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ABSTRACT 

 

Neuropsychiatric systemic lupus erythematosus is an 

autoimmune disorder characterized by an irregular 

exchange between the central nervous system and 

the immune system, leading to the outbreak of 

neurological conditions with possible disabling 

effects. Although neuropsychiatric systemic lupus 

erythematosus is the most common expression of 

lupus condition, it is still poorly understood. In this 

study, we focus on the development of an 

advantageous method based on the application of 

synthetic nucleic acids and protein-based antigen 

arrays in order to characterize autoreactive 

antibodies in neuropsychiatric systemic lupus 

erythematosus. We confirmed the benefits of using 

synthetic oligonucleotides such as assay 

reproducibility, elevated affinity and specificity to 

autoreactive antibodies. We also demonstrated 

presence of autoantibodies towards that three 

particular synthetic double stranded antigens can 

help to distinguish neuropsychiatric systemic lupus 

erythematosusand verify similarity of antinuclear 

antibody patterns in ordinary lupus and 

neuropsychiatric systemic lupus erythematosus. and 

follow the disease activity.  
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1. Introduction 
 

Systemic lupus erythematosus (SLE) is an autoimmune disorder characterized by dysfunction of body’s 

self-tolerance, resulting in systemic inflammation and organ failure [1]. There has been significant 

improvement in prognosis of patients with SLE over the last 20-30 years [1,2]. The survival rates have 

also improved considerably, due to early diagnosis and introduction of new drugs, including 

immunosuppressive therapy [2]. Nevertheless, a crucial complication of SLE involves both the central 

nervous system (CNS) and peripheral nervous system (PNS) with disabling effects such as 

neuropsychiatric SLE (NPSLE) [3], comprising 93% CNS, 7% PNS involvement and 12%-95% prevalence 

in SLE cases [4]  

NPSLE is a challenging autoimmune disease, responsible for high morbidity and mortality including a 

great economic and social burden [4]. The complexity of NPSLE involves a various range of symptoms 

including focal symptoms, diffuse disorders, thrombotic events and many more. These varieties of 

symptoms frequently present diagnostic and therapeutic challenges [4]. Nowadays, there is no single 

test enabling the specific diagnosis of NPSLE [5]. However, the diagnosis can be supported by the 

presence of neuropsychiatric symptoms validated by anomalies in neuropsychological examination, 

cerebrospinal fluid (CSF) examination, neuroimaging analysis, electroencephalography (EEG), brain 

biopsy for CNS lesions and nerve biopsy for PNS lesions [6]. The diagnostic methodology for NPSLE 

comprehends an inspection of patient’s history together with physical examination, neurologic and 

mental status evaluation [6-87]. Current evidence supports two possible mechanisms: collusion of 

ischemic and inflammatory mechanisms involving complementary pathogenic pathways. Ischemic 

injury leads to focal NP events with the involvement of antiphospholipid antibodies (aPL), immune 

complexes, and complement activation. The diffuse NP manifestations involve various immune 

complexes, interferon-α (IFNα), inflammatory mediators, intrathecal autoantibodies including 

inflammation-mediated injury with increased permeability of the blood–brain barrier [2][4][8] (Figure 

1). 

A growing number of self-reactive antibodies including antiphospholipid antibodies, anti-dsDNA 

antibodies, anti-ribonucleoprotein (RNP1), anti-SSA, anti-P ribosomal antibodies and many more play 

key roles in mediating both ischemic and inflammatory disease mechanisms (Fig 1). Many of these 

antibodies are directed to brain antigens [9], while the others are systemic autoantibodies. 

Unfortunately, the majority of these autoantibodies are not used in clinical work, but they can be 

employed as additional tests to better monitor the patients. 
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Figure 1. Role of cytokines and autoantibodies in NPSLE pathogenesis. A. Focal NPSLE: Antiphospholipid (APS) 

antibodies and complement components mediates the vascular mechanism resulting in the development of 

intravascular thrombosis and contribute to blood brain barrier dysfunction by upregulating pro-inflammatory 

cytokines, adhesion molecules and promoting reactive oxygen species formation. B. Diffuse NPSLE: Different 

antibodies, primarily anti-NMDAR, anti-ribosomal and anti-endothelial cell antibodies (AECAs) promote the 

upregulation of pro-inflammatory cytokines and endothelial cell adhesion molecules that could result in the 

disruption of the endothelium of the blood brain barrier which allows extravasation of leukocytes to the central 

nervous system (CNS) ultimately inducing neural apoptosis and/or altered synaptic function. 

