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Abstract

Aims/hypothesis—In diabetic macular oedema (DMO), blood components passing through the 

disrupted blood-retinal barrier cause neuroinflammation, but the mechanism by which 

autoantibodies induce neuroglial dysfunction is unknown. The aim of this study was to identify a 

novel autoantibody and to evaluate its pathological effects on clinically relevant photoreceptor 

injuries.

Methods—Biochemical purification and subsequent peptide fingerprinting were applied to 

identify autoantigens. The titres of autoantibodies in DMO sera were quantified and their 

associations with clinical variables were evaluated. Two animal models (i.e. passive transfer of 

autoantibodies and active immunisation) were characterised with respect to autoimmune 

mechanisms underlying photoreceptor injuries.

Results—After screening serum IgG from individuals with DMO, fumarase, a Krebs cycle 

enzyme expressed in inner segments, was identified as an autoantigen. Serum levels of anti-

fumarase IgG in participants with DMO were higher than those in diabetic participants without 
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DMO (p <0.001) and were related to photoreceptor damage and visual dysfunction. Passively 

transferred fumarase IgG from DMO sera in concert with complement impaired the function and 

structure of rodent photoreceptors. This was consistent with complement activation in the 

damaged photoreceptors of mice immunised with fumarase. Fumarase was recruited to the cell 

surface by complement and reacted to this autoantibody. Subsequently, combined administration 

of anti-fumarase antibody and complement elicited mitochondrial disruption and caspase-3 

activation.

Conclusions/interpretation—This study has identified anti-fumarase antibody as a serum 

biomarker and demonstrates that the generation of this autoantibody might be a pathological 

mechanism of autoimmune photoreceptor injuries in DMO.
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Introduction

Diabetic retinopathy often leads to severe vision loss [1, 2]. An increasing number of studies 

have determined that disturbances in both vascular cells and neuroglial components 

reciprocally promote the pathogenesis of diabetic retinopathy [3–5]. In particular, diabetes 

mellitus exacerbates blood- retinal barrier (BRB) breakdown and concomitant diabetic 

macular oedema (DMO), which often leads to severe vision disturbances. However, it 

remains largely unknown how the extravasated blood components damage neuroglial cells.

Advances in optical coherence tomography (OCT) have enabled clinicians to evaluate retinal 

status [6]. Retinal thickening in the macula is one of the major indicators of DMO [7], and 

high-resolution OCT enables assessment of the status of the ellipsoid zone of the 

photoreceptors as a representative of photoreceptor integrity. Histologically, this region 

contains a high number of mitochondria that support the increased level of metabolism of 

photoreceptor cells [8]. In eyes with DMO the ellipsoid zone line is often disrupted, which 

significantly correlates with vision impairment [9, 10]. However, the molecular or cellular 

mechanisms behind the photoreceptor damage must be elucidated in order to establish novel 

therapeutic strategies for DMO [11, 12].

Subretinal spaces are limited by the barrier properties of the external limiting membrane and 

the retinal pigment epithelium and, in healthy retinas, are known to be isolated from 

immunity (‘immunoprivileged’) [13]. In chorioretinal diseases, impairment of neurovascular 

units leads to microvascular pathogenicity and neuroinflammation, as seen in neurological 

diseases [14]. In cancer-associated retinopathy (CAR), autoantibodies against proteins 

expressed in photoreceptor cells, such as recoverin and arrestin, contribute to progressive 

photoreceptor degeneration [15]. This evidence encouraged us to speculate that BRB 

breakdown in diabetic eyes might lead to neuroglial damage through various neurotoxic 

blood components, including immunological agents, which is to some extent supported by 

publications regarding the recruitment and activation of inflammatory cells in chorioretinal 

diseases [16, 17].
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In the current study, we aimed to identify autoantibodies against photoreceptor cells in a 

subgroup of individuals with DMO and to investigate their contribution to photoreceptor 

damage.

Methods

Participants and biosampling

Participants with type 2 diabetes were consecutively recruited at the Department of 

Ophthalmology of Kyoto University Hospital and divided into the following three groups: 

(1) DM group, comprising participants with type 2 diabetes but not diabetic retinopathy; (2) 

DR group, comprising participants with diabetic retinopathy but not centre-involved DMO; 

and (3) DMO group, comprising participants with centre-involved DMO.

In the discovery cohort recruited from July 2014 to February 2016, we first included 

participants as shown in the flow chart (see electronic supplementary material [ESM] Fig. 

1). Samples from these participants were used for screening by western blot or 

immunostaining, immunoprecipitation and subsequent MS, ELISA to measure the 

autoantibody titre, and animal or cell culture experiments (ESM Fig. 1). In the validation 

cohort for ELISA, participants were included from March 2016 to December 2017. 

Participants of the same sex and similar age and HbA1c level to the individual groups were 

included in the ELISA experiments. After excluding 33 eyes with media opacity affecting 

visual acuity according to participants’ medical records, we included 106 eyes in the DMO 

group of both cohorts and analysed the association of anti- fumarase IgG with other clinical 

variables (ESM Fig. 1). We collected serum samples in 21 participants before and after anti-

vascular endothelial growth factor (anti-VEGF) treatment (with three initial consecutive 

monthly injections followed by an ‘as-needed’ phase) and evaluated the changes in 

autoantibody titres. The characteristics of participants in the individual studies are detailed 

in ESM Tables 1–10.

