody mediated autoimmunity (21–23); and (3) in some studies, RTX was used in refractory NMO treatment. Patients uncontrolled by other immunosuppression therapies might have higher disease activity. In our study, all patients were AQP4-Ab seropositive, and 76.7% of the patients had not used immunosuppressive therapy in the past. Therefore, this study might provide stronger clinical evidence of the usage of low-dose RTX for NMOSD treatment.

The dynamic changes in B cells and the fluctuation in serum AQP4-Ab were the focus of this study. We observed a high percentage of B cell clearance after either 100 mg RTX alone or induction treatment. The average time for B cell regeneration, which was not presented in small-sample studies of similar RTX dosages (9, 14), was 5.2 months. Greenberg et al. compared B cell regeneration time between different doses of RTX for B cell clearance (<2% of CD19+ B cells) and found that the maintenance time (average 6.1 months) after a single administration of 1,000 mg was significantly longer than 100 mg (average 3.3 months) (24). As the induction RTX dose was 400 mg in our study, the maintenance time of B cell clearance was between the two dosages. The proportion of reinfusion within 6 months after induction (90.9%) in our study is similar to that in other conventional dose studies. The results in our study indicated the similar efficacy of low-dose RTX to higher-dose RTX treatment on B cell clearance. In addition, low-dose RTX treatment was better than conventional dose treatment with respect to health care costs. In our cohort, the maximum dose of RTX applied for 12 months of follow-up was only 700 mg, which was less than half of the conventional dose.

However, while demonstrating the effectiveness of RTX, we found individual differences among patients with RTX treatment (Figure 4), which was consistent with conventional dose treatment (25, 26). Of the 11 episodes of relapse, five occurred within 2 weeks of the last RTX administration; the underlying baseline disease activity might contribute to the early relapses. Besides, application of RTX was considered to stimulate disease activity. Pellkofer et al. reported a synergistic increase in B cell-stimulating factor and AQP4-Ab in serum within a few days after RTX application (27), and another study speculated that monocytes were activated and proinflammatory cytokines were released after immature B cells were cleared (28). Therefore, there is a possibility that the application of RTX will cause short-term disease activation in some patients. In other studies, the heterogeneity of NMOSD patients' response to RTX treatment could also be observed, along with the worsening of the disease after RTX infusion (29–31). Kim et al. observed 100 NMO patients after RTX treatment and found that patients with different responses to treatment had FCGR3A gene polymorphisms. The FCGR3A-158F gene sequence may be related to incomplete clearance and short-term regeneration of memory B cells (32). Li et al. considered that the appearance of anti-RTX antibodies may lead to resistance to RTX treatment (15). However, the relationship between B cell regeneration and disease recurrence is still unclear. In our study, 45.4% of clinical recurrences in this study occurred with peripheral blood CD19+ B cell clearance. Previous studies have suggested that the activation of NMO pathogenic B cells occurs before CD19+ B cells, and it might be more accurate to monitor CD27+/CD20+ or class-switched memory B cells in subsequent studies (8, 33, 34).

Additionally, this study presented the fluctuation of serum AQP4-Ab concentration in NMO-ON and analyzed the correlation between relapse and AQP4-Ab. We found that 90% of clinical recurrences were accompanied by persistently high levels of serum AQP4-Ab or rapid elevation, which provided evidence of the relationship between AQP4-Ab and disease activity. Kim et al. presented the association of relapses with AQP4-Ab levels in nine NMO patients and concluded the temporal association of clinical relapses with increases in AQP4-Ab levels. However, 1/3 of the patients included in their studies were seronegative for AQP4-Ab, which might lead to bias in the analysis (26). This study also found that NMO-ON could be stable with high levels of AQP4-Ab, indicating that other related factors, such as the integrity of the blood-brain barrier, complement, and other cytokines, may also contribute to the pathological process.

The risk factors for patients with relapse within 6 months were analyzed in this study, and we found that the frequency of NOS-Abs in relapsed patients (83.3%) was higher than that in non-relapsed patients (25.0%; P = 0.044). The relationship between NOS-Abs and NMO recurrence is controversial. It was reported that NOS-Abs were unrelated to ARR and the severity of NMO (35), but it was also found that ANA-positive NMOSD patients have a reduced recurrence frequency and a better prognosis (36). However, this study is the first to report the relationship between NOS-Abs and NMO recurrence after RTX treatment, and a larger sample size study is needed to verify the results.