 

The disease activity in SLE and NPSLE correlates with complement (C3/C4, or CH50) determinations, 

anti-dsDNA antibodies and anti-Smith (anti-Sm) antibodies and checking the presence of 

antiphospholipid antibodies [10]. Hence, reducing levels of pathogenic autoantibodies can be the 

optimal strategy in the treatment of NPSLE. However, lack of clearly defined pathogenic 

autoantibodies limit this therapeutic approach, which leads to an unmet need of a clear picture of 

self-reactive antibodies in NPSLE. Furthermore, exploration of biomarkers targeting specific 

autoantibodies, cytokines and blood-brain barrier can enhance the understanding of 

immunopathogenic mechanisms of NPSLE, which will become a milestone for early diagnosis and 

treatment. 

So called anti-DNA antibodies, i.e. antibodies that are able to recognize and bind to DNA, are widely 

used as serological tests for diagnosis and disease activity of SLE [11]. Specifically, anti-DNA antibodies 

are ANA (antinuclear antibodies), which include anti-ssDNA (anti single-stranded DNA) and anti-

dsDNA (anti-double stranded DNA). ANA are present in 70-90% SLE and NPSLE subjects [12]. According 
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to the American College of Rheumatology (ACR) 2019 guideline, ANA positivity is an entry criterion for 

SLE [12]. Disease specificity of anti-ss and anti-ds DNA is different: for the former the test sensitivity is 

variable (30-70%) [13], in contrast the test sensitivity for the anti-dsDNA antibodies is 60% [14-16]. 

In general, anti-DNA antibodies may contribute to disease pathogenesis through accumulation in 

kidneys and triggering of cytokine activity [15]. Nevertheless, the expression of such antibodies is not 

automatically associated with disease activity. Furthermore, levels of anti-DNA antibodies in SLE 

patients are not constant [11]. On the other hand, in the case of NPSLE, anti-DNA antibodies are not 

the only responsible for brain damage. Firstly, they need to cross the blood-brain barrier (BBB) and 

they are allowed to do so by various factors including the action of CSF anti-NMDA receptor subunit 

NR2 (anti-NR2) antibodies. The latter together with serum anti-Sm antibodies are highly associated 

with NPSLE [16].  

In our previous studies on a-DNA in SLE and linear scleroderma (LS) [17], a series of synthetic 

oligonucleotides were developed in order to explore the antigen recognition by autoimmune 

antibodies (Figure 2). ). Interestingly, we found that that the polyclonal antibodies to nucleic acids in 

SLE and LS are sequence specific and they efficiently identify ssDNA and dsDNA, showing similarities 

and differences between SLE and LS. Furthermore, the application of a sera dilution study allowed 

developing an a-DNA assay with higher specificity. Indeed, tThe novel antigens described in the paper 

showed up to 10-fold higher analytical sensitivity over the control Calf Thymus DNA and commercial 

anti-ssDNA kit [17]. Noteworthy, we alsoWe proved an effect of the clinical features of LS and SLE 

subjects on anti-nucleic acid antibodies. The localized scleroderma skin damage index, which 

measures disease damage, showed an association with clinical features on several biomarkers used in 

this study, indicating a promising association of a-DNA to the biological activity of disease state in LS 

patients. Conversely, PGADAMG, which indicates cumulative disease and no biological status, did not 

have any effects on those biomarkers, confirming the previous mentioned hypothesis. We also 

confirmed an association of particular a-dsDNA, D5, with SLE disease activity index SLEDAI [17]. 

In this study, we hypothesized that there is a difference in autoantibody reactivity between SLE and 

NPSLE. We also hypothesized that a particular subset of autoantibodies might be related to specific 

clinical features of NPSLE. To evaluate our hypothesis, we screened a series of synthetic antigens in a 

cohort of 73 NPSLE individuals and controls by enzyme-linked immunosorbent assay (ELISA). In this 

paper, we describe the application of a nucleic acid (DNA, RNA and locked nucleic acid, LNA) and 

protein-based antigen array that comprises well described autoantibody targets previously identified 

by us in an autoantibody profiling study of SLE [18]. We observed high binding levels for seven and 

three antigens in IgG  and IgM ELISA. There was a statistically significant difference in autoantibody 
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profiles for SLE vs NPSLE, as well, however with not confirmed relationship with particular clinical 

features of NPSLE. 