Sera were aliquoted within 1 h after sampling and immediately stored at −80°C. We 

conducted this study in accordance with the Declaration of Helsinki. The study was 

approved by the Kyoto University Graduate School and Faculty of Medicine Ethics 

Committee and registered at the UMIN Japan Clinical Trial Registry (UMIN000014015). 

All participants provided written informed consent before inclusion in the study. More 

details of the patients and biosampling are provided in ESM Methods.

Enrichment of photoreceptor cells

Eyeballs from dead pigs were obtained from an abattoir and stored on ice soon after 

slaughter. After the isolation of the retinas, photoreceptor cells from porcine retinas were 

prepared by centrifugation in a stepwise Percoll gradient (see ESM Methods).

Cell culture and gene knockout

Human embryonic kidney (HEK) 293 cells and 661W cells were cultured. The gene 

encoding fumarate hydratase (FH) was knocked out in HEK 293 cells using the CRISPR/

Cas9 system (see ESM Methods).
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Animals

After approval by the institutional review board of the Kyoto University Graduate School of 

Medicine, wildtype or Ins2Akita C57BL/6 mice and C57BL/10.RIII-H2r H2-T18b/
(71NS)SnJ (B10.RIII) mice were housed in accordance with the Institutional Animal Care 

and Use Committee guidelines as well as with the Association for Research in Vision and 

Ophthalmology Statement for Use of Animals in Ophthalmic and Vision Research. Eyes 

were harvested under a lethal dose of anaesthesia. The exclusion criterion was based on the 

media opacity, which affects the in vivo assessment. We performed subretinal injections of 

290 eyes and excluded 14 eyes with media opacities (see ESM Methods).

PCR

The mRNA expression of murine Fh (also known as Fhl; accession number: NM_010209.2) 

in retinas from C57BL/6 mice (wild-type or /Ins2Akita diabetic) was determined using PCR 

(see ESM Methods).

Immunoblot analysis

Porcine retinal lysates were applied to SDS-PAGE. Sera from participants were incubated as 

primary antibodies to detect retinal autoantigens.

We evaluated protein levels of fumarase in HEK 293 cells and levels of cytochrome C, 

apoptosis-inducing factor and β-actin in the cytosolic fraction of 661W cells using 

commercially available antibodies (ESM Table 11). The antibodies were used according to 

the manufacturers’ instructions. See ESM Methods for more information.

Immunoprecipitation

Cell lysates of porcine photoreceptor cells were incubated with serum IgG conjugated to 

protein G-coated beads to immunoprecipitate antigens against autoantibodies (see ESM 

Methods).

MS

After in-gel digestion of immunoprecipitated proteins from porcine photoreceptor cells, 

tryptic digests were introduced into a mass spectrometer (see ESM Methods).

Preparation of cytosol fractions

Cytosol fractions were prepared from 661W cells using a subcellular fractionation kit 

(Mitochondria Isolation Kit for Cultured Cells; Thermo Scientific, Waltham, MA, USA) (see 

ESM Methods).

Measurements of the intracellular Ca2+ concentration

The intracellular Ca2+ concentration was measured using a Fluo 4-AM kit (Calcium kit-Fluo 

4; Dojindo Laboratories, Tokyo, Japan) in 661W cells (see ESM Methods).
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Measurements of mitochondrial membrane potential

After incubation with JC-1 dye (Thermo Scientific), fluorescence levels were measured in 

HEK 293 cells according to the manufacturer’s protocol (see ESM Methods).

Caspase-3 activity

Caspase-3 activity in 661W cells was assessed by the colorimetric assay (APOPCYTO 

Caspase-3 Colorimetric Assay Kit; MBL, Aichi, Japan) (see ESM Methods).

Flow cytometry

After HEK 293 or 661W cells had been incubated with fluorescence-labelled anti-fumarase 

antibody, the fluorescence intensity was analysed using FACSCalibur (BD Biosciences, San 

Jose, CA, USA) (see ESM Methods).

ELISA

Wells in which the bottom was coated with recombinant human fumarase were incubated in 

diluted serum as the primary antibodies (see ESM Methods).

Antibody depletion and subretinal injection of serum

Agarose beads conjugated to recombinant human fumarase were incubated with DMO sera 

to prepare sera depleted of anti-fumarase antibodies. These specimens were injected into the 

subretinal spaces in C57BL/6 mice (see ESM Methods).

Purification of anti-fumarase antibodies from DMO sera and preparation of complement 
components

Anti-fumarase antibodies from DMO sera were captured using NHS-Activated Sepharose 4 

Fast Flow (GE Healthcare, Piscataway, NJ, USA) coupled to human recombinant fumarase. 

The purified auto-antibodies were administered into the subretinal spaces in C57BL/6 mice 

(passive transfer model; see ESM Methods).

Immunisation with fumarase

B10.RIII mice were immunised using fumarase in combination with complete Freund’s 

adjuvant and pertussis toxin (active immunisation model; see ESM Methods).

