
   
 

 
 

 

Università degli Studi di Cagliari  

 

 

 

PhD DEGREE 
Molecular and Translational Medicine 

Cycle XXXIV 

 

 

 

TITLE OF THE PHD THESIS 

Brain-reactive autoantibodies in patients with systemic lupus erythematosus 

 

Scientific Disciplinary Sector(s) 

BIO/16 

 

 

PhD Student: Elias Manca 
 

Supervisors Professors: Cristina Cocco, Alberto Cauli 
 
 

 

 

 

 

 Final exam. Academic Year 2020 – 2021 

Thesis defence: February 2022 Session 

  



2 

 



3 

 

1. Abstract 

2. State of art 

2.1. Introduction  

2.2. General aspects of Systemic Lupus Erythematosus  

2.2.1.  Classification criteria of Systemic Lupus Erythematosus  

2.2.2.  Epidemiology of Systemic Lupus Erythematosus  

2.2.3.  Genetic predisposition and Environmental factors of Systemic Lupus Erythematosus  

2.2.4.  Pathologic mechanisms of Systemic Lupus Erythematosus  

2.2.5.  Neuropsychiatric Systemic Lupus Erythematosus  

2.3.  Autoantibodies in Systemic Lupus Erythematosus  

2.3.1.  Systemic autoantibodies 

2.3.2.  Brain specific antibodies 

2.4. Systemic Lupus Erythematosus and Neuropsychiatric Systemic Lupus Erythematosus autoantibodies 

in human and animal brain 

3. Aim of the study 

4. Materials and Methods 

4.1. Human cohort 

4.2. Tissues and cell samples 

4.3. Immunostaining on tissues and cells 

4.4. Transmission Electron Microscopy 

4.5. Western Blot 

4.6. Enzyme-Linked Immunosorbent Assay 

5. Results 

5.1. Autoantibody reactivity to the rat brain 

5.1.1. Autoantibody reactivity among the human cohort groups 

5.1.2. Autoantibody reactivity was observed only in neurons 

5.1.3. Staining pattern of the autoantibodies in the cerebellum 

5.2. Autoantibody reactivity on human brain section 

5.3. Autoantibody reactivity using human SH-SY5Y cell line 

5.4. Molecular targets of autoantibodies 

5.5. Known autoantibodies in patients with Systemic Lupus Erythematosus and Neuropsychiatric 

Systemic Lupus Erythematosus  

5.6. Neuropsychiatric manifestations among Systemic Lupus Erythematosus and Neuropsychiatric 

Systemic Lupus Erythematosus patients 

6. Discussions 

6.1. Autoantibodies as possible marker of diagnosis 



4 

 

6.2. Brain reactive autoantibodies in correlation with ANA 

6.3. The NeuN is not the autoantigen 

6.4. Other brain autoantigens 

6.5. Pathological function of brain reacting autoantigens 

7. Conclusions 

8. Acknowledgments   

9. References 

 



5 

 

1. Abstract 

 

Neuropsychiatric Systemic Lupus Erythematosus (NPSLE) is an autoimmune disease characterized 

by the production of brain-reactive autoantibodies. These autoantibodies are thought to be one of the 

main mediators of this condition, however little is known about their cellular and molecular target. 

To get inside this matter, we enrolled a cohort of 209 subjects including patients affected by Systemic 

Lupus Erythematosus (SLE, N = 69), NPSLE (drug-naïve, N = 36), multiple sclerosis (MS, N = 22) 

as well as 82 age and gender matched healthy subjects. Sera from these subjects were used for 

immunostaining on rat brain through fluorescence microscopy and TEM, in parallel with 

immunofluorescence on human brain sections and cells (SH-SY5Y) to eventually confirm the results 

obtained in rat. As to the brain autoantibody target, western blot (WB) using rat and human substrates 

was used to characterize the possible autoantigen/s suspected according to the experiments mentioned 

above. Furthermore, ELISA was programmed to reveal the possible presence of the known circulating 

autoantibodies in SLE (anti: -Ro/SSA, -La/SSB, -RNP, -Sm, and -Rib-P) and autoantibodies to the 

aminoacidic sequence DWEYS, which is also found in the extracellular domain of murine and human 

NR2a and NR2b subunits of N-methyl-D-aspartate receptor (NMDAR).  On rat brain sections, we 

observed autoantibody positive reaction in several areas (cortex, hippocampus, cerebellum, and 

others) exclusively using sera from patients with NPSLE and SLE but with prevalence and higher 

titer among the NPSLE patients (77.1% vs. 56.5%, respectively and 1:2,000-8,000 vs. 1:120-1,000, 

respectively). In order to consolidate the results obtained in rats, negative and positive sera from SLE 

and NPLSE patients as well as healthy and MS controls were selected (N = 6) to be tested in human 

hippocampus and cerebellum sections. Autoantibody reactivity was found only using those sera 

positively reacting on rat tissues.  As to the human cells, the majority of NPSLE (18/19: 94,7%) and 

SLE sera (11/13: 84,6%) positive on SH-SY5Y cells were previously proved to be positive on rat’s 

brain. Through ELISA, anti: -Ro/SSA, -La/SSB, -RNP, -Sm, -Rib-P and -DWEYS were found using 

rat-immunostained-positive sera from both NPSLE and SLE patients. In both patients’ populations, 

the presence of one or more types of these autoantibodies was not higher than 31.6% while a 

percentage was negative for all the above autoantibodies (17.9% and 31.6%, in NPSLE and SLE 

respectively). Hence, the presence of these autoantibodies could confirm only partially the reactivity 

according to the immunostaining results. In view of the higher staining intensity, we have focalized 

our attention on cerebellum, where we observed the autoantibody staining within the granular cell 

layer. In detail, the autoantibodies stained a cytoplasmic area also in proximity of the nucleus (namely 

perinuclear/cytoplasmatic pattern) or inside the nucleus (namely intranuclear pattern), both revealed 

using either fluorescence microscopy or TEM.  In order to identify the cell type recognized by the 
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autoantibodies in the cerebellum, we performed double staining, mixing the sera from patients with 

the antibody to NeuN (known to mark selectively the nuclei and the cytoplasm of the granule cells), 

as well as antibodies to VGlut1, VAChT or GAD-65, marking glutamatergic axon terminals, 

cholinergic and GABAergic neurons, respectively. Autoantibody staining was localized exclusively 

within NeuN containing cells (suggesting the granule cells as autoantibody targets). Autoantibodies 

labelled Neu-N containing neurons also in many other areas of the brain, hence, we performed WB 

experiments to reveal NeuN as possible autoepitope using selected rat-immunostained-positive sera. 