 

 

Figure 2. A. General principle of an indirect enzyme-linked immunosorbent assay (ELISA). B. Sequences of 

synthetic antigens used in this study 17. Locked nucleic acid (LNA) in antigen L3D, Entry 4, is shown as an 

upper case letter L after the corresponding nucleotide letter. ELISA was performed for each antigen individually.  
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2. Methods 
 

2.1 Patients 

This research was approved by the local ethical committee of Hokkaido University Hospital No.018-

0384, received on the June 19th 2019, and by the institutional ethical committee of Kitasato University 

School of Medicine, permit no. B09-55 issued in April 4th 2017. 

All patients with NPSLE were recruited in Japan, from the Kitasato University School of Medicine (n = 

60) or at the Hokkaido University Graduate School of Medicine (n = 13). Patients with NPSLE fulfilled 

the ACR 1999 criteria for NPSLE. Demyelination in NPSLE was identified on the basis of MRI findings.  

Healthy (n=16) samples were provided by the Kitasato University School of Medicine, Japan (n = 10) 

and Stanford University Hospital (n=6). The SLE samples (n=20) were received from Stanford University 

School of Medicine (SU), USA. All sera were stored at – 20˚C until being analyzed. 

Details on the subjects are given in Table 1. NPSLE subjects were of Asian ethnicity, mostly females 

(over 75%), actively treated with diverse medications, and in remission for 79% of the cohort. The 

NPSLE subjects were compared to 20 SLE cohort, Caucasian ethnicity, 100% females, similar age range 

as NPSLE (42 and 46.6 years old, respectively). NPSLE and SLE had similar median SLEDAI index of 2.5-

3. Medication for SLE was more active than for NPSLE; anti-malarial drugs and HDSC being more 

actively applied for SLE. Matched healthy controls (n=16) were 40% Caucasian and 60% Asian, age 

median value: 44, 87% females. 
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Table 1. Demographic and clinical characteristics of subjects applied in this study.* 

 Diseased samples: Controls 
Variable NPSLE  SLE Healthy (HC) 

N (subjects) 73 20 16 

Female/Male 56/8 20/0 14/2 

Gender Unknown 9 -  

Ethnicity Asian Caucasian Caucasian 40%, 
Asian 60% 

Median age (yr) at sample 
collection (range) 

46.6 (14-61.2) 42 (20-56) 44 (30-65) 

Median age (yr) at disease onset 
(range) 

43 (9-75.59) 34 (17-45) - 

OBD classification ACR1999, 
code (% patients), out of 57 in 
total 

1 (54%), 2 (37%), 3 (9%) n/a n/a 

Disease phase at sampling 
Remission/relapse 

58/15 18/2 - 

CS+IS+PE treatment/total no. 
samples% 

5 (6.85%) 4 (20%) - 

CS+IS treatment/ total no. 
samples% 

11 (15.06%) 4 (20%) - 

CS treatment/ total no. 
samples% 

13 (17.80%) 5 (25%) - 

IS treatment/ total no. samples% 1 (1.37%) 2 (10%) - 

CS+IVIG then RTX treatment/ 
total no. samples% 

1 (1.37%) - - 

CS+PE treatment/ total no. 
samples% 

2 (2.74%) - - 

HDCS (prior to sampling) / total 
no. samples% 

6 (8.22%) 8 (40%) - 

Antimalarial treatment/ total no. 
samples% 

3 (4.11%) 8 (40%) - 

Median (range) SLEDAI/no. 
samples 

2.5 (0-44)/24 3 (1-11)/20 - 

Median (range) ANA ELISA 32.13 (2.80-127.7) 50 (11-156) - 

Mean (range) ESR Nd 25 (22-34) 26 (20-37) 

* Abbreviations: NPSL E= Neuropsychiatric systemic lupus erythematosus, SLE = Systemic lupus 
erythematosus, HC = Healthy control, SLEDAI = Systemic Lupus Erythematosus Disease Activity Index, 
ESR = Erythrocyte sedimentation rate, ELISA= Enzyme linked immunosorbent assay, OBD = organic 
brain dysfunction. IgG=Immunoglobulin G, CS= Corticosteroid, IS=Immunosupressive, PE = plasma 
exchange, IVIG= Intravenous immunoglobulin, RTX= Rituximab, ANA= Antinuclear antibody, HDCS= 
Human Diploid Cell Strain, yr = Year, ND= No data, n/a = not applied. 

 

2.2 ELISA 

The procedure for enzyme-linked immunosorbent assay (ELISA) was adopted from our recently 

published paper [18]. Positive and negative controls were commercial anti-dsDNA (Sigma MAB129) 

and anti-gp120 (SAB3500931), respectively. 