This study also dynamically observed the changes in OCT parameters in patients within 1 year. Significantly decreased thicknesses in the superior, inferior, and nasal quadrants of the pRNFL and in the inferior quadrant of macular were observed. Although OCT has been used for the evaluation of ON in NMO or MS in many studies, longitudinal observation studies have been rare. It is reported that NMO-ON eyes have lower peri-papillary retinal nerve fiber layer and macular ganglion cell + inner plexiform layer thicknesses, as well as a “flater” disc when compared with MS-ON eyes (21, 37). Moreover, while MS-ON mostly affected the small-diameter neurons in the temporal quadrant of the optic disc, NMO-ON more affected the nerve fibers above and below the optic disc (38, 39), consistent with the results in this study. In addition, we also observed that the patient's “unaffected eye” may also have gradual loss of retinal nerve fibers, indicating the subclinical involvement of the “unaffected” optic nerve in NMO-ON (40).

The proportion of AE in this study was lower than that in most conventional-dose studies (6, 8, 26, 27). In addition, no SAEs leading to discontinuation of treatment were observed in this study. Therefore, low-dose RTX treatment was generally well-tolerated in NMO-ON patients.

In summary, we reported the efficacy of low-dose RTX on the recurrence frequency of NMO-ON. The recurrence of NMO-ON was related to the ratio of CD19+ B cells in peripheral blood and the continuous high- or short-term increase in serum AQP4-Ab, and patients with NOS-Abs might tend to relapse early (within 6 months) after RTX induction. Low-dose RTX was well-tolerated in our cohort with a low proportion of AEs. Limitations existed in this study due to the uncontrolled design and relatively short follow-up time. Moreover, we were unable to draw a survival curve for possible risk factors for relapses due to the short follow-up time of 6 months. A multicenter randomized controlled trial comparing different RTX treatment strategies with other immunosuppression treatments for NMO-ON is needed in the future.
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56.44 + 48.47

231 +0.12

152.83 + 88.16

151 £031

AQP4-1gG + ON (1 = 18)

131.33 £ 24.02
10.06 £ 1.20
52.49 + 32.16
31.27 + 18.28
146.49 + 74.65
560.92 + 221.33
126.48 + 194.93
117 £ 021
136.75 + 104.86
1.68 + 0.39

IDON (n = 20)

122.07 + 44.56
10.38 + 2.19
46.98 + 18.46
39.61 + 51.85

176,12 & 261.10

453.84 + 278.00
30.52 + 30.08

1.66 + 0.13
83.41 + 75.38
211+ 252

HC (n = 15)

81.73 £ 41.19
9.79 +1.32
41.34 £5.23
23.79 + 14.67
80.08 + 42.96
358.50 + 139.63
175.39 =+ 60.81
19.84 + 23.87
21.34 £ 81.11
157 £0.25

o

<0.001
0.002
<0.001
0.001
<0.001
0.008
0.003
0.001
<0.001
0.42

P

0.040
0.014
0.081
0.167
0.652
>0.99
>0.99
>0.99
>0.99

p2s

0.002
0.032
0.004
0.013
0.049
0.245
0.126
0.131

0.006

<

<0.001
0.007
<0.001
0.001
<0.001
0.020
0.002
0.002
<0.001

Th17, T-helper cell 17; ON, optic neuritis; AQP4, aquaporin 4; MOG, myelin oligodendrocyte glycoprotein; IDON, idiopathic demyelinated optic neuritis; HC, healthy controls; P1, MOG-
19G + ON and AQP4-IgG + ON; P2, MOG-/gG + ON and IDON; P3, MOG-IgG + ON and HC; ' Kruskal-Walis H-test; §Bonferroni method. The bold values are used to indicate values

with P < 0.05.
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5.55; 0.005; 43.06%
7.43;0.001; 50.31%
0.29; 0.833; 3.79%

5.74; 0.005; 43.89%
7.25;0.001; 49.71%
2.16;0.122; 22.72%

AREA 1
F;p)

4.89; 0.038
4.68;0.042
0.00; 0.966

4.85;0.038
4.40;0.048
1.24;0.278

AREA 2
5 p)

13.21;0.001
16.86; 0.001
0.73; 0.401

13.65; 0.001
15.46; 0.001
5.21;0.032

AREA 3
Fp)

5.44;0.029
5.18;0.033
0.18;0.672

5.69;0.026
4. 037
5.44;0.029

Regression equation

BCVA = 1.69 + 8.52A1-3.381A2 + 0.902A3
BCVA = 1.792 + 10.00A1-5.47A2 + 1.30A3
BCVA = —-0.47-0.5A1 + 0.281A2 + 0.304A3

BCVA = 1.77 + 0.007A1-0.022A2 + 0.012A3
BCVA = 1.800 + 0.008A1-0.034t2 + 0.016A3
BCVA = 0.27 + 0.010A1-0.032A2 + 0.024A3

WR-MV, Whole Retinal Macular Volume; IR-MV, Inner Retina Macular Volume; OR-MV, Outer Retina Macular Volume; WR-MT, Whole Retinal Macular Thickness; IR-MT, Inner Retinal
Macular Thickness; OR-MT, Outer Retinal Macular Thickness; Area 1= circular area 1 mm centered to the fovea; Area 2= annular area 1-3mm centered to the fovea; Area 3 = annular
area 3-6 mm centered to the fovea. The second column shows the regression model results and the third column shows F, p-values and coefficients’ results.
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MS-noON ~ MS-ON-G  MS-ON-P
N=40) (N=27) (N=26)
mean & 1SD mean & 1SD mean 15D