Despite the anti-NeuN antibody labelled the expected bands (doublet 46/48 kDa) on brain tissues 

(human, rat) confirming the real presence of this protein in such samples, the patients’ sera tested did 

not recognize the same bands. Besides, we also performed WB experiments using either wild type 

and transfected HEK293 cells, which do not or do express the RBFOXP3 gene (encoding the NeuN 

protein), respectively. Again, the patient’s sera never recognized the bands corresponding to the 

NeuN protein, despite these bands were labeled by the anti-NeuN antibody using transfected cells, 

proving that NeuN was not the autoantibody target. In conclusion, all together the data obtained from 

this study demonstrate that (1) SLE and NPSLE could possess a mix of different types of high-titer 

autoantibodies reacting to neuronal cells (2) the entire brain could be the target of these autoantibodies 

(3) a high prevalence of brain reactive autoantibodies is found among NPLSE patients and (4) 

autoantibodies could react to the nucleus and/or cytoplasm of brain neuron cells. 
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2. State of art 

 

2.1. Introduction  

 

Systemic Lupus Erythematosus (SLE) is a complex disease characterized by the dysregulation of 

important immune mechanisms, such as the production of cytokine, the clearance of apoptotic debris, 

and the activation of immune cells. The distinctive characteristic of this disease is the production of 

self-reactive antibodies that can target any tissue and eventually form immune complexes which may 

accumulate in virtually any organ of the human body. Their deposition is associated with severe tissue 

damage, which is believed to be responsible for the organ failure observed in patients affected by this 

disease 1. SLE affects more frequently women than men, indicating that hormonal factor may have 

an important role in the development of this disease. It is known that estrogen can stimulate 

lymphocytes activation 2, and prolactin 3 levels are higher among women with SLE. However, the 

precise mechanisms that can influence the development of SLE is not clear. Environmental factors as 

well have been associated with a higher risk to develop this disease. Some viruses, such as the Epstein 

Barr Virus (EBV), are believed to trigger the production of autoantibodies both though a mechanism 

called antigen mimicry and through the impairment of the immune response 4.  Genetic variants have 

been associated with an increased risk to develop this disease. These variants can be found on genes 

encoding for proteins essential for the correct establishment of the immune response or dismissal of 

the immune response5. All these aforementioned factors alone are not enough to lead to the 

development of SLE, however if a subject may experience more than one of these causes 

simultaneously, the risk to develop SLE steeply increases. The fact that more than one cause may be 

responsible to the development of SLE together with the fact that the patients suffering from this 

disease may present a wide spectrum of clinical manifestations, makes difficult to come by with a 

prompt diagnosis and to establish the best treatment for the patients 6. In the last years the new concept 

of precision medicine spread widely among researchers all over the world. This term states for a new 

medical approach that allows to establish the best cure or treatments based on a genomic, proteomic 

and metabolomic examination of the patient. Each person suffering for a specific disease shows some 

common characteristics shared with other patients affected by the same disease. In spite of that, these 

persons also possess their own specific biological and clinical characteristics, not observed in other 

subjects. This variability is responsible for the different clinical manifestations or for the different 

response to the treatment observed among these patients. Thus, the main purpose of the precision 

medicine is to examine which are the characteristics that make unique each patient and develop a cure 

or a treatment specific for each patient. In the case of SLE, many different organs can be involved in 
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the pathogenesis of the disease i.e., Lupus Cutaneous and Lupus Nephritis that respectively involves 

the skin and the kidneys. The development of neuropsychiatric manifestation occurs among patients 

suffering from Neuropsychiatric Systemic Lupus Erythematosus (NPSLE). NPSLE is one of the most 

serious and disabling presentation of SLE, besides that little is known about the etiology and 

mechanisms of action of this disease. Since the human body is able to produce autoantibodies to an 

unlimited number of antigens and the production of self-reactive antibodies is a hallmark of this 

disease, it seems reasonable that a completer understanding of their target within the central nervous 

system (CNS) might help for the establishment of the best treatment for these patients. To date a 

limited number of studies has been carried on investigating the anatomical distribution of the 

autoantibodies’ targets within the brain among patients with NPSLE.  
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2.2. General aspects of Systemic Lupus Erythematosus  

 

2.2.1.  Classification criteria of Systemic Lupus Erythematosus 

 

Patients affected by SLE show a wide spectrum of symptoms, which severity may range from mild 

manifestation, for example skin rush, to more severe complications such as lupus nephritis or 

neuropsychiatric symptoms. Because the high variability in SLE symptomatology, clinicians need 

reliable criteria to correctly identify the patient and to promptly start the best therapy for patients. The 

first attempt in this direction was made in 1971 by a subcommittee of the American Rheumatism 

Association who released a report on the “Preliminary Criteria for the Classification of Systemic 

Lupus Erythematosus”. Later, these criteria were revised by the American College of Rheumatology 

(ACR) in 1982, with some changes respect the previous classification. The 21 elements used to make 

the 14 calssification criteria, were reduced to 16 elements, and combined to form 11 classification 

criteria. For the first time laboratory and serological tests were introduced as a tool for the 

identification and classification of patients with SLE. These new serological tools consisted in: the 

Lupus Erythematosus (LE) cells test (by using bone marrow to reveal morphological alteration of 

phagocytes), the test for the presence of antibodies to naïve DNA in an abnormal titer and to Sm 

nuclear antigen, the syphilis test (being false positive for at least six months), and the anti-nuclear 

antibodies by immunofluorescent assay (or equivalent assay). In order to make the diagnosis, at least 

four of the above criteria must be present simultaneously 7. Fifteen years later, these criteria were 

updated with two changes: LE cells preparation test was removed because of its low sensitivity and 

high false positive and false negative, whereas the test to detect the abnormal levels of IgG and IgM 

anticardiolipin antibodies and the lupus anticoagulant were introduced 8. In 2012, the Systemic Lupus 

International Collaborating Clinics revised and validated the ACR classification for the classification 

of SLE. Eleven “clinical criteria” and eight “immunological criteria” were identified and associated 

with the presence of this disease. These new guidelines required the fulfillment of no less than four 

criteria, with at least one clinical and immunological criterion, or Lupus Nephritis as the sole clinical 

criterion in the presence of antinuclear antibodies (ANA) or anti-dsDNA antibodies 9. Recently, new 

validated SLE classification criteria have been proposed, supported by both the European League 

Against Rheumatism (EULAR) and the ACR. According with the new EULAR/ACR classification 

criteria, patients must display a mandatory entry criterion, followed by additive weighted criteria. The 

entry criterion consists in the detection of ANA at a titer ≥ 1:80 on human epithelial laryngeal 

carcinoma type 2 (HEp-2) cells (or an equivalent test). If the ANA test is negative, the patient is not 

classified for SLE, whilst if the patient is positive for the ANA, the presence of the additive criteria 
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must be evaluated. These criteria are grouped in seven clinical and three immunologic domains and 

weighted from 2 to 10. A patient is classified with SLE, if the sum of the points for each symptom 

scores equal or above the value of 10 10. To further complete the patient’s serological picture, the 

presence of other autoantibodies is often evaluated, such as anti: -Sm, -ribonuclear protein (-RNP), -

Ro/SSA, -La/SSB and -cardiolipins (anti-CL), - ribosomal P protein (-Rib-P) antibodies. 

 

2.2.2.  Epidemiology of Systemic Lupus Erythematosus 

 

SLE affects people worldwide (Fig.1), although each country exhibits its own incidence and 

prevalence. Moreover, these parameters vary widely with sex, age and ethnicity. Overall, both 

incidence and prevalence of SLE are higher among women than men, with the former developing the 

disease earlier in life than the latter. Epidemiological studies of the US population show that Afro-

American people are at higher risk to develop this disease compared to Caucasian people, whereas 

the risk for Asian and Hispanic people from the US is estimated to be in between 11. However, the 

lack of sufficient epidemiological studies among African and Asian countries makes complex to draw 

a certain inference about the prevalence and the incidence among these ethnic groups. In Italy the 

incidence of SLE is estimated to be between 2.0 and 2.6 new cases per year every 100,000 inhabitants, 

however it must be stressed that all these studies were performed on patients from delimitated areas 

in north Italy, such as Ferrara and Brescia districts 12,13. Being SLE a multifactorial disease, it is 

possible that new studies concerning other regions of the country, hence including people exposed to 

different risk factors, may exhibit a different incidence. Studies about the prevalence of SLE among 

Italian population show discordant results. The north of the country is characterized by a lower 

incidence, with 57.9 and 39.2 cases every 100,000 people, respectively in the districts of Ferrara and 

Brescia 12,13. In Florence, it was estimated an incidence of 71 cases every 100,000 people 14, whereas 

in the region of Sardinia the incidence is even higher, with 81 cases every 100,000 people 15. 
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Fig. 1 Choropleth map of the prevalence of SLE in the world. Countries with no information about the prevalence are 

coloured in grey. Source: M.L. Lewis, Rheumatology (Oxford), 2017 Apr 1;56(suppl_1):i67-i77. 