Formateret: Standardskrifttype i afsnit, Skrifttype:

+Brødtekst (Calibri), 11 pkt

Formateret: Standardskrifttype i afsnit, Skrifttype:

+Brødtekst (Calibri), 11 pkt
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Maxisorb 96 well plates (NUNC Thermofisher, Germany) were coated with individual antigen 

[3.5µg/mL in 1 X PBS (100 µL/well)] and incubated overnight at +4 ˚C. The plates were washed two 

times with washing buffer (1X PBS;300 µL/well) and blocked for 1 hr at 37 °C with 1X PTB buffer (20 g 

BSA, 50 μL Tween 20, 1 L 1X PBS; 100 μL/well). After washing the plates 2 times with the washing 

buffer, the plates were incubated with diluted plasma/control [1 µL plasma in 100 µL diluent (2 g BSA, 

50 μL Tween-20, 1 L 1X PBS; 100 μL/well)] for 1.5 hr at 37 °C. The plates were washed three times with 

washing buffer and incubated with secondary antibody or HPR-Ab (100µL/well) in the ratio of 

(1:20000) diluted with previous diluent for 1.5 hr at 37 °C. The plates were subsequently washed three 

times with washing buffer and incubated with freshly prepared TMB substrate solution (3 mg TMB, 5 

mL DMSO diluted to 50 mL with 0.1 M acetate buffer, 3 µL H2O2; 100 µL/well). The reaction was 

stopped with 1M H2SO4 (50 µL/well) and the absorbance of the plates was analyzed in Magellan Tecan 

microplate reader at 450 nm. Linear range for each antigen was determined via testing series of 

control dilutions (dilutions 1:50 to 1:2000). According to the results plasma dilutions 1:100 - 1:500 

were within linear range of the assay for each antigen (R2 > 0.95). 

Intra- and inter-assay coefficient of variance (CV) values for IgG and IgM ELISA were determined by a 

triplicate measurement, and were 8.4%-13.4% for IgG, and 7.0%-15.0% for IgM (Supplementary Table 

1). The results for all antigens have been analyzed as mean value boxplots, see Supplementary Table 

2. 

For converting the absorbance value to concentrations, we used a commercial anti-dsDNA (Sigma 

MAB1293). Resulting calibration curves are given in Supplementary Figure 1. 

 

Cut-off values have been determined as we previously described, using a 2xSD and 3xSD above mean 

value for 20 healthy controls, used in same ELISA setting and same antigen, as an elevated and positive 

level, respectively. The obtained 2xSD and 3xSD values were as follows: D4, 42 nM, 72 nM; D5, 46 nM, 70 

nM; HUV, 48 nM, 85 nM. 

 

2.3 Affinity chromatography  

 

Manual affinity chromatography was conducted using GE Healthcare protocol, STP sephadex, glass 

column, corresponding antigens and sera samples. 5’-Amine modified antigen strands were ordered from 

IDT, and annealed at equimolar ratio in 1x PBS with complementary strands. Conditions for annealing 

were: 92 °C 10 min -> room temperature for 1 hr. 

Formateret: Skrifttype: 11 pkt

Formateret: Skrifttype: 11 pkt

Formateret: Skrifttype: 11 pkt
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Five SLE and five NPSLE patients were selected for the affinity chromatography based on the positivity on 

all three antigens (D4, D5, HUV), determined by the initial ELISA. 

5 mL Sephadex was equilibrated in a glass column, then 6 mL antigen was applied at concentration 200 

ug/mL using 0.1M bicarbonate buffer, pH 8.3. Incubation was carried out for 30 min at room temperature, 

followed by washing the column with 20 mL 1x PBS buffer. 0.1 mL Serum was diluted up to 5 mL with 

1xPBS, and applied to the corresponding column (D4, D5 or HUV immobilized). Incubation was carried 

out for 30 min at +4 °C, followed by washing with 20 mL 1x PBS. Elution buffer was applied (100 mM 

Glycine-HCl, 10% dioxane, pH 2.5-3.0); the elution was followed by Bradford assay. When the elution was 

complete, the column was washed with 20 mL 1x PBS, and reused for the next sample. 

Fractions of immunoglobulins were subjected to buffer exchange using Amicon spin tubes with MWCO 

30 kDa, and resolved by PAGE. 