Immunostaining

Retinal sections from mice (C57BL/6 wildtype, C57BL/6 Ins2Akta or B10.RIII) retinas 

were incubated with DMO sera or antibodies against cytochrome C oxidase (COX) IV, 

fumarase, recoverin, CD59a and C5b-9, followed by fluorescence-labelled secondary 

antibodies (ESM Table 11). Human retinas from deceased donors were obtained from 

Eversight (https://www.eversightvision.org/researchers/ researcher/#request-tissue; see ESM 

Table 4 for donor details) and were stained with anti-fumarase antibody. HEK 293 or 661W 

cells were also incubated with primary antibodies against fumarase and C5b-9 (ESM Table 

11).
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Electron microscopy

Ultrathin slices of HEK 293 cells were observed by transmission electron microscopy 

(H-7650; Hitachi, Tokyo, Japan) (see ESM Methods).

Cell viability assay

Treated HEK 293 or 661W cells were applied to a cell viability/cytotoxicity assay kit 

(LIVE/DEAD assay; Life Technologies, Gaithersburg, MD, USA) according to the 

manufacturer’s instructions (see ESM Methods).

Electroretinogram

Amplitudes of the mixed cone and rod responses were evaluated in C57BL/6 mice (see ESM 

Methods).

OCT

After retinal sectional images were obtained using spectral domain OCT in participants with 

diabetic retinopathy, we evaluated the central subfield thickness, ellipsoid zone status and 

disorganisation ofthe retinal inner layers. Spectral domain OCT images of C57BL/6 mice 

were also acquired (see ESM Methods).

Statistics

No experiments were randomised. All experiments were blind to group assignment and 

outcome assessment. After confirming normality with the Kolmogorov-Smirnov test, the 

Kruskal-Wallis test of ANOVA with Dunnett’s multiple comparison, Mann-Whitney U test 

or Wilcoxon signed- rank test was performed to evaluate non-parametric data. Spearman’s 

rank correlation coefficient was used to show statistical correlations. Paired t tests, Student’s 

t tests or one-way ANOVA with Bonferroni correction were used to assess statistical 

differences in parametric parameters. Sampling distributions in participants’ characteristics 

were evaluated using Fisher’s exact test or the χ2 test. We further applied univariate or 

multivariate logistic and linear regression analyses. These statistical analyses were 

performed using commercial software (PASW Statistics, version 18; SPSS, Chicago, IL, 

USA), and p <0.05 was considered significant. Values are shown as means ± SD.

Results

Identification of fumarase as an autoantibody target

During autoantibody screening, western blot analyses showed that serum IgG from DMO 

participants had high levels of immunoreactivity to proteins expressed in porcine retinas and 

photoreceptor cells, suggesting the presence of autoantibodies specific to individuals with 

DMO (Fig. 1). We therefore planned the translational research to compare OCT and 

immunoreactivity to retinal autoantigens (Fig. 2). Among several bands, an approximately 

50 kDa band was detected in sera from 19 of 27 DMO participants (70.4%). In addition, 

immunostaining using serum IgG revealed specific signals in photoreceptor cells, including 

inner segments, of C57BL/6 mice in 23 of 27 DMO participants (85.2%) (Fig. 2).
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To identify the targets of the autoantibodies in DMO serum, we performed a combination of 

immunoprecipitation and MS, as described previously [18]. Porcine photoreceptor lysates 

were immunoprecipitated with serum IgG according to protein G sepharose bead-based 

procedures. SDS-PAGE followed by silver staining revealed that a unique, approximately 50 

kDa band was precipitated with DMO serum (Fig. 3a, b). After ingel digestion, peptide mass 

fingerprinting identified fumarase (predicted molecular weight 55 kDa) as an autoantigen, 

which was confirmed by immunoblotting using mouse monoclonal anti-fumarase antibody 

and recombinant human fumarase (Fig. 3 c, d).

Fumarase, one of the main metabolic enzymes of the tricarboxylic acid cycle, is transported 

mainly into the mitochondrial matrix, although some forms are cytosolic [19]. In the retinas 

of both control and diabetic mice (male heterozygous Ins2Akita mice), fumarase mRNA was 

amplified by PCR (ESM Fig. 2). Immunostaining showed that fumarase was highly 

expressed in photoreceptor inner segments containing accumulated mitochondria in both 

human and rodent retinas (Fig. 3e and ESM Fig. 2b, respectively), although there were no 

definite differences in its expression between control and diabetic donors.

Quantitative analyses of anti-fumarase antibody

ELISA analysis revealed that the titres of total serum IgG against fumarase from DMO 

participants were significantly higher than those from participants in the DM and DR groups 

(Fig. 4a) [20]. According to the post hoc comparisons, the titres of anti-fumarase IgG were 

not different among participants with moderate non-proliferative diabetic retinopathy, severe 

non-proliferative diabetic retinopathy and proliferative diabetic retinopathy (data not shown) 

[21]. Furthermore, an independent cohort confirmed that the DMO group had higher titres 

than the DR group (p <0.001; ESM Table 6). Multivariate logistic regression analyses 

indicated that the titre of anti-fumarase IgG may be a serum biomarker for a subgroup of 

DMO among individuals with type 2 diabetes or diabetic retinopathy (ESM Tables 12 and 

13).

In 106 eyes with centre-involved DMO, the serum titre of anti-fumarase IgG was modestly 

correlated to logarithm of the minimum angle of resolution (logMAR) visual acuity and 

ellipsoid zone disruption on spectral domain OCT images, rather than to disorganisation of 

retinal inner layers or central subfield thickness (Fig. 4b, c, ESM Table 14). Interestingly, the 

titre of this autoantibody was decreased after anti-VEGF treatment (Fig. 4d).