 

2.2.3.  Genetic predisposition and Environmental factors of Systemic Lupus Erythematosus  

 

SLE is a complex disease in which both environmental factors and genetic variants lead to the 

impairment of the immune response. The fact that genetic variants alone cannot explain the clinical 

phenotype of patients affected by this disease was demonstrated by twin studies. These studies 

showed that the concordance rate in monozygotic twins is 25% but only 2% in dizygotic twins 16. 

Nevertheless, genetic studies helped to understand both molecular and clinical aspects of this 

complicated disease. Thanks to the advent of genome-wide association studies, several genomic 

variants have been associated to an increased risk to develop this disease. These variants can be found 

on genes controlling the development, function, and response of the immune cells. Three independent 

single-nucleotide polymorphisms (SNPs) (rs13192841, rs2230926 and rs6922466) of the tumor 

necrosis factor alpha–induced protein 3 (TNFAIP3) gene were associated with SLE among patients 

with a European ancestry. The TNFAIP3 is a zinc finger protein and a deubiquitinating enzyme, 

which is required for preventing the spontaneous inflammation by terminating endotoxin- and TNF-

induced NF-kappa B (NF-κB) responses  17. A study with a cohort of Japanese patients described the 

SNP rs7708392C on the TNIP1 (TNFAIP3 interacting protein 1) gene, which encodes for a protein 

involved in the inhibition of the NF-κB activation by interacting with TNFAIP3 18. Other studies have 

reported the presence of variants on genes leading to the accumulation of apoptotic bodies in these 

patients. Several studies showed variants on genes encoding for proteins such as type 2B Fcγ receptor 
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(FcγRIIB), integrin alpha M, autophagy related 5, acid phosphatase 5, three prime repair exonuclease 

1, deoxyribonuclease 1 (DNAse I), and deoxyribonuclease I like 3. All these genetic variants are 

associated with an higher risk to develop SLE because of their roles in controlling both the apoptosis 

and the clearance of apoptotic debris 5,19–21. A remarkable number of patients with SLE has an 

increased expression of interferon (IFN) associated genes (phenomenon known as interferon 

signature) compared to healthy individuals. IFN-signaling pathways have a central role in the 

establishment of defense mechanisms against viral infections. Interferon proteins are also important 

for the activation and development of the immune cells. Many studies have revealed the presence of 

genetic variants associated with increased SLE susceptibility on genes encoding for proteins such as 

Toll-like receptor (TLR) 7, TLR regulatory molecules, IFN signaling transcription factors (i.e. IRF5, 

IRF7/PHRF1, IRF8, ETS1), as well as in genes encoding for molecules involved in the downstream 

signaling of the IFN pathways, such as signal transducer and activator of transcription (STAT) 4, 

interferon induced with helicase C domain 1, and positive regulator domain zinc finger protein 1 

5,22,23. Genetic variants associated with the impairment of immune cells function were also associated 

with SLE. Genetic variants on genes encoding for B lymphocyte kinase, B-cell scaffold protein with 

ankyrin repeats 1, and tyrosine-protein kinase Lyn (LYN) are thought to alter the B cell receptor 

signaling in patients with SLE 5,23,24. Further studies identified genetic variants associated with altered 

differentiation, activation, and proliferation of T cells in patients with SLE. In these studies variants 

on genes such as IKZF1 (Ikaros family zinc finger protein 1), AFF1 (AF4/FMR2 family member 1), 

and TNFS4 (Tumor necrosis factor ligand superfamily member 4) 5,23,25 were observed. Genetic 

variants on FcγRIIB and FcγRIIIA/B (low affinity immunoglobulin gamma Fc region receptor III-

A/B), IL-10 (interleukin 10), and IRF8 (Interferon regulatory factor 8) genes can affect the 

development of macrophage, as well their phagocytic capacity, drastically impairing the ability of 

these cells to remove cellular debris in SLE patients 5,23. Polymorphisms within the human leukocyte 

antigen (HLA) are associated with many autoimmune diseases. Polymorphisms and other variants on 

these genes represent a well-known risk factor also in patients with SLE. Furthermore, HLA 

haplotypes are also associated with increased risk of auto-antibodies production. HLA haplotypes 

consisting of DR2 are associated with anti-Sm antibodies, while HLA DR3 haplotypes are associated 

with anti-Ro/SSA and anti-La/SSB antibodies. While individuals with a mixture of DR2/DR3 

haplotypes have an increased prevalence of anti-Ro/SSA, anti-La/SSB and anti-Sm antibodies 26. 

Among subjects with East-Asian ancestry the risk to develop SLE is associated with HLA-DRB1, 

HLA-DPB1, HLA-DQB1, HLA-A, and HLA-B genes. Among SLE patients with East-Asian 

ancestry it was observed that the production of antibodies anti-RNP, anti-Ro/SSA, anti-La/SSB and 
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anti-CL is associated with variants on the HLA-DRB1 locus, while the production of anti-Sm 

antibodies is associated with variant on the HLA-DPB1 locus 27.  

Environmental factors play a crucial role in the development of SLE. In the past years it was 

demonstrated the correlation between a habitual high-fat diet and obesity with the development of 

autoimmune diseases. Patients with SLE are more prone to become obese than the general population 

28. High levels of leptin are found in the blood of women with SLE, however this was not correlated 

with the disease activity, but with an increased risk to develop subclinical atherosclerosis 29. 

Interestingly, the adiponectin serum levels are increased among patients with SLE compared with the 

healthy population 30. Adiponectin is considered an anti-inflammatory molecule, able to inhibit the 

expression of adhesion molecules on the vascular walls induced by tumor necrosis factor alpha (TNF-

α). In addition, this molecule can induce T regulatory cells (Tregs) activation and inhibits T-cell and 

B-cell activation and proliferation 31probably related to physiological mechanisms trying to control 

the inflammatory processes related with this autoimmune disease. Some reports showed that serum 

levels of adiponectin are higher in those patients with SLE who have lupus nephritis as opposed to 

those without nephritis 32. Other studies instead reported that patients with SLE are characterized by 

low levels of vitamin D. In the general population deficiency of vitamin D is linked with obesity, 

whereas among patients with SLE this deficiency is associated with the presence of renal 

involvement. Long-term glucocorticoid administration, the commonest pharmacological treatment 

for SLE, is associated with vitamin D levels depletion 33. An interesting fact is that healthy individuals 

positive for ANA are characterized by lower levels of this vitamin compared with ANA negative 

healthy individuals 34. This highly suggests for a role of this vitamin in the development of these 

autoantibodies. Contrasting studies can be found about the role of vitamin D receptor (VDR) 

polymorphisms in the pathogenesis of this disease 35,36. Nevertheless, a role of this receptor in the 

developments of SLE is expected since VDR is expressed in several immune cells such as neutrophils, 

macrophages, dendritic cells (DCs), T cells, B cells 37,38. DCs treated with the active form of vitamin 

D, i.e. 1,25(OH)2D3 (or calcitriol), demonstrated resistance to maturation 39, while human 

macrophages treated with the same compound showed a decrease capacity to produce interleukin 6 

(IL-6) and TNF-α 40. Vitamin D exerts a modulatory effect also on the adaptive immune response. 