Native PAGE was carried out at + 4 °C using precast 8% Biorad gel cassettes, SDS free TRIS HCL running 

buffer and low current running protocol (20 mA for 4 hrs). 

Reducing denaturing PAGE was carried out for samples preheated with 2-mercaptoethanol containing 

loading buffer, at room temperature using precast 8% Biorad gel cassettes, SDS-TRIS HCL running buffer 

and high current running protocol (100 mA for 40 min). 

The gels were fixed in 1M AcOH, washed, followed by visualization using Coomassie Blue stain and BioRad 

gel imaging equipment. 

Epitope recognition by the purified IgG’s was studies by ELISA, using plates pre-coated with individual D4, 

D5 or HUV, using the method described above and a serial dilution of the antibodies. 

Amount ofConcentration of purified antibodies immunoglobulins was measured using Qiagen nanodrop 

equipement. 

 

2.43 Statistical Analysis 

Patient grouping has been conducted for 57 patients with available complete clinical data, using ACR 

recommendation for NPSLE, 1999, see Supplementary Information, Table 3. 

For the multivariate statistical analyses of IgG and IgM data, we adopted the statistical modelling 

framework of multivariate covariance generalized linear models (McGLMs) as proposed by Bonat and 

Jørgensen [19] and implemented in the R package mcglm [20][21], where statistical models are fitted 

using an estimating function approach based on second-moment assumptions only. For the present 

paper, we consider a special case of multivariate covariance generalized linear models with identity 

link and constant variance for all response variables. The IgG and the IgM data were analysed 

Formateret: Skriftfarve: Farve 1, Engelsk (USA)
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separately. Two observations in each of the data sets were eliminated by list-wise deletion of missing 

data prior to fitting the models. Response variables were absorbance values obtained for DsD4, DsD5, 

Ds_HUV, Ds_L3D, Ds_LS_R1, Ds_LS_R2, Ds_EBF3_r, D4, and LS_R, all measured on a logarithmic scale. 

Covariates included demographic and clinical features of the patients, their serology and treatment 

status. In the full models, age at diagnosis, gender, ANA titer (fold), anti-ds DNA IgG (IU/ml), anti-Sm, 

SLEDAI, and organic brain dysfunction (OBD) ACR code served as covariates for all response variables. 

Ultimately, to select the best models from the all possible subsets of covariates, exhaustive searches 

for the best subsets of covariates in each linear predictor were performed using the pseudo Akaike 

information criterion (pAIC). Univariate Wald chi-square tests of fixed effects in the resulting simplified 

models are presented in Supplementary Tables 5-6; regression coefficients for simplified IgG and IgM 

models are given in Supplementary Tables 7-8s 4-7. 

 

3. Results 
The major goal for this study was to develop a sensitive, specific and reproducible method to define 

autoreactive autoantibodies in NPSLE patients. 

We selected high throughput sensitive ELISA assay for measuring the amount of a-DNA, a-RNA, a-

ApoH IgG and IgM (Figure 2A). ELISA is a straightforward and highly sensitive method that allowed us 

to detect the binding of an antigenic epitope by an antibody in a time and cost-effective manner 18. 

Oligonucleotides shown in Figure 2B, Entry 1-9, were designed by considering different variables 

including nucleotide composition, length and sequence polarity. These rationally designed 

oligonucleotides showed improved binding in ELISA assay using human samples for SLE and LS [17-18, 

22]. LNA modified sequence in figure 2B, Entry 4, was used to maintain DNA topology and to increase 

the duplex stability [23-25] . RNA sequences LS-ag1, EBF3_r and LS_R1, were RNA antigens. ssD4 and 

ssLS_R were single stranded DNA and RNA antigens, respectively. Last, antibodies to apolipoprotein 

and its reduced variant, Figure 2B, Entry 10-11, are associated with lupus and sclerosis and therefore, 

also included into the study group [18]. 

ELISA was performed for each antigen individually.  The results of ELISA are presented in Figure 3 and in 

the Supplementary Table 2. One of the most striking findings from our study is that three particular 

antigens, D4, D5 and HUV, showed high IgG binding levels in both SLE and NPLSE (Figure 3). 

Remarkably, the highest levels of IgG antibodies in NPSLE were directed to cytomegalovirus-derived 

dsDNA HUV, whereas for SLE, the highest binding was in D5 test (Figure 3B,C). Similarly to previous 

studies, single stranded antigens and RNA were elevated in healthy samples, pointing on lack of clinical 

specificity (Supplementary Table 2) [18, 22]. Notably, a-ApoH and a-r.ApoH IgG’s were elevated in SLE 

Formateret: Skrifttype: Ikke Kursiv

Formateret: Lige margener, Linjeafstand:  1,5 linjer
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but not in NPSLE. For IgM a-ApoH and a-r.ApoH, there was no statistically significant difference 

between SLE, NPSLE and Healthy controls (Supplementary Table 2). 