Functional analysis of anti-fumarase antibody

These results encouraged us to investigate the in vivo effects of anti- fumarase antibody on 

photoreceptor damage. DMO sera with anti-fumarase antibodies were randomly selected and 

injected into the subretinal spaces of C57BL/6 mice (Fig. 5). Both the IgG in DMO serum 

and C5b-9, which is a component of the membrane attack complex (MAC) of the 

complement system, showed diffuse immunostaining with a punctate appearance mainly in 

both inner and outer segments and little cellular infiltration 24 h after the injection. In 

contrast, these signals were completely diminished in retinas injected with serum depleted of 

anti-fumarase antibodies (Fig. 5d, e).
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Histological analyses revealed that outer segments and parts of inner segments, but not the 

outer nuclear layer, disappeared in some areas of the retinas 7 days after the administration 

of DMO serum containing anti-fumarase IgG. In contrast, both inner and outer segments 

were preserved in retinas that received sera depleted of anti-fumarase antibody. This was 

consistent with spectral domain OCT findings that the ellipsoid zone line was not complete 

and outer retinal thickness was decreased in retinas administrated DMO serum, compared 

with retinas injected with serum depleted of fumarase antibodies (Fig. 5f-i).

The deposition of MAC and minimal cellular infiltration in photoreceptor outer segments 

were consistent with the higher titres of IgG1 and/or IgG3 and the absence of CD59a, a 

membrane-bound inhibitor of the MAC (Figs 4e-h, 5c-e). These results encouraged us to 

investigate the function of anti-fumarase antibody in concert with the complement cascade 

among several mechanisms of autoantibody-mediated autoimmunity. We first evaluated 

photoreceptor damage in C57BL/6 mice in which autoantibodies and complement were 

passively transferred. Histological and electroretinogram experiments confirmed that the 

photoreceptors were morphologically and functionally ablated 7 days after subretinal 

injection with anti- fumarase IgG + complement, as observed in eyes injected with DMO 

sera, whereas these changes were not observed after injection of fumarase IgG alone or 

control IgG + complement (Fig. 6a-c, ESM Fig. 3). In six of 14 (42.9%) B10.RIII mice 

(H2r) immunised with fumarase, both haematoxylin and eosin staining and 

immunofluorescence delineated structural damage in the photoreceptor inner and outer 

segments, although cells rarely migrated into the subretinal spaces (Fig. 6d). Mouse IgG was 

partly co-localised with C5b-9 in the inner and outer segments (Fig. 6e).

We further planned cell culture experiments to investigate the mechanisms by which this 

autoantibody and complement induced cellular damage. In vitro experiments revealed that 

the autoantibody was partially co-localised with fumarase and C5b-9 on the cell surface after 

incubation with anti- fumarase IgG purified from DMO sera and complement, whereas co-

staining was not observed in FH−/− cells (Fig. 7a, b, ESM Fig. 4a-c).

The intracellular Ca2+ concentration was transiently increased under control IgG and 

complement, as in the case of sublytic MAC-induced Ca2+ influx in nucleated cells [22]. 

High levels of Ca2+ influx persisted after treatment with both anti-fumarase antibody and 

complement, compared with no alteration of the Ca2+ concentration by anti-fumarase 

antibody alone (Fig. 7c). Ca2+ chelators reversed the immunoreactivity of fumarase on the 

cell surface (ESM Fig. 4d, e). Consistent with Ca2+ burst-induced mitochondrial disruption 

[23], the mitochondrial membrane potential was decreased and proapoptotic signal 

transducing molecules, cytochrome C and apoptosis-inducing factor, leaked into the cytosol 

under anti-fumarase antibody in combination with complement (Fig. 7d, e). Caspase-3, an 

apoptosis executioner, was also activated in a Ca2+-dependent manner (Fig. 7f).

Transmission electron microscopy revealed multiple processes during cell death, including 

vacuolation in the cytosol and mitochondria as well as nuclear deformation under anti-

fumarase antibody and complement (Fig. 7g) [24]. Actually, the number of dead cells 

increased after administration of the combination, which was reversed by FH gene ablation. 

Furthermore, this cell death partly depended on caspase-3 activation (Fig. 7h, i). Pruning of 
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axons and dendrites is mediated by mitochondrial damage and a caspase pathway in 

developmental or pathological neurons [25, 26], which might allow us to speculate that these 

in vitro experiments support subcellular damage of photoreceptor inner and outer segments.

Discussion

Many publications have shown that, in addition to retinal thickening, foveal photoreceptor 

damage is related to visual dysfunction in eyes with DMO [7, 9,10], although the cellular 

and molecular mechanisms are unknown. A disrupted BRB in diabetic retinas allows blood 

components, including autoantibodies, to pour into the extravascular space and exacerbate 

neuroinflammation [3, 4, 27]. In the current study, anti- fumarase autoantibody, which was 

newly identified in sera from a subgroup of DMO participants, was clinically associated 

with photoreceptor damage and vision impairment. This fumarase autoantibody, in concert 

with complement activation, induced the dropout of photoreceptor inner and outer segments. 