Many reports suggest that calcitriol inhibits B cells proliferation, immunoglobulin class switching, 

and antibody production, as well as it prevents the differentiation of CD4+ cells into Tregs, but favors 

their differentiation into T helper 17 cells (Th17) 
41.  Smocking represents another risk factor for the 

development of SLE. It is well established that cigarette smoking exposes smokers to several toxic 

compounds that can induce oxidative stress and directly damage the DNA, hence genes involved in 

the development of SLE can be damaged. Cigarette smoking is associated with an increased 
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expression of CD95 (also known as Fas cell surface death receptor) on both B cells and CD4+ T cells, 

enhancing the risk to develop autoimmune diseases among smokers 42. Freemer and colleagues 

showed that smoker SLE patients are more likely to have anti-dsDNA antibodies compared with no 

smokers SEL patients 43. The alcohol as well can affect the immune response are present. It is proved 

that moderate alcohol intake may also reduce serum levels of IgG. Moreover, alcohol consumption 

is associated with epigenetic changes in genes controlling the immune response, and an altered gene 

expression of these genes can affect the immune homeostasis and lead to autoimmunity 44,45.  

 

2.2.4.  Pathologic mechanisms of Systemic Lupus Erythematosus 

 

SLE is a complex immune disease, and its exact etiology is not completely understood yet. The 

encounter between a susceptible individual and an environmental trigger leads to an aberrant 

activation of the immune response, with the consequently loss of the immune tolerance. This immune 

defects leads to an increased availability of self-antigens for the immune system, which eventually 

develop an immune response against them 1. The fact that autoantibodies, in particular ANA, can be 

detected years before the appearance of clinical symptoms, has brought to believe that  the loss of 

tolerance to self is an important step in the development of SLE 46.  Anti-dsDNA, anti-Ro/SSA, anti-

La/SSB and anti-phospholipid (anti-PL) antibodies can be found years before the clinical onset of the 

disease, whereas anti-Sm or anti-RNP antibodies can be found only few months before. Many of these 

autoantibodies can be found among individuals who will not develop this disease, suggesting for the 

presence of defects on mechanisms controlling the peripheral expansion of autoreactive B cells, rather 

than defects on the progenitors of B cells 47,48. In addition, the majority of pathogenic autoantibodies 

are both class-switched IgG and somatically hypermutated, phenomena that occur inside the germinal 

centers (GCs) 49. In patients with SLE, the B cell activation inside GCs leads to the production of 

autoreactive plasmablasts and plasma cells secreting high levels of autoantibodies. 

A common feature among patients with SLE is the increased serum levels of interferons, specifically 

type 1 interferons (IFN-I). IFN-I are a large subgroup of interferons produced by many immune cells, 

and each of them plays an important role in the establishment of defense mechanisms against viruses 

and other intracellular pathogens. There are five classes of IFN-I, called IFN-α, IFN-β, IFN-ε, IFN-κ 

and IFN-ω while IFN-α is the only class with 13 subtypes. All IFN-I bind to a common receptor, the 

IFN-α receptor (IFNAR), composed of two chains (IFNAR1 and IFNAR2). Once the IFN molecule 

binds to its receptor, the JAK-STAT signaling pathways is activated with the consequent transcription 

of genes encoding for antiviral proteins and immunomodulatory proteins50. During normal conditions 
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IFN-I levels in the serum are low, but a peak is seen soon after a viral infection is established. Once 

the infection is overcome, the IFN-I levels decrease to the normal values. Some viruses such as the 

EBV can lead to chronic infections, and a previous infection of this virus is observed among nearly 

all patients with SLE 51. It was observed that sustained IFN-I production, as occurs during chronic 

viral infections, prevents the differentiation of activated CD4+ T cells into CD4+ T helper 1 cells (Th1), 

but it does not prevent activated CD4+ T cells to differentiate into CD4+ T follicular helper cells (TFH). 

TFH are essential cells for the GC formation and provide signals to B cells for their differentiation into 

plasmablasts and plasma cells that secrete high-affinity and isotype-switched antibody 52,53. As a 

confirmation of this, high IFN-I levels correlate with the presence of autoantibodies in patients with 

SLE. Noteworthy, the presence of anti-dsDNA and anti-Ro/SSA antibodies strongly correlates with 

high levels of IFN-α among patients of European, African and Asian ancestral backgrounds 54. Type 

II interferon, also known as interferon γ (IFN-γ), was linked to SLE. IFN-γ levels are increased in 

patients with SLE compared with healthy control, although its role in autoimmune syndromes is still 

debated 55. Nonetheless, experiments on animals have showed the B cell–intrinsic deletion of the 

IFN-γ receptor abrogates autoimmune GCs formation and class-switched autoantibodies production 

56.     

The production of self-reactive antibodies requires both the presentation of self-antigens as non self 

and the failure of immune tolerance mechanisms. Antigen mimicry is one of the most studied 

mechanisms of self-antigens presentation, and it is believed to generate self-reactive antibodies in 

several autoimmune diseases. Many patients with SLE have a documented previous infection with 

the EBV. Epstein Barr virus nuclear antigen I (EBNA-1) was shown to trigger the development of 

anti-nuclear antibodies in patients affected by SLE. In addition, anti-EBNA-1 antibodies cross react 

with anti-dsDNA antibodies and when injected in mice these antibodies bind dsDNA and deposit in 

the kidneys 4. Other pathogens such as the Human Immunodeficiency Virus Type 1, Helicobacter 

pylori, Leishmania sp. and Human cytomegalovirus have been associated with an increased risk to 

develop SLE 57. Neutrophil extracellular traps (NETs) represent another mechanism associated with 

the development of SLE. This mechanism consists in the formation of a network of extracellular 

fibers that contain nuclear antigens, such as DNA, histones and pro-inflammatory proteins extruded 

by neutrophils. The main purpose of NETs is to enhance the activation of the immune response and 

foster the suppression of pathogens. It is believed that in patients affected by SLE the uncontrolled 

removal of NETs may contribute to the overexposure of self-nuclear molecules to the adaptive 

immune systems, which eventually develops a memory for these self-antigens. The degradation of 

NETs involves the action of the DNase I. This enzyme digests the DNA and histones forming the 

NETs. The debris formed during this process are immediately endocytosed and lysed by macrophages 
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58. It was proved that reduced capacity of DNase I is associated with a longer exposure of NETs to 

immune cells, hence with the production of anti-DNA antibodies 59. Furthermore, among patients 

with SLE can be found a subset of neutrophiles, called low density granulocytes (LDG). It was proved 

that LDGs possess a higher capacity to generate NETs, compared to normal neutrophiles. In addition, 

their presence associates both with an increased vascular damage and with an increased IFN-α 

production by plasmacytoid dendritic cells (pDCs) 61. Kidney and skin biopsies from patients with 

SLE demonstrated the formation of NETs in these tissues 60,61.  

The complement system is implicated in the pathogenesis of SLE too. Three main pathways are 

known to induce the activation of the complement system i.e., the classical pathways, which requires 

antibody-antigen complexes formation; the lectin pathway, which requires the binding between 

Mannan-binding lectin and the mannose on bacterial wall; and the alternative pathway, which 

recognizes the presence of no specific pathogen domains such as lipopolysaccharides or mannose. 