 

 

 

Figure 3. Representative box-plot for relative antibody valuesabsorbance values across applied antigens, IgG 

study. A. dsD4 B. dsD5 C. dsHUV; , ( p<0.001 for all applied antigens in NPSLE vs SLE, NPSLE vs Healthy and SLE 

vs Healthy one way ANOVA test). For complete results of the study, see Supplementary Table 2.Negative and 

positive control concentrations were determined to be 81 nM and 28 nM (D4); 73 nM and 15 nM (D5); 87 nM 

and 40 nM (HUV). The negative and positive control results are shown on each graph as blue and red crosses, 

respectively. Human monoclonal anti-dsDNA and anti-gp120 Abs were used as a positive and negative controls, 

respectively. For conversion of A450 to Ab amounts, see calibration curves given in Supplementary Figure 1. Cut-

off value for the positive result is shown as a dashed orange line. Statistical analyses:_ p<0.001 for all applied 

antigens in NPSLE vs SLE, NPSLE vs Healthy and SLE vs Healthy one way ANOVA test. For complete results of the 

study, see Supplementary Table 2. 

 

As a next step, we covalently attached antigens D4, D5 and HUV to Sephadex (GE) via NHS coupling 

chemistry [26]. For this, the lead sequence for each antigen (shown in Fig 2), was obtained as a 5’-

amino-labelled variant. The duplex of each antigen was annealed and attached to NHS sephadex 

following the manufacturer’s protocol (GE) [27]. The immobilized solid phase has been used to purify 

antibodies from antibody positive sera of five SLE and five NPSLE subjects (Fig. 4; see Methods for 

details).  

Formateret: Lige margener, Linjeafstand:  1,5 linjer
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D) 

 

Fig 4. Affinity chromatography and analyses of immunoglobulins from NPSLE and SLE sera. A) 

General scheme for affinity chromatography using synthetic dsDNA antigens: i) antigen 

immobilization; ii) incubation with sera; iii) immunoglobulin elution. NHS = N-hydroxysuccinimide; B) 

Representative elution profile followed by Bradford assay; C-D) ELISA of obtained Abs using D4 and 

D5 pre-coated plates. In Figure legends, the name of the Ab sample is given for the patient no. applied 

and the antigen used for the purification. 

 

Elution kinetics was followed by Bradford assay (Fig 4B) [28]. As can be seen, elution profiles were 

somewhat similar for both SLE and NPSLE on all three antigens, pointing on similar epitope-antibody 

binding kinetics for SLE and NPSLE anti-dsDNA’s[29]. 

We obtained 1.4-27.5 µg antibodies per SLE or NPSLE individual sample (Supplementary Table 4). The 

fractions with high protein content according to Bradford assay were subjected to buffer exchange 

and analyzed by PAGE. Native PAGE showed a single band at approx. 150 kDa in immunoglobulin 

fractions from both SLE and NPSLE subjects, on all three antigens (Supplementary Figs. 2&3). This 

indicates that the eluted antibodies were mainly of IgG type. Reducing denaturing PAGE gels of the 

same fractions showed two main bands at approx. 70 kDa and 20 kDa, confirming that the eluted 

proteins were IgG antibodies (Supplementary Figs. 4&5). 
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To evaluate the epitope recognition properties by the purified antibodies, we conducted ELISA. 

Herein, we observed similar antigen recognition trends by the purified immunoglobulins as in the 

whole sera ELISA experiments (Figs 4C-D; Supplementary Fig 4 and Supplementary Table 4). Antibodies 

from SLE samples had higher binding levels towards dsDNA antigens than those purified from NPSLE. 

Notably, Abs purified on HUV antigen cross-bound to D4 and D5¤ for both SLE and NPSLE. However 

the cross-binding between purified anti-D4 to D5 and vice versa, anti-D5 to antigen D4, was much 

lower that for Abs purified using HUV (Figure 4C-D). For HUV, Ab recognition patters was very much 

similar to D4, though with approx. 30% higher binding levels for HUV than D4 (Supplementary Fig 6 

and Supplementary Table 4). 