Age (years) 40689 382+475 804x38%
MS-DD (years) 86+428 92+625 941665
EDSS score 15+1.1 1.6+ 1.08 1.6+ 1,18
ON (N) - 10£00 1000

Time elapsed from ON (months) - 163+£24  149%27"

N, number; SD, one Standard Deviation of the mean; MS-DD, Multiple Sclerosis Disease
Duration; EDSS, Expanded Disability Status Scale; ON, optic neuritis. One-way analysis of
variance between groups: §p > 0.01 vs. MS-noON group, *p > 0.01 vs. MS-ON-G group.
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MS-noON f(1,74) 3265 2441 3.321 3.522 0.802 4.299 1.152 2563 0.132 1078 0299 0.611
vs.C

P 0076  0.123 0.073 0.048 0.439  0.042 0.228 0.114 0729  0.302 0.658 0.436
MS-ON-G  f(1,61) 4011 16429 21632 25858 1789 32222 28.035 36.792 0111 2862 1614 2.295
vs.C

A 0.050 <0.01  <0.01 <0.01 0.186  <0.01 <0.01 <0.01 0766 009 0210 0.135
MS-ON-G f(1,66) 0.132 14301 15789 17.041 0632 23222 27.403 19.859 1.842 0789  2.588 1.783
vs.
MS-noON

P 0.716 <0.01 <0.01 <0.01 0.431 <0.01 <0.01 <0.01 0205  0.337 0.112 0.186
MS-ON-P f(1,60) 41.22 99.76 70.66 89.02 {173 119.76  68.36 83.40 11.00 19.24 13.71 25.54
vs.C

) <0.01 <0.01  <0.01 <0.01 0639  <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
MS-ON-P f(1,65) 1925 154.88 7847 106.01 4.47 97.62 76.88 85.02 35.88 18.23 41.86 52.96
vs.
MS-noON

P <001 <001 <0.01 <0.01 0088 <001 <0.01 <0.01 <001 <001 <001 <0.01
MS-ON-P f(1,62) 1451 4278 2335 32.08 0.97 20.75 14.66 16.71 62.76 1056  23.17 36.36
vs.
MS-ON-G

B <0.01 <0.01  <0.01 <0.01 0328  <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Resuts of statistical analysis (one-way anaysis of variance) between groups: control (C) eyes, Multile Sclerosis patients without Optic Neuritis (MS-noON), with Optic Neuritis and
good recovery of best corrected visual acity (MS-ON-G), and with Optic Neuritis and poor recovery of best corrected visual acity (MS-ON-F). WR-MV, Whole Retinal Macular Volume;
IR-MV, Inner Area Macular Volume; OR-MV, Outer Retina Macular Violume; Area 1 = circular area 1 mm centered to the fovea; Area 2 = annular area 1-3mm centered to the fovea; Area
3 = annular area 3-6mm centered to the fovea; Area 1+2+3 = whole area within 6 mm; p < 0.01 were considered as statistically significant for group comparisons and are in bold.
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<0.01
34.39

<0.01

AREA 3
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<0.01
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<0.01
18.46

<0.01

AREA 3
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<0.01
59.471
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3.387
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114.34
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<0.01
13.47
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AREA 1
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0.453
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1.392
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16.25
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‘OR-MT

AREA 2
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0.391
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1.402

0.241
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AREA 3

2331

0.131
0019
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2352

0.130
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15.26
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Restults of stetisticel analysis (one-way analysis of variance) between groups: control (C) eyes, Multile Sclerosis patients without Optic Neuritis (ViS-noON), with Optic Neuritis and good
recovery of best corrected visual acuity (MS-ON-G), and with Optic Neuritis and poor recovery of best corrected visual acuity (MS-ON-P). WR-MT, Whole Retinal Macular Thickness;
IR-MT, Inner Retinel Macular Thickness; OR-MT, Outer Retinal Maculer Thickness; Area 1 = circular area 1mm centered to the fovea; Area 2 = annular area 1-3mm centered to the
fovea; Area 3 = annular area 3-6mm centered to the fovea; p < 0.01 were considered as statistically significant for group comparisons and are expressed in bold.
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Involved eyes, n
Clinical characters of ON

One episode, n (%)

Multiple episodes, n (%)

Unilateral involved, (%)

Bilateral involved, n (%)
First episode

ON, 1 (%)

Myelitis, n (%)

Other core clinical symptoms, 1 (%)
Disease duration, months, mean  SD (range)
Average EDSS score, mean & SD

Immunosuppression treatments before enroliment?, n (%)
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AZA
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MMF combined predhisolone
Accompanied autoimmune diseases, n (%)
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ss
SLE
P
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Accompanied autoimmune antibodies, n (%)
ANA
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Anti-ribosomal p protein Ab

@Treatment for at least 3 months.