Aberrant activation of the classical pathway is associated to SLE. Low serum levels of C1, C2 and 

C4 are observed in patients with active disease, while C3 levels are usually at the lower end of the 

normal range 62. Although decreased levels of complement proteins are associated with SLE, they are 

not routinely assessed in all laboratories because normal complements levels vary among healthy 

individuals and because the measurement of these protein in the serum may not reflect what is 

occurring in the tissues of patients with SLE. Moreover, among patients with SLE the presence of 

antibodies to complement proteins can be observed, mostly to C1q, and in this situation the activation 

of complement proteins is due to the presence of these autoantibodies rather than the disease per se 

62. The evaluation of C4 and C3 protein is not always representative of the condition of the patient. 

Often, when the patient is characterized by the deficiency of C1, the levels of C4 and C3 result 

increased due to reduced consumption of classical pathway proteins 62. To overcome this problem is 

recommended to assess the activity of the complement pathways, for example by using the CH50 

(complement hemolysis 50%) test 62. Subject with hereditary condition leading to the deficiency of 

C1 and C4 proteins are prone to develop SLE in a severe form. It is estimated that more than 75% of 

all subjects with these conditions develop SLE, whereas only 10% of SLE patients possess the genetic 

condition affecting the production of C2 protein. The deposition of complement proteins within the 

tissues collected from patients with SLE is largely demonstrated 63. Although there is a clear 

correlation between the presence of autoantibodies and the deposition of complement proteins within 

the tissues, no clear correlation can be drawn between the deposition of these proteins and the 

presence of tissue inflammation. It was showed that biopsies of clinically normal skin typically show 

deposits of complement proteins at the basement membrane in the dermo-epidermal junction 64,65. 
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The correct development and maturation of B cells might also be impaired in SLE, and as a 

consequence of this, patients with SLE begin to produce autoantibodies. B cells arise from pluripotent 

hematopoietic stem cells, in the bone marrow. Before their egress from the bone marrow, immature 

B cells undergo through a “negative selection” and only the surviving cells are allowed to enter the 

circulatory system. Transitional B cells express both IgM and IgD on their surface. During their travel 

from the bone marrow to the secondary lymphoid organs, B cells cannot produce antibodies. In 

addition, it is believed that during this stage, these cells are still under the negative selection 

checkpoint. Once they reach the secondary lymphoid organs, they become naïve B cells. Naïve B 

cells upon interaction with antigen presenting cells (APCs) undergo rapid proliferation through B-

cell receptor (BCR) signaling and start the formation of GCs. Helped by TFH and follicular dendritic 

cells, activated B cells undergo class switch recombination (CSR), somatic hypermutation (SHM), 

and affinity maturation. CSR leads to the expression of different immunoglobulins, such as IgG, IgE 

or IgA, while SHM and affinity maturation contribute to the generation of high affinity plasma cells 

and memory B cells. Conventional B cells differentiate into plasma cells in either T-cell-independent 

or T-cell-dependent ways. The T cell-dependent generation of B cells can occur outside the secondary 

lymphoid organs, and lead to the generation of extrafollicularly short-lived plasmablasts. Then, 

activated B cells re-enter into the secondary lymphoid organ and proliferate under the assistance of 

TFH cells. At this step long-lived plasma cells produce high-affinity antibodies and, apart from a small 

proportion retaining in the periphery, they migrate back to the bone marrow and are responsible for 

continuous antibody production 66. Autoreactive B cells can be generated both via VDJ recombination 

in early B cell developmental stages in bone marrow and through de novo via SHM in GCs. Failure 

of central or peripheral tolerance mechanisms will lead to the escape of autoreactive B cells and 

contribute to the pathogenesis of lupus. Aberrant BCR signaling contributes to the breakdown of 

central tolerance by the incapacity to induce the apoptosis of precursors of B cells that recognize self-

antigens 67. These cells may eventually egress from the bone marrow and start an immune reaction to 

self-antigens. Altered B cell subsets have been documented in patients with SLE and include elevated 

immature transitional B cells, memory B cells, plasmablasts, and circulating plasma cells able to 

produce autoantibodies 68–70. Many factors control the B cell activation, differentiation, and function. 

Abnormal activation of B cells is a critical step in the initiation of SLE and can be induced either by 

aberrant cytokine release or by impaired protein membrane signaling. Cytokines implicated in 

aberrant activation of B cells are B cell activating factor (BAFF), IL-6 and interleukin 21 (IL-21), 

whereas membrane protein implicated in aberrant B cells signaling are, CD40 ligand (CD40L)/CD40, 

interleukin 21 receptor (IL-21R), Fc gamma receptors (FcγRs) and TLRs. BAFF, also known as B 

lymphocyte stimulator or BLyS, is a member of the TNF superfamily, and it is produced mainly by 
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myeloid cells and T lymphocytes. This cytokine is essential for B cell development and function. 

BAFF provides survival signals and promotes CSR by binding to three distinct receptors on B cells, 

namely, BAFF-R (also termed as BR3), transmembrane activator and calcium modulator and 

cyclophilin ligand interactor, and B cell maturation antigen 71,72. Elevated levels of BAFF inhibit 

BCR-induced cell death by promoting the down-regulation of the proapoptotic protein Bim.73 

Experiments on transgenic mice demonstrated that the overexpressing BAFF leads to lupus-like 

phenotype, increased B cells number, hypergammaglobulinemia, high serum levels of anti-DNA 

antibody, and immune complexes (ICs) deposition in the kidneys 72. In patients with SLE, high levels 

of BAFF positively correlate with the presence of anti-dsDNA antibodies, although changes in the 

serum levels of this cytokine do not correlate with the disease activity 74,75. IL-6 is a potent 

proinflammatory cytokine, and it was observed that serum levels of this cytokine increase 

simultaneously or before the appearance of the first autoantibodies in preclinical SLE, suggesting for 

a pivotal role of this cytokine in B and/or T cell tolerance dysregulation 76. B cells isolated from 

patients with SLE produce high level of IL-6. In a murine lupus models, it was shown that IL-6 

induces the differentiation of TFH cells and initiates the spontaneous formation of germinal centers 77. 

IL-21 is mainly secreted by TFH and Th17 cells, while its receptor is found on both naïve and activated 

B cells in the GCs. The role of this cytokine is to amplify the proliferation mediated by CD40L/CD40 

interaction 78. In addition, acting in combination with CD40, IL-21 mediates the proliferation, 

differentiation, and CSR in plasmablasts and plasma cells 79. High levels of IL-21 are found in patients 

with SLE. B cells isolated from SLE patients stop to proliferate when are treated with a monoclonal 

antibody that prevent signaling through IL-21R 80,81. CD40L is a member of the TNF superfamily, 

and it is expressed on both naive and activated CD4+ T cells, whereas its receptor, CD40, is expressed 

on B cells and APCs. CD40L/CD40 interaction contributes to B cell differentiation, isotype 

switching, and GCs formation 82. In patients with SLE, CD40L can be found overexpressed on both 

CD4+ T cells and CD8+ T cells. Ectopic expression of CD40L on B cells was observed both in SLE 

patients and in lupus prone mice. In both human and animal studies, serum levels of the soluble form 

of CD40L correlated with both the autoantibody titers and disease activity 83,84. FcγRs are 

transmembrane proteins able to bind the Fc region of IgG. This group of receptors belong to the 

immunoglobulin superfamily. Several members of FcγRs exist, such as FcγRI (CD64), FcγRIIA 