We proceeded with a detailed statistical analysis of the results for all applied antigens. Multivariate 

Wald chi-square tests of fixed effects in the full IgG model (see Table 2) revealed that the effects of 

age at diagnosis, gender, anti-ds DNA IgG, and SLEDAI are statistically significant (p < 0.05). 

A specific feature of NPSLE is organic brain dysfunction (OBD). Elevated a-Sm antibodies is also an 

indication for neurological complications in NPSLE 3-5. Interestingly, neither OBD ACR code nor anti-

Sm seem to have a statistically significant effect on the logarithmically transformed absorbance values 

at the 0.05 significance level. However, univariate Wald chi-square tests of fixed effects in the 

simplified IgG model (see Supplementary Table 54) suggest that SLEDAI has a statistically significant 

effect on the logarithmically transformed absorbance values obtained for D4, Ds_L3D, Ds_LS_R1, 

Ds_LS_R2, and D5. Moreover, age at diagnosis has a statistically significant effect on the 

logarithmically transformed absorbance values obtained for HUV, Ds_L3D, Ds_LS_R1, Ds_LS_R2, and 

D4. Gender has a statistically significant effect on the logarithmically transformed absorbance values 

obtained for Ds_L3D. Finally, anti-ds DNA IgG has a statistically significant effect on the logarithmically 

transformed absorbance values obtained for Ds_LS_R2 and Ds_EBF3_r. 
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Table 2. Multivariate Wald chi-square tests of fixed effects in the full IgG model. 

 Df Hotelling-

Lawley 

trace 

𝜒2  p-value 

Intercept 9 1.8856 79.1952 <0.001 

Age at 

diagnosis 

9 0.6068 25.4846 0.0025 

Gender 9 0.4649 19.5254 0.0211 

ANA titer 27 0.7105 29.8430 0.3213 

anti-ds 

DNA IgG 

27 1.2709 53.3797 0.0018 

anti-Sm 9 0.1604 6.7363 0.6645 

SLEDAI 9 0.5104 21.4370 0.0108 

OBD ACR 

code 

18 0.5180 21.7573 0.2429 

ANA= antinuclear antibodies, OBD = organic brain dysfunction. 

 

Table 3. Multivariate Wald chi-square tests of fixed effects in the full IgM model. 

 Df Hotelling-

Lawley 

trace 

𝜒2  p-value 

Intercept 9 0.7014 29.4585 <0.001 

Age at 

diagnosis 

9 0.3708 15.5717 0.0764 

Gender 9 0.6945 29.1676 <0.001 

ANA titer 27 1.6393 68.8506 <0.001 

anti-ds 

DNA IgG 

27 0.7873 33.0648 0.1949 

anti-Sm 9 0.2720 11.4233 0.2478 

SLEDAI 9 0.5377 22.5828 0.0072 

OBD ACR 

code 

18 0.5730 24.0672 0.1528 

ANA= antinuclear antibodies, OBD = organic brain dysfunction. 

 

Likewise, multivariate Wald chi-square tests of fixed effects in the full IgM model (see Table 3) reveal 

that the effects of gender, ANA, and SLEDAI are statistically significant (p < 0.05). On the other hand, 
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the effects of age at diagnosis, anti-dsDNA IgG, anti-Sm, and OBD ACR code are not statistically 

significant at the 0.05 significance level. Remarkably, univariate Wald chi-square tests of fixed effects 

in the simplified IgM model (see Supplementary Table 65) suggest that ANA titer has a statistically 

significant effect on all response variables, i.e. the logarithmically transformed absorbance values 

obtained for D4, D5, HUV, Ds_L3D, Ds_LS_R1, Ds_LS_R2, Ds_EBF3_r, D4, and LS_R. SLEDAI has a 

statistically significant effect on the logarithmically transformed absorbance values obtained for D4. 

 

4. Discussion 
 

For decades, researchers and clinicians have been searching for definite serological biomarkers for 

NPSLE patients. More than 100 autoantibodies have been described for SLE. However, there is limited 

knowledge and test which can specifically discriminate between SLE and NPSLE on serological level, 

and to distinguish SLE-related and unrelated NP manifestations. Different literature have reported 

numerous SLE autoantibodies including amyloid, cardiolipin, glycoprotein 2, glycoprotein 210, 

heparin, histone H2A, prothrombin, centromere protein A, collagen II and many more 3026-3329. 

However, most of these autoantibodies are also related to other autoimmune diseases and only 

limited numbers of them such as heparin sulphate, histone H2B, anti-GluRɛ2, anti-NMDA and vimentin 

could differentiate NPSLE from SLE 3026-3329. 