43
335  12.79(13-65)
285+ 11.81(10-55)
1:42
All Han Chinese
75

6(14.0
37(86.0)
11(25.6)
32(74.4)

37(86.0)
40.3)
204.7)
58.2 + 62.79(3-270)
22:£1.12

33(76.7)
7(16.3)
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6(14.0)
40.3)
12.3)
123)
123)
2248.8)
13(30.2)
9(20.9)
9(20.9)
12(27.9)
3(7.0)
123)

NMO-ON,  neuromyeltis optica  associated optic neuriis; RTX, rituximab; AZA,
azathioprine; MM, mycophenolate Mofetit HT, Hashimoto's thyroidits; SS, Sjégren
syndrome; SLE, systemic lupus erythematosus; ITR. idiopathic thrombocytopenic
purpura; MG, myasthenia gravis; ANA, antinuclear antibody; TG-Ab, anti-thyrogiobulin
antibody; TPO-Ab, anti-thyroid peroxidase antibody; SSA/SSB-Ab, Sjégren syndrome A
(SSAVB (SSB) antibody; a-2-GPI-Ab, anti-2-glycoprotein | antibody.
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#Calculated based on data of 21 patients whose disease course was more than 1 year.
*P < 0.05 (Fisher exact probabilty tes).

RTX, rituximab; AQP4-Ab, aquaporin-4 antibody; NOS-Abs, non-organ specific antibodies; OS-Abs, organ specific antibodies.
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Patients (eyes) Spearman’stho  p-value

with VA after
1year

Age at ON onset n=232(36) 0.404 00146

AQP4-IgG titer before starting n=23(27) 0.237 0.23

VMmP

ON-involved segments in orbital 1 = 26 (28) 0669 <0.0001

MRI (0-6)

Treatments in the acute phase of ON

Days from ON onset tostarting 1 = 32 (36) 0502 00018

VMmP

Cycles of VMP n=232(36) ~0.235 0.17

Cycles of WMP among those 1= 29 (32) -0.013 095

treated

Days from ON onset tostarting 1 = 32 (36) 0.132 0.44

PLEX

Cycles of PLEX n=32(36) -0.156 036

ON-involved eyes further treated by adjunctive PLEX after IVMP
pulse therapy

Days from ON onset to starting = 19 (21) 021 037
PLEX
Cycles of PLEX n=19(21) -0.26 0.28

The p-values shown are the results of the test of no correlation.
AQP4-1gG, anti-aquaporin-4 autoantibody; VMF, intravenous methylprednisolone; ON,
optic neuritis; PLEX, plasma exchange; VA, visual acuity.
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Parameter Untreated Curcumin 0.5 1M Curcumin 1 uM Homotaurine 100 .M Curcumin 0.5 .M+ Curcumin 1M + P

+ Vitamin D3 50 nM Homotaurine 100 uM + Homotaurine 100 uM +
Vitamin D3 50 nM Vitamin D3 50 nM
Mean = SD (95% Cl) Mean & SD Mean = SD (95% Cl) Mean  SD Mean  SD (95% CI) Mean & SD
(95% CI) (95% CI) (95% CI)

PDGF-AB® 842.68 % 459.61 780.43 £ 466.58 657.58+ 31124 785.94  466.40 538.32 + 345.39 406.41 +218.85 0.0003
(p/mL) (664.50-1020.86) (699.51-961.35) (636.89-778.26) (655.09-916.79) (404.40-672.25) (823.48-489.33)
IL2° (pg/mL) 85.17 +47.33 81.95 +44.33 63.00 + 3051 7181 +41.05 55.93 + 26.73 60.21 + 26,84 0.0005

(66.81-103.52) (64.76-99.14) (61.17-74.83) (65.80-87.73) (45.56-66.30) (49.80-70.62)
IL6° (pg/mL) 1671+ 7.02 1581 +6.11 15.28 + 5.88 15.96 + 7.63 13.78 8,03 (10.67-16.90) 15.52 + 839 032

(18.99-19.43) (18.44-18.18) (13.00-17.56) (18.00-18.92) (12.27-18.78)
TNF-a® (pg/mL) 112.56 + 72.85 11327 +50.20 110.68 = 82.95 10861 +74.37 50.31 + 42,09 66.52 + 43.50 0.0001

(84.32-140.81) (93.81-132.74) (78.52-142.85) (79.78-137.45) (42.99-75.63) (49.62-83.43)

asqrt transformed.
Pinverse transformed.

®logto transformed.