(CD32), FcγRIIB (CD32), FcγRIIIA (CD16a), FcγRIIIB (CD16b), which differ in their antibody 

affinities and are mostly expressed on B cells and DCs 85. The interaction between ICs and FcγRs 

plays a pivotal role in autoimmune response among patients with SLE. The FcγRIIB is the only 

inhibitory IgG Fc receptor that can interact with either the BCR or ICs. The activation of FcγRIIB, 

by ICs and BCR, induces the phosphorylation of the cytoplasmic domain immunoreceptor tyrosine-
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based inhibitory motif by LYN. LYN plays an essential role in the transmission of inhibitory signals 

that attenuate cell activation and mediate immune tolerance 86. It was observed that lupus prone mice 

express low levels of FcγRIIB. In addition, increased expression of FcγRIIB on B cells can reduce 

anti-DNA antibody levels and proteinuria in the same animals 87. Polymorphisms on the gene 

encoding for this receptor are associated with an increased risk to develop this disease 88. Aberrant 

activation of TLRs represents another pathological mechanism associated with the development of 

SLE. B lymphocytes can be activated by TLR1/TLR2, TLR7, and TLR9 to differentiate into effector 

B cells. TLR9 is constitutively expressed on human B cells, whereas the expression of TLR7 on B 

cells is induced by IFNs. TLR7 and TLR9 recognize single-stranded RNA and double stranded DNA, 

respectively, and play an essential role in the pathogenesis of SLE. It was observed that B cells 

expressing “DNA-reactive BCRs” can be activated synergistically via the BCR and TLR9 signaling 

pathways.89–91 In Lupus prone mice, TLR9 mediates the production of anti-dsDNA and anti-

chromatin autoantibodies. Increased levels of TLR9 associate with higher disease activity in SLE 

patients 92. On the other hand, TLR7 deletion ameliorates the conditions of lupus prone mice, however 

its depletion did not prevent the production of autoantibodies against RNA-containing antigens 93. 

Interestingly, pDCs collected from patients with SLE and stimulated with an agonist for the TLR7  

express high levels of the IFN-α gene, whereas the stimulation with an agonist of the TLR9 does not 

influence the IFN-α gene expression 94.  

T cells play a crucial role in SLE pathogenesis as well. Defects on T cells signaling, cytokine 

production, proliferation and regulation mechanisms are commonly observed in patients with this 

disease. After being exposed to phorbol myristate acetate and ionomycin, T cells isolated from 

patients with SLE express CD40L for a longer time than T cells isolated from healthy controls 95. The 

CD40L, expressed on the surface of T helper cells (Th), interacts with the CD40 receptor expressed 

on the cell surface of B cells and APCs. CD40L/CD40 interaction between Th cells and B cells 

promotes GC formation, immunoglobulin isotype switching, SHM, and the formation of long-lived 

plasma cells and memory B cells. While CD40 engagement on the surface of DCs stimulates their 

cytokine production, the expression of costimulatory molecules on their membrane, and facilitates 

the cross-presentation of antigen 82. A characteristic feature of SLE patients is the decreased 

production of interleukin 2 (IL-2), which is an important cytokine for the maintenance of Tregs. 

Decreased levels of IL-2 are associated with the immune system activation and autoimmunity 96. It 

was shown that in patients with SLE the number of Tregs is lower when compared with healthy 

subjects. Moreover the number of other T cells subpopulations with a pro-inflammatory phenotype, 

such as CD4+ Th17 and memory CD8+ cytotoxic cells, is usually increased and associated with a poor 

prognosis of SLE 97,98. The programmed cell death protein 1 (PD-1) is a regulatory molecule involved 
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in the repression of immune response. This protein belongs to the immunoglobulin superfamily and 

can be found on thymocytes, activated T and B cells. Programmed death ligand 1 (PD-L1) function 

as ligand for PD-1, and can be found on dendritic cells, macrophages, mast cells, T and B 

lymphocytes, endothelial and tumor cells. The interaction PD-1/PD-L1 transmits an inhibitory signal 

to the activated B or T cell. The precise role of this molecule on SLE is still controversial, though 

patients affected by this disease are characterized both by a decreased expression on the cell 

membrane and by an increased concentration of its soluble form 99,100. 

 

2.2.5.  Neuropsychiatric Systemic Lupus Erythematosus  

 

Patients affected by SLE that suffer from neuropsychiatric symptoms represent a subcategory called 

neuropsychiatric systemic lupus erythematosus or NPSLE. Among patients with NPSLE can be 

observed several different manifestations, and the severity of these manifestations may range from 

mild symptoms such as headache, to more severe complications like cognitive dysfunctions. 

Neuropsychiatric manifestations described in SLE involve both the CNS and the peripheral nervous 

system (PNS). It is estimated that between 17% to 75% of patients with SLE develop neuropsychiatric 

symptoms during their disease course 101.  The most widely used classification of the NPSLE 

symptomatology of the CNS is based on the distinction between focal and diffuse manifestations. 

Focal manifestations are caused by a small vessel thrombotic event or a stroke in a specific structure 

of the brain, in this situation patients might experience seizures, cerebrovascular diseases and aseptic 

meningitis. Diffuse manifestations are represented by depression, cognitive dysfunction, mood and 

anxiety disorders or psychosis, and are often harder to identify and attribute to NPSLE 102. Another 

common classification of CNS symptomatology differentiates between inflammatory and ischemic 

manifestations. Inflammatory manifestations are mainly associated with the presence of 

autoantibodies and blood-brain barrier (BBB) dysfunction, whereas the latest are not associated with 

the presence of anti-neuronal autoantibodies, but with thrombotic or ischemic events due to the 

presence of anti-PL antibodies 103. The involvement of the PNS is characterized by manifestations 

such as cranial neuropathy, autonomic neuropathy, mono- and polyneuropathy, plexopathy and 

myasthenia gravis 102.  

The precise etiology of NPSLE is not understood yet. However, factors believed to contribute to the 

development of the neuropsychiatric manifestations are the production of autoantibodies, the 

presence of microangiopathy, the intrathecal production of proinflammatory cytokines and the 

premature formation of atherosclerosis. Diffuse symptoms seem related to inflammation elicited by 
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several mediators, such as IFN-α and anti-N-methyl-D-aspartate receptor (NMDAR) antibodies and 

anti-rib-P antibodies, which are also associated with the leakage of the BBB 104,105. Focal 

manifestations are associated with the presence of anti-PL antibodies in the serum, while anti-PL 

antibodies in the cerebrospinal fluid (CSF) are associated with a higher risk to develop cerebral 

vasculopathy, thrombosis and complement activation 106. Cohen and colleagues studied the brain 

histological alterations among patients with SLE and NPSLE. Their study showed that morphological 

alterations, such as microinfarctions, macroinfarctions, diffuse vasculopathies and microthrombi, can 

be observed both in patients with and without neuropsychiatric manifestations. However, these 

lesions were significantly more often observed among patients with neurological manifestations. 

Focal vasculopathies were observed both in SLE patients and healthy controls, supporting the idea 

that diffuse manifestations play a pivotal role in the development of neuropsychiatric manifestations 

among patients with SLE. Moreover, in this study it was also demonstrate for the first time that 

deposits of the classical complement components C1q and C4d, and the terminal complement 

complex (C5b-9), are associated with the development of brain thrombosis and ischemia 107. 

Focal symptoms of NPSLE are believed to be caused by small vessels thrombotic events or strokes. 