Short synthetic oligonucleotides with advantages of high homogeneity, controlled purity and known 

sequences 22-25, have been repeatedly reported to bind a-DNA/RNA antibodies 17,18. 

Furthermore, ANAs are frequently associated with different autoimmune diseases including SLE and 

chronic uveitis [8]. 

In our present work, we took a next step towards better understanding of autoantibodies in NPSLE 

using synthetic nucleic acids and proteins antigens. Double stranded DNA and RNA showed high 

reproducibility and specificity in correlation with NPSLE samples. TC-dinucleotide rich D5 and mixmer 

DNA duplex D4 were reported as most reactive antigens in binding DNA in pediatric and adult SLE [22]. 

Our data showed similar pattern for SLE and NPSLE samples tested herein, attributing the overlap of 

some ANAs in SLE and NPSLE patients. 

Evidence from the literature suggests a pathological role of bacteria and viruses such as Epstein-Barr 

virus, cytomegalovirus, Parvovirus B19, Cryptococcus, mycobacteria and Listeria monocytogenes in 

SLE autoimmunity including CNS infections [340]. Given this, our study also aimed to investigate the 

significance of cytomegalovirus specific sequence, HUV, in NPSLE and SLE patients. We have been 



17 

 

successful to establish a strong relationship of cytomegalovirus specific DNA HUV  with SLE and mostly 

with NPSLE in comparison to the healthy controls. 

Previously HUV antigen showed recognition of antibodies in multiple sclerosis 351. Recognition of 

synthetic HUV antigen by antibodies in NPSLE and SLE reported herein additionally points on the 

potential link between neurological autoimmune diseases and immune hyper-activation by viral 

infections. 

 According to our results for purified antibodies, anti-HUV cross-react more to D4 and D5 antigens 

than anti-D4 and anti-D5. This points on the fact that anti-HUV are highly reactive, with epitope 

recognition pattern spread across different dsDNA sequences, while anti-D4 and anti-D5 have a more 

conserved epitope recognition pattern. One potential explanation to this could be appearance of anti-

HUV in an acute infection and /or inflammation state, vs. a more chronic nature of a-D4 and a-D5 in 

SLE and NPSLE.  

Previously dsHUV antigen showed recognition of antibodies in multiple sclerosis 31. Recognition of 

synthetic HUV antigen by antibodies in NPSLE and SLE reported herein additionally points on the 

potential link between neurological autoimmune diseases and immune hyper-activation by viral 

infections.  

 

5. Conclusion  
 

In this study, we applied a panel of synthetic antigens (DNA, RNA and ApoH) as reagents for ELISA of 

NPSLE and SLE cohorts. Although epitope recognition pattern was similar for NPSLE and SLE, Wwe 

observed statistically significant differences in a different reactivity binding levels.of  autoantibodies 

in NPSLE vs SLE, with hThe highest difference between binding levels in NPSLE vs SLE was observed for 

three dsDNA antigens: D4, D5 and HUV. When purified by affinity chromatography, autoantibodies in 

NPSLE also demonstrated more active epitope sharing among the synthetic dsDNA’s than those 

purified from SLE controls. This observation points on difference between NPSLE and non-NPSLE 

disease at molecular level, and opens up new possibilities for personalized improved diagnosis and 

follow up. 

Autoantibody levels in NPSLE correlated positively with SLEDAI and for some, with age, however there 

were no correlations with NPSLE specific clinical features. This however does not exclude the presence 

of autoantibody biomarkers for neurological complications in NPSLE. 

Autoantibody levels in NPSLE correlated positively with SLEDAI and for some, with age, however there 

were no correlations for the particular antigens we used, with NPSLE- specific CNS clinical features. 
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Nevertheless, our study for the first time applied sequence-defined ANA to the comparative 

investigation of SLE and NPSLE. More studies need to be conducted to establish potential 

correlations with CNS features in NPSLE, by e.g. using new generation of sequence defined 

synthetic antigens. 

This however does not exclude the presence of autoantibody biomarkers for neurological 

complications in NPSLE. 

 

Altogether, our study confirms utility of synthetic antigens in NPSLE studies and potentially, in clinical 

work, and opens up a new path for further discoveries of autoantibody biomarkers. Moreover, our 

results point on serological overlap and differences between NPSLE and non-NPSLE disease at the 

molecular level, opening up new possibilities for personalized improved diagnosis and follow up. 
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