Post-hoc Analysis: PDGF-AB - (untreated vs. curcumin 0.5 M -+ homotaurine 100 uM -+ vitamin D3 50nM) p = 0.04; (untreated vs. curcumin 1 ;e + homotaurine 100 M +vitamin D3 50nM) p = 0.0006; (curcumin 0.6 M vs. curcumin
1M + homotaurine 100 M -+ vitamin D3 50nM) p = 0.006; (homotaurine 100 M -+ vitamin D3 50 nM vs. curcumin 1 i + homotaurine 100 M + vitamin D3 50 M) p = 0.022. IL2 - (untreated vs. curcumin 0.5 M + homotaurine
100 M + vitamin D3 50nM) p = 0.0023; (curcumin 0.5 M vs. curcumin 0.5 wM + homotaurine 100 M + vitamin D3 50nk) p = 0.0028. TNF-a - (untreated vs. curcumin 0.5 1M + homotaurine 100 M -+ vitemin D3 50nM) p =
0.008; (curcumin 0.5 jeM vs. curcumin 0.5 M -+ homotaurine 100 s + vitamin D3 50nM) p = 0.0004; (curcumin 0.5 uM vs. curcumin 1 iM + homotaurine 100 M + vitamin D3 50nM) p = 0.02; (curcumin 1 M vs. curcumin 0.5
1M + homotaurine 100 ;M + vitamin D3 50nM) p = 0.025; (homotaurine 100 tM + vitamin D3 50nM vs. curcumin 0.5 uM + homotaurine 100 ;xM + vitamin D3 50nM) p = 0.009. Bold values are those statistically significant.






OPS/images/fneur-12-724447/crossmark.jpg
©

2

i

|





OPS/images/fneur-12-635419/fneur-12-635419-g003.gif
ant-AQP4-IgG iter (AU)

‘symptom areas affected (N)

ns

ns
s e
<
g 5o
. I
3
e L4 o
0
SR T
3 1gG+  IgG-
080
Py n41¢
. 2ol
:
3
Soos|e
k4
e oloow o o oo
00 05 10 15 20 25 00 0.1 02 031 2

-AQP4-1gG titer (AU)

anti-AQP4-1gG titer (AU)





OPS/images/fneur-12-609929/math_1.gif
Z(&)’ - (R
Kw—n





OPS/images/fneur-12-635419/crossmark.jpg
©

2

i

|





OPS/images/fneur-12-635419/fneur-12-635419-g001.gif
A PGAbased on mited number of variables (¥= 20) © PCA based on all variables (N= 351)

X 0 o 10
PC1(24.2%) PC1(19.9%)

©  PCAbasedon SF-36variables (N= 35, excopt
SF-36variable: Intations due to pain)

PC2 (11.7%)

PC1 (42.9%)
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Sex (male/ female)
Mean age (years)
Education (years)
BCVA-OD
BCVA-0S
Handedness
Diagnosis of

idocycitis (right
eyelleft eye)

Iridocyelitis
group

14/12
45.15 £ 14.95
10.86 + 3.73
0.44+0.27
0.43£0.37
26R
1115

HC group

15/11
45.30 £ 13.87
11.12+£2.86

1.16 £0.16
1.19£0.16
26R
N/A

T-values

NA
-0038
~0.164
-11.474
-9.352
NA
N/A

P-values

0.780
0.970
0.871
<0.001*
<0.001*
N/A
N/A

Chi-square test for sex. Independent t-test was used for other normally distributed
continuous data. Data are presented as mean  standard deviation. Abbreviations:
HC, healthy control; BCVA, best-corrected visual acity; OD, oculus dexter; OS, oculus
sinister; N/A, not applicable; R, right. *indicates statistically significant.
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IC < HCs
IC < HCs
IC < HCs
IC < HCs
IC < HCs
IC < HCs
IC < HCs
IC > HCs
IC > HCs
IC > HCs
IC > HCs

X, ¥, and z are the locations of the peak voxels in standard MNI coordinates.

Brain regions

Right inferior occipital gyrus
Right middle temporal gyrus
Right calcarine

Left calcarine

Right postcentral gyrus

Left superior occipital gyrus
Left precuneus

Right cerebellum

Left putamen

Left inferior frontal gyrus

Left supplementary motor area

Montreal Neurological Institute.