The happening of these events is always followed by the leakage of BBB, allowing the autoantibodies 

present in the blood to enter the brain parenchyma and start and immune response to neuronal 

components. Interestingly, Jedryka-Goral et colleagues have studied patients affected by NPSLE, and 

found out that the presence of anti-CL antibodies, commonly associated with thrombosis risk in 

patients with SLE108, is not associated with BBB disruption or with intrathecal antibodies production 

109. These results suggest that the disruption of BBB is not due to prothrombotic events, but rather it 

is related to the overexpression of proinflammatory cytokines able to promote the infiltration of 

leukocytes within the CNS. High levels of interleukin 1 β (IL-1β), IFN-γ and IL-6 were observed in 

the serum of patients affected by SLE 110. IL-1β is a potent inducer of intercellular adhesion molecule 

1  (ICAM-1) and vascular cell adhesion protein 1 (VCAM-1) on the surface of endothelial cells 

(luminal side), thus promoting the adhesion and the consequent migration of T lymphocytes across 

the BBB 111. Experiments on mice proved that high levels of IL-1β promote the migration of 

CCR2hiLy6Chi monocytes through the blood-spinal cord barrier and their acquisition of APC 

phenotype, followed by the activation of autoreactive CD4+ T cells 112. In patients affected by SLE, 

high levels of IFN-γ promotes the entrance of autoreactive CD4+ T cells in the CNS, by acting on 

endothelial cells and inducing them to localize on their surface (luminal side) molecules such as 

ICAM-1 and platelet endothelial cell adhesion molecule 1. Moreover, the overexpression of ICAM-

1 and VCAM-1 on endothelial cells surface promotes also the migration of B cells within the CNS 

113. Patients with SLE are characterized by high levels of IL-6, and most of this is produced outside 
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the brain, nevertheless IL-6 can be synthetized within the CNS by astrocytes 114,115. IL-6 is known to 

promote the activation of both B and T lymphocytes outside germinal centres 116, thus high level of 

this cytokine in the brain parenchyma may lead to the formation of ectopic germinal centres in which 

self-reactive antibodies are produced. Gelb and colleagues investigated the source of intrathecal 

antibodies in NPSLE using MRL/lpr mice, a spontaneous mice model for SLE where mice develop 

neuropsychiatric symptoms. In this study, the accumulation of IgG in the ependymal layer and in 

brain parenchyma of sub ventricular zones at the lateral, third and fourth brain ventricle, was 

observed. However, none of their mice displayed changes in the cell structure of the endothelial cells 

in the BBB. Taking these findings together, the only way immunoglobulins can reach the brain 

parenchyma is across the blood-cerebrospinal fluid barrier (BCSFB). In the study it was postulated 

that antibodies extravasate from the fenestrated capillaries of the choroid plexus (CP) into the CP 

stroma, and from here antibodies might abnormally cross the dysfunctional BCSFB to enter the CSF, 

and then accumulate in the proximity of the brain ventricles. Gelb and colleagues in their study 

observed normal function of tight junction of ependymal cells. But they also observed high infiltration 

of lymphocytes into the CP stroma of MRL/lpr mice, most of which were plasma cells. It was 

concluded that the CP epithelial barrier is compromised in MRL/lpr mice, as demonstrated by the 

abnormal IgG leakage and by the abundant trans-epithelial passage of immune cells 105. 

Cytokines and chemokines not only regulate the immune response, but also they can modulate 

neuronal functions, for example alterations in circulating levels of IL-6 and TNF-α are associated 

with depression like behaviour both in human and in mice model 117,118. Studies on the MRL/lpr mice 

demonstrated that high levels of IL-6 are associated with anhedonia and treatment with 

cyclophosphamide, a chemotherapeutical used to suppress the immune system, repress this behaviour 

119. Patients affected by NPSLE have high levels of cytokines such as IL-1β, soluble IL-2 receptor, 

IL-6, TNF-α, IFN-α and chemokines in their CSF 120. While cytokines such as IL-1β, IL-6, interleukin 

8 and IFN-γ are found at high levels in patients serum.121    

TNF-α can be synthetize both by neurons and astrocytes 122,123, although the main source of this 

cytokine in the CNS comes from microglia cells 124. Low levels of TNF-α modulate the synaptic 

plasticity of hippocampal cells, by controlling the trafficking of AMPA-type glutamate receptors 

(AMPARs) on these cells. AMPARs are ionotropic receptors composed by aggregates (more often 

found as homotetrames and less frequently as heterotetramers)  of different glutamate receptor (GluR) 

subunits, such as  GluR 1, 2, 3, and 4 124. TNF-α increases the expression of GluR1-containing 

AMPARs, which is required for the preservation of synaptic strength of the excitatory synapses 125. 

Instead, high levels of this cytokine induce the death of hippocampal cells by apoptosis, by signalling 
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through the TNF receptor-1 123. During physiological conditions, in the CNS is not produced enough 

amount of TNF-α to induce the apoptosis of hippocampal neurons, however patients affected by 

NPSLE are characterized by both BBB leakage and high circulating levels of IFN-γ 105,121, which is 

one of the most potent inducers of TNF-α 126. TNF-α plays a role in controlling the trafficking of 

NMDARs on hippocampal neuron cells, thus modulating their synaptic plasticity 127. While in cortical 

neurons TNF-α was shown to potentiate NMDAR-mediated excitotoxicity 128. Studies on lupus prone 

mice have demonstrated that one of the earliest brain morphological changes associated with NPSLE 

is the atrophy of the pyramidal neurons both in the parietal cortex and CA1 region of the hippocampus 

129.  

The IL-6 is mostly known for its role in the stimulation of the antibody production, nevertheless this 

cytokine can regulate synaptic functions, including synaptic transmission and synaptic signalling. In 

the CNS, this cytokine is largely produced by astrocytes 114, but it can be produced also by glial cells 

115 and even by certain neurons during some conditions such as injury or during strong neuronal 

activity 130,131. It was observed that the cytokine IL-1β can induce the production of IL-6 acting on 

both neurons and astrocytes 132,133, explaining the high levels of this cytokine in the CSF from patients 

affected by NPSLE. Signalling through the receptor of IL-6 can follow in two different mechanisms. 

One mechanism involves the binding between IL-6 and the membrane bound subunit of its receptor, 

the IL-6Rα. In order to transmit the signal inside the cell, the IL-6Rα associates with another 

membrane bound subunit which transmits the signal inside the cell, this subunit is known as 

glycoprotein 130 (gp130). However, the IL-6 receptor possesses a soluble form, generated by the 

cleavage of the transmembrane form or by alternative splicing of the IL-6Rα mRNA. Outside the cell, 

the soluble subunit of the receptor, sIL-6Rα, and the IL-6 associate together forming a complex that 

interact with the gp130 subunit on the cell membrane 134. Signalling through the membrane bound 

form of IL-6Rα is called “classical signalling”, while signalling through the soluble form is called 

“trans-signalling”. Although the scarce expression of membrane bound IL-6Rα in the CNS, the IL-6 

can exert its function on the cells of CNS because of the widespread presence of gp130 in the CNS 

135. Besides, there are studies proving that the expression of IL-6Rα mRNA in many CNS regions 

including the hippocampus and cerebellum 136,137. Increased CSF levels of IL-6 were associated with 

schizophrenia and major depressive disorder 138. Increased mRNA expression of IL-6, IL-1β and 

TNF-α in the hippocampus of db/db mice were associated to cognitive impairment 139, while central 

administration of recombinant mouse IL-6 produced depressive-like phenotypes in Swiss Webster 

mice. This findings are further confirmed by the fact that knock out mice for the IL-6 gene are less 

likely to develop a depression-like behaviour, compared with wildtype mice 140,141. 
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2.3.  Autoantibodies in Systemic Lupus Erythematosus  

 

2.3.1.  Systemic autoantibodies 

 