Our results suggest a novel target of autoantibodies in DMO sera as well as a novel 

pathological mechanism for photoreceptor damage, which is clinically evident on spectral 

domain OCT images in DMO [9, 10].

After screening using immunoblotting, in which protein denaturation provides higher 

sensitivity for epitopes, we used immunoprecipitation with a non-denaturing buffer (high 

salt concentration and neutral pH) to mimic the three-dimensional antigen-antibody reaction 

and to concentrate autoantigens for subsequent MS [18]. The second screening excluded 

many autoantigen candidates, allowing the identification of several putative antigens. Of 

these, fumarase was both a target for autoantibodies in DMO sera and was highly expressed 

in the inner segment of photoreceptors, which prompted us to focus on qualitative and 

quantitative analyses of anti-fumarase antibody.

According to the quantitative ELISA data, 32 of 65 participants (49.2%) with DMO had a 

moderate titre of anti- fumarase antibody (above the mean + 2SD in the DM group), whereas 

western blot detected an approximately 50 kDa band in 19 of 27 (70.4%) DMO serum. The 

discrepancy might depend on the different biochemical methods used to detect the different 

epitopes. Another possibility might be the presence of additional autoantigens with almost 

the samemolecular weight, such as arrestin and enolase, both of which have been reported as 

targets for autoantibodies in sera from individuals with CAR or age-related macular 

degeneration [28, 29]. Furthermore, immunoblotting revealed that IgG in DMO sera had 

immunoreactivity to several antigens with other molecular weights in photoreceptor cells, 

and immuno- staining using serum IgG also showed immunoreactivity to photoreceptor cells 

in 23 of 27 DMO participants (85.2%). Some participants with the lower titre of anti-

fumarase IgG had photoreceptor damage and poor visual function. These results suggest 

additional autoantigens in photoreceptor cells. Using immunofluorescence, we often 

observed definite fluorescent signals in the ganglion cell layer and inner nuclear layer. Taken 

together, systematic analyses of anti-retinal antibodies would promote our understanding of 

the immunological aspects of neuroinflammation in DMO.

Statistical analyses of the clinical data demonstrated that anti-fumarase IgG was increased in 

a subgroup of DMO participants with photoreceptor damage and vision impairment, 
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although whether this autoantibody is the cause or result of photoreceptor damage remains 

to be determined. In vitro and in vivo experiments in the current study suggest that this 

autoantibody might promote photoreceptor damage in DMO. In contrast, whether 

autoantibody production is induced by the intracellular antigens derived from photoreceptor 

cells remains ill defined. We speculate that the disrupted BRB could allow retinal 

autoantigens to enter the blood or to recruit or activate immune cells to migrate to and from 

the retina [30], and a future study should elucidate the molecular mechanisms by which 

vascular permeability contributes to the elicitation of autoimmunity. As another possible 

explanation, anti-fumarase IgG might represent mitochondria-related systemic 

complications due to diabetes, which are clinically associated with DMO [31]. Antigen-

specific regulatory T cells, which lead to immune tolerance, might be modulated by diabetic 

states [32]. Diabetes induces mitochondrial damage that is at least partly mediated via 

oxidative stress, which might contribute to the exposure of intracellular autoantigens and 

immunological tolerance loss by the post-translational modification of autoantigens [31–34].

Complement MAC was formed in photoreceptor inner and outer segments in the passive 

transfer model. This encouraged us to speculate that photoreceptor damage is mediated via 

complement activation at least partly among several autoantibody-related mechanisms [35, 

36]. Some autoanti bodies can, by themselves, inhibit the function of antigens and 

concomitantly promote pathological mechanisms, as in the case of myasthenia gravis. In 

contrast, anti-fumarase IgG did not promote cellular injury in the absence of complement. 

Cell death was not increased in FH−/− cells, and a few publications have documented 

oncological findings induced by genetic mutations [37, 38]. These results suggest that 

functional inhibition by this autoantibody alone does not induce photoreceptor damage. 

Immunofluorescence in cultured cells might suggest that the antibody reacted with 

intracellular autoantigens released from damaged cells and concomitantly contributed to 

secondary inflammatory responses [39].

We cannot conclude how the autoantibody for fumarase, a ubiquitously expressed protein, 

specifically injures photoreceptor cells in DMO; similarly, the mechanism of 

antimitochondrial antibodies in primary biliary cirrhosis has not been determined [40]. 

Photoreceptor cells highly express fu-marase and are the main source of reactive oxygen 

species in diabetic states, which might promote an antigen-antibody reaction in these cells as 

discussed above [33, 34]. The absence of CD59 might allow complement-mediated 

autoimmune mechanisms in the photoreceptor inner and outer segments. In addition, the 

barrier properties of the retinal pigment epithelium and external limiting membrane might 

inhibit the diffusion of autoantibodies or complement components and cellular infiltration 

from or into the subretinal spaces and confine cellular damage to these layers [13].