Cluster size

37
64
268
30
1,234
88
118
167
54
96
58

MNI coordinates

¥

-87
-69
—57
-63
—66
—87
—42
—a2
3
27
6

t-score of peak voxel

—3.8763
—4.0949
—5.2475
—4.2266
-7.0129
—4.5975
—4.5016
5.1730
4.9854
5.3275
42742

The statistical threshold was set at P < 0.05 after FDR correction. Abbreviations: IC, inidocyclitis; MNI,
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Conditions
IC < Healthy volunteers
IC < Healthy volunteers

IC < Healthy volunteers
IC < Healthy volunteers
1C < Healthy volunteers

IC < Healthy volunteers

IC < Healthy volunteers
IC > Healthy volunteers

1C > Healthy volunteers
1G > Healthy volunteers

IC > Healthy volunteers

Brain regions

Right inferior
occipital gyrus
Right middie
temporal gyrus
Right calcarine
Left calcarine
Right
posteentral
gyrus

Left superior
occipital gyrus
Left precuneus
Right
cerebellum
Left putamen
Left inferior
frontal gyrus
Left
supplementary
motor area

AuC

0815

0815

0.834

0.806

0.926

0845

0.843
0.833

0.891
0916

0.879

P values

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001

<0.001
<0.001

<0.001

95% Cl

0.693-0.937

0.695-0.936

0.726-0.942

0.683-0.930

0.854-0.998

0.738-0.952

0.733-0.954
0.719-0.947

0.802-0.979
0.844-0.987

0.788-0.969

cyclitis; AUC, area under the ROC curve; Cl, confidence interval.
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First author

Chenetal.
Danetal.
Shao et al.
Huang et al.
Huang et al.
Huang et al.
Yang et al.
Liao et al.
Tang et al.

Year

2017
2019
2015
2017
2016
2017
2019
2018
2018

Disease

Glaucoma
Reinitis pigmentosa
Optic neuritis

Retinal detachment
Concomitant strabismus
Late monocular bindness
Amblyopia

Diabetic retinopathy

Eye pain

References

34
(29)
(35)
(26)
@4
(36)
©7
(23)
(33)
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Age, mean + SD (years)

Female, n (%)

Diagnosis

MS, n (%)

NMOSD, 1 (%)

Number of ON attacks, mean (95% Cl)
Bilateral ON, n (%)

Disease duration, mean = SD (months)
EDSS, mean  SD

Control
(n=170)

393111
20 (28.6%)

Non-ON
(=79

391117

61(77.2%)

33(41.8%)
46 (58.2%)

532 +49.8
arL2a

oN
(n=137)

Control vs. non-ON

377115 0.996
111 (81.0%)

37 (27.0%)
100 (73.0%)
2,00 (1.71-2.47)
116 (84.7%)
79.6% 522
37+20

P-value

©ON vs. non-ON

0673

<0.001
<0.001

ON vs. control

0.634

MS, multiple sclerosis; NMOSD, neuromyelitis optica spectrum disorder; ON, optic neuritis; Non-ON, non-optic neuritis; SD, standard deviation; EDSS, Expanded Disability Status

Scale; Cl, confidence interval.
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Mean Min  Max Percentile P-value

25th  50th  75th

HC-VA

Control 03 -01 16 00 01 07 0,95
Non-ON 03 -0.1 13 0.0 0.1 0.6 <0.001*
ON 1.0 -0.1 30 0.1 08 16 <0.001***
2.5% LC-VA

Control 05 02 18 03 0.4 06 0.082%
Non-ON 0.7 02 18 03 0.6 0.7 <0.001**
ON 13 02 18 06 18 18 <0.001***
1.256% LC-VA

Control 1.0 03 18 06 08 18 0.114*
Non-ON 12 03 18 07 08 18 <0.001*
ON 16 04 18 18 18 18 <0001

“Control vs. non-ON; “Non-ON vs. ON; ™ Control vs. ON. ANOVA in Scheffe.
HC-VA, high contrast visual acuity; LC-VA, low contrast visual acuity; ON, optic neurtis;
Non-ON, non-optic neuritis.
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ON (7 = 137) vs. non-ON (n = 79)
HC-VA

2.5% LC-VA

1.25% LCVA

ON (n = 137) vs. control (n = 70)
HC-VA

2.5% LC-VA

1.25% LC-VA

AUC (95% CI)

0.710(0.654-0.775)
0835 (0.780-0.891)
0.770 (0.697-0.843)

0.719 (0.652-0.785)
0.754 (0.687-0.821)
0.688 (0.611-0.764)

P-value

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

Cutoff value

0.450
0.7156
1.300

0.450
0.750
1.300

Specificity

71.4%
88.6%
70.0%

83.5%
785%
57.0%

64.2%
71.6%
78.8%

56.5%
71.5%
78.8%

J-index

0.357
0.601
0.488

0.390
0500
0.358

HC-VA, high contrast visual acuty; LC-VA, low contrast visual acuity; ON, optic neurtis; Non-ON, non-optic neuritis; AUC, area under the receiver operating characteristic curve; Cl,

confidence interval.
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MS ON

patients.
N, participants 43

N, visits 92 (184 eyes)
PRNFL IED, mean % (SD) ~9.49 (15.05)
GOIPL IED, mean % (SD) —9.34 (8.48)
INL IED, mean % (SD) 0.11(1.76)
ONL IED, mean % (SD) 0.29(1.52)
AMT [ED mean % (SD) ~13.05 (12.0)
SVP IED, mean % (SD) —2.69(3.2)
100% contrast LA IED, mean (D) ~7.3(15.8)
2.5% contrast LA IED, mean (D) —11.5(14.1)