Generally, intracellular autoantigens are released during non-apoptotic cell death, and the 

deposition of antigen-antibody complex subsequently exacerbates cellular damagevia several 

inflammatory mechanisms. Alternatively, anti-recoverin and anti-enolase antibodies from 

individuals with CAR are internalised into cells and induce cytotoxicity in the absence of 

complement [41, 42]. Histological findings in animal models led us to investigate 

complement-mediated mechanisms rather than inflammatory responses. Surprisingly, 

fumarase was recruited to the cell surface after complement treatment, and reacted to anti-
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fumarase antibody derived from DMO sera with subsequent MAC formation, as in the case 

of autoantigens at the cell surface. Such changes depend on calcium signalling, although the 

downstream executioners remain to be elucidated. This result is consistent with the 

enigmatic finding that anti-fumarase antibody reacted with antigens in both photoreceptor 

inner and outer segments in mice administered with DMO sera, although immunostain- ing 

with the same sera was limited to the photoreceptor inner segments in untreated retinas. This 

is a novel molecular mechanism by which this autoantibody reacts to intracellular antigens 

on the cell surface. Future studies should elucidate whether sublytic MAC formation 

promotes the elicitation of autoimmune responses to intracellular autoantigens. Such 

biological changes are to some extent analogous to autoimmune responses to mitochondrial 

molecules in a few diseases [43].

Anti-fumarase antibody and complement impaired the structure and function of 

mitochondria. Generally, overload of calcium signalling damages mitochondria [23, 44], 

which allowed us to speculate that the persistent Ca2+ influx would contribute to 

mitochondrial injuries at least in part in cultured cells incubated with this autoantibody and 

complement. Mitochondrial disruption is one of the initial changes in neurodegenerative 

diseases [45]. In several pathological states, mitochondrial damage is one of the main 

regulators of synaptic plasticity [26]. Several mechanisms of mitochondrial damage are 

generally accepted: dysregulated Ca2+ levels, generation of reactive oxygen species, loss of 

mitochondrial membrane potential (Δψm) and efflux of apoptotic or necrotic factors, some 

of which have been shown in this study [26, 31, 45, 46]. The other mechanism is caspase 

activation. Several publications have reported that the pruning of axons and dendrites is 

mediated via a caspase cascade [25]. We thus speculated that caspase-3 activation partly 

contributed to the subcellular damage in the inner and outer segments, which corresponded 

to the dendrites specialised for photoreception.

Improvement in visual acuity is the primary endpoint for the efficacy ofanti-VEGF drugs for 

DMO, which is supported by the general surrogate marker of decreased macular thickness 

[12]. Recent publications have documented the restoration of the ellipsoid zone line on 

spectral domain OCT images after anti-VEGF therapy [47]. Re-establishment of the BRB by 

this standard treatment might decrease intraocular anti- fumarase IgG or complement 

components derived from the blood and concomitant photoreceptor damage. The decrease in 

this autoantibody might be consistent with photoreceptor restoration after treatment, 

although further studies should elucidate the underlying molecular mechanisms. A 

translational research study has demonstrated the involvement of complement under anti-

VEGF treatment in age-related macular degeneration [48]. Future systematic and 

comparative studies may reveal the cellular and histological injuries induced by individual 

autoantibodies and/or complement in individual diseases [9, 10, 49, 50].

In conclusion, we have identified fumarase as a target of autoantibodies in a subgroup of 

DMO sera and a potential contributor to photoreceptor damage in DMO, although whether 

this autoantibody is the result of this pathogenesis remains to be elucidated. Further 

characterisation of autoantibodies against photoreceptor cells may facilitate the future 

development of antigen-specific immunomodulatory therapies for photoreceptor damage in 

DMO.
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Research in context

What is already known about this subject?

• Diabetes disrupts the blood-retinal barrier, which sequesters retinal antigens 

from the autoimmune system

• Intraocular cytokines and infiltrated inflammatory cells promote 

neuroinflammation in diabetic retinopathy

• Neuroglial tissue, including photoreceptor cells, is impaired in diabetic 

macular oedema (DMO)

What is the key question?

• How is humoral autoimmunity elicited and how do autoantibodies against 

retinal antigens promote neuroglial impairment in DMO?

What are the new findings?

• Anti-fumarase antibody was identified in sera from individuals with DMO

• Anti-fumarase antibody is clinically related to vision reduction and 

photoreceptor damage in DMO

• Anti-fumarase antibody from participants with DMO, in concert with 

complement, was found to promote subcellular injuries to mouse 

photoreceptors and in cell culture

How might this impact on clinical practice in the foreseeable future?

• Anti-fumarase antibody could be a novel serum biomarker and serve as a 

potential target in the treatment of DMO
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Fig. 1. 
Reactivity of sera from non-diabetic (NonDM) or DMO participants with porcine retinal 

lysates (RE) and cell lysates of enriched photoreceptor cells (PC). Western blotting was used 

to screen the immuno-reactivity of serum IgG from six non-diabetic control participants (a) 

and 27 participants with DMO (b) to identify proteins expressed in photoreceptor cells. IB, 

immunoblot. Participants’ characteristics are shown in ESM Table 1
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Fig. 2. 
Autoantibodies in sera from participants with DMO. (a-d) OCT images revealed a definite 

ellipsoid zone line in an eye from a participant with diabetic retinopathy but not with DMO 

(a, b), compared with the lack of an ellipsoid zone (arrowheads) in parts of photoreceptor 

cells in an eye from a participant with DMO (c, d); scale bars, 200 μm. (b, d) Magnified 

images from (a) and (c), respectively. (e) Porcine retinal lysates (RE) and cell lysates of 

enriched photoreceptor cells (PC) underwent immunoblotting (IB) with serum IgG from the 

same participants as in (a-d). (f, g) Immunofluorescence showed no immunoreactivity of 

serum IgG from the participant with diabetic retinopathy but without DMO in photoreceptor 

cells of C57BL/6 mice (n = 2 retinas) (f), compared with co-localisation of COX IV with 

serum IgG from the same DMO participant at the ellipsoid zone of photoreceptor inner 

segments (arrows in f and g; n = 2 retinas) (g); scale bars, 50 μm. DR, diabetic retinopathy; 

ELM, external limiting membrane; EZ, ellipsoid zone; GCL, ganglion cell layer; INL, inner 

nuclear layer; IPL, inner plexiform layer; IS, inner segment; ONL, outer nuclear layer; OPL, 

outer plexiform layer; OS, outer segment; RPE, retinal pigment epithelium. Participants’ 

characteristics are shown in ESM Table 2
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Fig.3. 
Identification of fumarase as a target of serum IgG from participants with DMO. (a, b) SDS-

PAGE analysis of porcine photoreceptor cell lysates precipitated with serum IgG of a 

participant with diabetic retinopathy without (DR serum) or with (DMO serum) DMO, 

whose characteristics are shown in ESM Table 3, was followed by either silver staining (a) 

or immunoblotting (IB) with serum IgG from the same DMO participant (b). (c) Analysis of 

the approximately 50 kDa unique band (arrow in a) using MS-identified fumarase, which 

was confirmed by reblotting with mouse monoclonal anti-fumarase antibodies. (d) Human 

recombinant fumarase (FH) was analysed by immunoblotting with IgG from DR or DMO 

serum. (e) Immunostaining revealed the immunoreactivity of fumarase in the photoreceptor 

inner segments in retinas from individuals without diabetes and from those with diabetic 

retinopathy (the donors’ characteristics are shown in ESM Table 4; representative images of 

six non-diabetic donors and five with diabetic retinopathy are shown); scale bars, 50 μm. 

GCL, ganglion cell layer; INL, inner nuclear layer; IP, immunoprecipitation; IPL, inner 

plexiform layer; IS, inner segment; NFL, nerve fibre layer; ONL, outer nuclear layer; OPL, 

outer plexiform layer; OS, outer segment
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Fig. 4. 
Quantitative analysis of IgG reactivity to recombinant fumarase in serum or vitreous humour 

from participants with DMO. (a) ELISA was used to quantify the titres of total anti-

fumarase autoantibodies, which revealed higher titres in DMO sera than in sera from 

participants with diabetes mellitus without diabetic retinopathy (DM) or those with diabetic 

retinopathy without DMO (DR). ***p <0.001, Kruskal-Wallis test of one-way ANOVA with 

Dunnett’s multiple comparison; n = 65 in individual groups. Participants’ characteristics are 

shown in ESM Table 5. (b, c) Post hoc analyses of 106 DMO eyes from two datasets after 

excluding those with media opacity affecting visual acuity The titre was modestly associated 

with logMAR visual acuity (VA) (b) and with the transverse length of disrupted ellipsoid 

zone (EZ) (c). Spearman’s rank correlation coefficient. Participants’ characteristics are 

shown in ESM Table 7. (d) Reduced titres of anti-fumarase IgG after anti-VEGF treatment 

for DMO. **p = 0.001, Wilcoxon signed-rank test; n = 21. Participants’ characteristics are 

shown in ESM Table 8. (e-h) Titres of individual IgG subtypes of fumarase-specific 

antibodies in ten sera with higher titres of total IgG in (a). (e) IgG1, (f) IgG2, (g) IgG3 and 

(h) IgG4. Most sera contained higher titres of IgG1 and/or IgG3 against fumarase. 

Participants’ characteristics are shown in ESM Table 9
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Fig. 5. 
Anti-fumarase antibody in DMO serum is necessary for complement activation and 

structural changes in photoreceptor inner and outer segments in C57BL/6 mice administered 

with DMO sera. (a) Untreated retinas immunostained with DMO serum containing higher 

titres of anti-fumarase IgG (ESM Table 10), which were to be subretinally injected; 

representative images of n = 3 retinas; scale bar, 50 μm. (b) Western blot using the same 

DMO serum as in (a), with and without depletion (dep[+] and dep[–], respectively); n = 3 of 

duplicate ELISAs. (c) No or weak immunoreactivity of CD59a, an endogenous inhibitor of 

MAC, in photoreceptor inner and outer segments of untreated retinas; representative images 

of n = 3 retinas; scale bar, 50 μm. (d-i) Retinal status was analysed 24 h (d, e) or 7 days (f-i) 
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after subretinal administration of DMO serum containing higher titres of anti-fumarase IgG 

or serum depleted of anti-fumarase antibody. (d, e) Immunofluorescence analysis of IgG 

from DMO serum in mouse photoreceptor inner and outer segments, compared with 

fumarase and C5b-9. Representatives of sera from two participants with diabetic retinopathy 

and two with DMO (ESM Table 10) are shown. Haematoxylin and eosin staining (f, g) and 