1.25% contrast LA IED, mean (SD)  ~8.2 (12.0)

MS Non-ON
patients

14
24 (48 eyes)
229(6.21)
087 (3.63)
035 (0.97)
0.48 (1.30)
2.97 6.63)
017 2.39)
~0.06(3.9)
-0.182)
19(66)

P-value

0.001
<0.001
0.82
0.46
<0.001
0.002
0.06
0.004
0.002

IED, inter-eye difference (using the ON eye as the reference eye in MS ON patients,
and using the right eye as the reference eye in MS non-ON patients). ON, optic
neurtis; D, stendrd deviation; pRNFL, peripapillry retinal nerve fiber leyer thickness;
GCIPL, ganglion cel + inner plexiform layer thickness; INL, inner nuclear layer thickness;
ONL, outer nuclear layer thickness; AMT, average macular thickness; LA, letter acuty.
P-values were calculated using mixed effects linear regression accounting for intra-

subject correlations.
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MSON: <3 MSON:3-12 MSON:1-3 MSON:>3 MS Non-ON P-value P-value P-value P-value

months months years years (<3months (3-12months  (1-3yrs (>3yrs
post-ON post-ON post-ON post-ON vs.non-ON)  vs.non-ON) ~ vs.non-ON)  vs. non-ON)
N 13vistsin  12vistsin  37vistsin  3Ovisitsin 24 visitsin - - - -
Opatients  12patients 18 patients 19 patients 14 patients
PRNFLIED, meanum  10.25(18.63) —6.17(7.66)  —15.69 —14.02 2.29(6.21) 0.15 0.001 <0.001 <0.001
(D) (11.68) (12.83)
GCIPLIED, meanum ~ —4.99 (634) ~-5.74(6.98) —11.21(8.59) —11.22(9.11) 0.87 (3.63) 0.01 0.001 <0.001 <0.001
(SD)
INLIED, meanum (SD) ~ 0.14(0.67)  -0.32(1.08) —008(1.35) 054 (253  0.35(097) 065 0.13 0.30 0.80
ONL IED, mean um 225(19)  1.12(1.81)  -009(0.90) -0.50(1.12)  0.48(1.30) 0.04 020 0.15 0.02
(SD)
AMTIED, meanum  -3.54(6.76) ~-7.13(7.66)  —16.85 ~1621 2.97 (6.64) 005 <0.001 <0.001 <0.001
(SD) (12.95) (12.11)
SVPIED, mean % (SD) —1.09(2.14) —1.45(1.75) -8.17(3.20) -3.79(396)  0.17 (2.39) 021 007 0.001 0.001
100% contrast LAIED, ~ —12(16) -2(8) -4(10) -7(17) 03 0.02 022 0.09 0.06
mean (SD)
2.5% contrast LAIED, ~ —16 (15) -8(10) -8(12) -9(14) o 0.002 001 0.02 0.007
mean (SD)
1.26% contrast LAIED, ~ —11(17) -7(11) -8®) -6(10) 2(6) 0.04 0.004 0.001 0.004
mean (SD)

ED, inter-eye dference (using the ON eye as the reference eye in MS ON patients, and using the right eye as the reference eye in MS non-ON patients). ON, optic neurits; pRNFL,
peripapillary retinal nerve fiber layer thickness; GCIPL, ganglion cell + inner plexiform leyer thickness; INL, inner nucleer layer thickness; ONL, outer nucear layer thickness; AMT, average
macular thickness; LA, letter acuity. Mean IEDs indicated were calculated using average values per subject within each timeframe. P-values were calculated using mixed effects linear
regression accounting for intra-subject correlations. Bold indicates p value for significance of < 0.05.
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NEXT STEPS
Knowledge ] Treatment

Improve knowledge
‘about neuroinflammatory
colls and
neurcinflammatory
pathways in humans

Transfer the possible
therapies highlighted in
the experimental models

(antagonist of AR,
stem cells, MgAT, et al)
in humans.

Genetl studies on
neuroinfiammatory
paihways and
glaucoma in humans

RCT studies to demonstrate)

immunomodulatory and
Studies about the H neuroprotective eficacy for
relationships between H pharmacological therapies

neuroinfiammation, glaucoma and holistc treatments
‘and coular and systemic

microbioma in humans
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Targets

Adenosine Ao
receptor (AzaR)

Astroglial NF-«B.

Endothelin-1 (ET-1)

FasL-Fas signaling

Monocyte-ike
cells

ONH astrocytes
(ONHAS)

PDE type 4 (PDE4)
signaling

Sterile alpha and
TIR motif
containing 1
(SARM1)

TLR2 and TLR4

Authors

Madeira et al. (57);
Aires et al. (58)

Yang et al. (59)

Nor Arfuzir et al. (60)

Krishnan et al. (61)

Wiliams et al. (62)

Means et al. (63)

Cueva Vargas et al

64)

Marion et al. (65);

Krauss et al. (66)

Yang etal. (67);
Eblers et al. (68);
Jietal. (69)

Neuroinflammatory effects

Microglia activation: increase in mRNA
levels of MHC-II, up-regulation of mRNA
expression of TSPO, CD11b, TREM2

Cytokine signaiing, tol-like receptor (TLR)
signaling, inflammasome activation

Increase of IL-1B, IL-6 and TNF-c,, NF-«<B
(activated by phosphorylation of lKB),
c-Jun (activated by JNK), STAT3 activation

Microgiia activation: Indluction of cytokines
and chemokines (GFAP, Caspase-8,
TNFa, IL-1B, IL-6, IL-18, MIP-1e, MIP-1B,
MIP-2, MCPI, and IP10) complement
factors (C3, C1Q) Toll-like receptor
pathway (TLR4), inflammasome pathway
(NLRP3), induction of apoptosis

Platelet adhesion, extravasation of the
monocytes and enter the ONH
(CD45h/CD11b+/CD11c+)

Activated caspases, Tau cleavage, NFTs
formation, GFAP upregulation

Microgiia activation: production of
proinflammatory cytokines (TNFa, IL-18,
IL-6 and MIF), upregulation of
TNFa/TNFR1 signaling, GFAP
upregulation, increase of
Iba1/CD68-positive cells

TIR domain dimerization, NADase
activation, reduction of NMNAT2,
activation of calpains

Microglia activation: expression of GFAP
and Iba-1, neuroinflammatory pathways
TLR4-related

Progression of neurodegeneration

Synaptotoxicity, excitotoxicity, impaired
retrograde axonal transport, axon
degenerative profiles, disorganized and
‘abnormal myeiin wrapping, loss of
RGCs

Neurodegeneration at different neuronal
compartments: dendrite degeneration
and synapse dysfunction, death of
oligodendrocytes, RGC soma injury
Ischemia: reinal and optic nerve
damage, NMDA induced excitotoxicity,
induction of NOS

Axon degeneration, RGCs death

Axon degeneration

ONHA dysfunction and degeneration,
RGCs apoptosis

Axonal degeneration, low levels of
CAMP-PKA

Axonal degeneration

Production of inflammatory cytokines,
leucocytes degranulation, modulation
of neuroinflammatory response (local

and systemic)

Therapeutic options.

Caffeine

Transgenic deletion of astroglial
1K by pro-inflammatory
cytokines.

Magnesium acetyltaurate (MgAT)

ONL1204

DS-SILY, ltgam (CD11b, immune
cell receptor)

Polyphenolic phytostibene and
antioxidant trans-resveratrol
(8,5,4trihycroxy-trans-stibene)
Ibudilast (inhibitor of CAMP
phosphodiesterase type 4)

Biomarker Neurofilament light
chain (NIL), therapeutic options
not available yet

Alpha 1-antitrypsin (AAT) human
umbilical cord mesenchymel
stem cells (NUG-MSC)
transplantation
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New therapies

Antioxidants: Tempol

Ketogenic diet

Coriolus Versicolor and
Hericium Erinaceus
(Mushrooms)

Hydrophilic Saffron
extract (Crocus sativus)

Authors. Upregulation
Yang et al. (72) IL-13, IL-4, IL-6
Harun-Or-Rashid etal. (73); - Activation of Nrf2
Luetal. (74); - Increase of anti-inflammatory agents IL-4 and
Shimazu et al. (75) Arginase-1
- Increase of hydroxycarboxylic acid receptor 1
(HCART)

- Increased levels of Arrestin -2 protein, required
for HCART signaling
- Increased GABAergic output and lowered
presynaptic excitatory neurotransmitter release
- Stimulation of HCAR2
Trovato Salinaro etal. (76)  IL-6, interferons immunoglobuiin G, macrophages,
T-lymphocytes, expression of Hsp70, TRX, HO-1

Femandez-Albarral et al. (77)  Inversion of OHT-induced down regulation of
P2RY12

Downregulation

Modulation of NF-B signaling: decrease of TNF-a, IFN-y,
IL-1, IL-2, IL-te

Inhibition of

- AMPK phosphorylation

Iba1 expression

NLRPS inflammasome HCAR{-mediated

- Oxidative stress by increased FOXO3A and MT2 activity
- Class | histone deacetylases

NF-xB p65 nuclear transiocation

- Increase  of Lipoxin A4 (endogenous  eicosanoid)
which blocks the production of pro-inflammatory
mediators (ROS/RNS)

Stimulation NGF synthesis: modulation of
cholineacetyltransferase + acetylcholinesterase
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major artifact were excluded from all further analyses.
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