OCT images (h) revealed structural damage in the photoreceptor inner and outer segments in 

mouse eyes injected with DMO serum, and this damage was partially reversed by depleted 

serum; scale bars, 50 μm (f, h) and 20 μm (g). Representatives of sera from four participants 

with diabetic retinopathy and eight with DMO (ESM Table 10) are shown. (i) OCT 

measurement of the outer retinal thickness (from the outer plexiform layer to the Bruch’s 

membrane) in retinas injected with DMO sera (ESM Table 10; DMO 1–8). *p<0.05, 

**p<0.01, ***p<0.001; n = 16 in PBS, n = 5 in each group; paired t test. CBB, Coomassie 

Brilliant Blue; ELM, external limiting membrane; FH, human recombinant fumarase; GCL, 

ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; IS, inner segment; 

ONL, outer nuclear layer; OPL, outer plexiform layer; OS, outer segment; RPE, retinal 

pigment epithelium
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Fig. 6. 
Anti-fumarase antibody in DMO sera in combination with complement promotes cellular 

injuries in animal models. (a-c) Morphologic and functional analyses of retinas 7 days after 

the administration of 4 mg/ml IgG + 50% complement into the subretinal spaces of 

C57BL/6 mice (passive transfer model). Haematoxylin and eosin staining (a). C, 

complement from three individuals without diabetes (ESM Table 10); IgGCON, control IgG 

from sera from four participants with diabetic retinopathy without DMO (ESM Table 10; 

0.049 arbitrary units [AU] in 4 mg/ml); IgGFH, affinity-purified anti-fumarase IgG from sera 

from four participants with DMO (ESM Table 10; 0.417 AU in 4 mg/ml); n =10 retinas; 

scale bars, 50 μm. (b) OCT measurements revealed significant decreases in the outer retinal 

thickness at 7, 14 and 28 days after administration of IgGpH + C (p <0.01 vs baseline); n = 

15 retinas; **p <0.01 for the comparison between the two groups at each time point, one-

way ANOVA with Bonferroni correction. (c) Amplitude of the a-wave of electroretinograms 

in each group; ***p <0.001, one-way ANOVA with Bonferroni correction; n =10 retinas. (d, 

e) Active immunisation with fumarase of B10.RIII mice (active immunisation model). (d) 

Haematoxylin and eosin staining showed that the photoreceptor inner and outer segments 

were damaged in six of 14 (42.9%) mice. Scale bar, 50 μm. (e) Immunostaining revealed 

immunoreactivity to mouse IgG in the inner and outer segments of photoreceptor cells, with 

which C5b-9 was partly co-localised; scale bar, 50 or 20 μm (magnified images). ELM, 

external limiting membrane; GCL, ganglion cell layer; INL, inner nuclear layer, IPL, inner 

plexiform layer; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; 

OS, outer segment; RPE, retinal pigment epithelium
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Fig. 7. 
Anti-fumarase antibody from DMO sera in concert with complement reacts to autoantigens 

on the cell surface and promotes cellular injuries in cultured cells. (a, b) 

Immunofluorescence of HEK 293 cells incubated with affinity-purified anti-fumarase IgG 

from DMO sera (1 mg/ml) and complement (5%) for 3 h; n = 3; scale bars, 10 μm. Wild-

type (WT) = FH+/+ HEK 293 cells. Knockout (KO) = FH−/− HEK 293 cells. (c) Increased 

intracellular Ca2+ concentration in 661W cells treated with IgGFH + C (p < 0.001 vs IgGFH 

or IgGCON + C); n = 6. (d) The JC-1 red/green ratio decreased at 30 min or later in HEK 293 

cells treated with IgGFH + C (p <0.001 vs IgGFH or IgGCON + C); n = 6. (e) Immunoblot of 

the cytosolic fraction isolated from 661W cells; n = 8. (f) Colorimetry assay revealed that 

IgGFH + C increased caspase-3 activity in 661W cells. ***p<0.001. n = 10–12. (g) Electron 

microscope image of HEK 293 cells 24 h after incubation; n = 3. Scale bars, 5 μm. (h) Dead 

cells (ethidium homodimer-1-positive red cells) after 24 h incubation in HEK 293 cells; 

***p < 0.001; n = 10. (i) Cell death partly depended on caspase-3 activation in 661W cells; 

***p <0.001; n = 10. One-way ANOVAwith Bonferroni correction in (c), (d), (f), (h) and (i). 
AIF, apo-ptosis-inducing factor; BAPTA-AM, O,O’-Bis(2-aminophenyl) ethyleneglycol-

N,N,N’,N’-tetraacetic acid, tetraacetoxymethyl ester; C, complement; IgGCON, control IgG; 

IgGFH, affinity-purified anti-fumarase IgG; z-DEVD-fmk, N-[(phenylmethoxy)carbonyl]-L-

α-aspartyl-L-μ- glutamyl-N-[(1S)-3-fluoro-1-(2-methoxy-2-oxoethyl)-2-oxopropyl]-L-
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alinamide, 1,2-dimethyl ester; z-LEHD-fmk, methyl (4S)-5-[[(2S)-1-[[(3S)-5-fluoro-1-

methoxy-1,4-dioxopentan-3-yl]amino]-3-(1H- imidazol-5-yl)-1-oxopropan-2-yl]amino]-4-

[[(2S)-4-methyl-2- (phenylmethoxycarbonylamino)pentanoyl]amino]-5-oxopentanoate
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