The production of autoantibodies is a distinctive characteristic of SLE. Even though it is not yet clear 

if they represent the cause or the consequence of this disease, their involvement in the damaging of 

tissues is widely accepted. For this reason in the last years new therapies have been developed to halt 

their production 6. The human adaptive immune system is able to produce autoantibodies to a nearly 

unlimited number of antigens, therefore every patient with this disease displays a unique signature of 

autoantibodies. Nonetheless, there are some autoantibodies that are recurrently found in the serum 

and CSF of patients with this disease. Autoantibodies that specifically bind antigens inside the nucleus 

of the cells are the hallmark of SLE, although it is well known that other cellular components can be 

targeted. ANA are helpful biomarkers for the detection of many autoimmune disorders, such as SLE 

and Sjogren syndrome. The ANA are a heterogenic group of antibodies that recognize self-antigens 

within the nucleus of cells, such as small nuclear ribonucleoproteins (snRNP), histone proteins, 

dsDNA, DNA/histone complexes, various nuclear enzymes, and other proteins. It is well-known that 

ANA can be found among the average populations in a percentage around 5% 142, but in autoimmune 

conditions their titer is often found increased 47. Since in the nucleus a large quantity of potential 

autoantigens can be found, ANA are usually classified in two main groups: one including antibodies 

to DNA molecule and histones, such as anti-dsDNA and anti-histone antibodies, whilst the second 

group includes all the other proteins present in the nucleus. The gold standard for the identification 

of ANA is to use indirect immunofluorescence assay (IIF-ANA), however due to the numerous 

variables of this technique the results of this assay are difficult to standardize, nevertheless their 

presence is still considered an important criterion for the diagnosis of SLE 10. IIF-ANA assay was 

designed in 1975 by George Friou, and to detect the presence of these antibodies HEp-2 cells is used 

as substrate. Three parameters must be considered to generate reliable results i.e., the fluorescence 

pattern, the cellular substrate used, and the titer of positive test. Different staining patterns are 

classified upon the different cellular regions labelled by the autoantibodies, such as the nucleus or the 

cytoplasm, and in certain cases also the mitotic spindle and the mitochondria (Fig. 2).  
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Fig. 2 Schematic illustration of the ANAs patterns observed during indirect immunofluorescence assay. Top left: 

homogeneous pattern, top right: speckled pattern, bottom left: peripheral pattern, bottom right: nucleolar patter. Source: 

Y. Kumar, Diagnostic Pathology, January 2009, 4 (1). 

Nuclear and cytoplasmic pattern can have different appearances, such as homogenous, speckled, 

peripheral and nucleolar. All these patterns give information about the type of ANA present in the 

sample, for example the nuclear homogenous pattern highly suggests for the presence of antibodies 

directed to dsDNA, histones, or nucleosomes. The nuclear speckled pattern suggests for the presence 

of anti-Sm, anti-Ro/SSA and anti-La/SSB, whilst speckled cytoplasmic pattern for the presence of 

antibodies to aminoacyl-tRNA synthetase 47,143. After the assay was developed by Friou, other IIF-

ANA assays, with different substrates, have been developed. The substrate used for the analysis must 

always be considered carefully, because the antibodies of certain patients may result negative when 

used on animal substrates, such as mouse kidney or rat liver, but are positive on human substrate, 

such as HEp-2 cell line. The ANA titer is proportional to the antibody’s concentration, and it is 

expressed using a quantitative scale value. Scalar dilutions (such as 1:40 → 1:80 → 1:160 → 1:320) 

of the sample are applied to the substrate: titers <1:40 are considered negative while titers ≥1:80 are 

considered positive. The role of ANA for the diagnosis of NPSLE was evaluated by several studies. 

Unfortunately, the detection of ANA among patients during their first psychiatric episode was 

revealed to be unspecific for the diagnosis of this disease, mostly because of the false positive 

resulting among patients under certain pharmacological treatment 144,145. Extractable nuclear antigens 

(ENAs) are a subgroup of ANA so called because they are acid non-histone macromolecules obtained 

from the saline soluble fraction of cell nuclei 146. High levels of ANA are often observed among 

patients with NPSLE. Usually, ENAs are found in patients with sparkled ANA pattern. In addition, 

some ENAs, such as the anti-Ro/SSA can be detected outside the nucleus by the IIF-ANA assay, 
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making the term nuclear antigen a kind of misnomer. ENAs are named either according to the disease 

they are mostly associated with (i.e. the anti-Scl70 that are most frequently found in patients affected 

by systemic sclerosis) or with some characteristic of their antigen (i.e. the anti-RNPs), or even to the 

name of the patients they have been first identified, i.e. anti-Sm from Smith 143,146. Anti-Sm and anti-

RNP antibodies are regarded as ones of the most important biomarkers for the diagnosis of 

autoimmune diseases. Anti-Sm antibodies are directed against the protein core of snRNPs, while anti-

RNP antibodies target the protein A (70 kDa) and the protein C of the U1 snRNPs (Fig.3).  

 

Fig. 3 Structure of U1 snRNP. The image shows the RNA bound to the seven core proteins targeted by anti-Sm antibodies 

and the A, 70kDa, and C proteins targeted by the anti-RNP antibodies. Source: P. Migliorini, Autoimmunity, February 

2005; 38(1): 47–54. 

Among SLE patients, the anti -Sm and -RNP antibodies are detected in a percentage between 5-30% 

and 25-47%, respectively, whereas among patients with NPSLE, anti-Sm and anti-RNP are detected 

in a range between 18-48% and 18-60%, respectively 147. The presence of anti-Sm antibodies are 

associated with the breakdown of the BBB and acute confusional states, among patients with NPSLE 

148,149. The anti -Sm and -RNP antibodies are almost always found together in patients with SLE and 

in those few cases in which anti-Sm were initially detected alone, anti-RNP developed later during 

the course of the disease 150. 
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Anti-Ro/SSA and anti-La/SSB antibodies were first found in the salivary and lacrimal glands’ extracts 

from patients affected by Sjogren’s syndrome (SS) 151, and later were also found in the serum of 

patients affected by SLE 152. Ro antigen is constituted by two different Ro proteins of 52 and 60 kDa. 

In humans, the Ro-60 kDa protein possess a RNA binding domain, while the Ro-52 kDa protein 

possesses zinc finger and leucine zipper domains without a specific RNA binding site 153,154. The two 

proteins have different auto-epitopes. The one of the 52 kDa protein is characterized by a linear 

conformation and is in the leucine zipper site, whereas the epitope of the 60kDa protein is highly 

conformational, proved by the fact that after protein denaturation autoantibodies are no longer able 

to bind this form. This means that the antibody anti-52 kDa Ro protein does not directly bind the 

RNA molecules, and forms immunocomplexes only in the presence of the anti-60 kDa Ro antibodies 

155. La antigen is a 48 kDa phosphorylated protein and can be found in both the nucleus and in the 

cytoplasm. La binds to newly synthesized RNA polymerase III products and plays a crucial role in 

the transcription and maturation of the transcripts during the cell cycle 156. Ro and La proteins 

associate together and bind to Y-RNA, which are small non-coding RNAs essential during 

chromosomal DNA replication (Fig. 4).  

 

Fig. 4 Ro/La proteins forming a complex with human Y1 RNA. These proteins are the targets of the anti-Ro/SSA and 

anti-SSV/La antibodies, respectively. Source: F. Franceschini Autoimmunity, February 2005; 38(1): 55–63. 

Anti-Ro/SSA antibodies are widely found among many autoimmune diseases, such as SLE and SS. 

In contrast, anti-La/SSB are typically found in patients affected by SS, and when present among 

patients with other autoimmune disorders they are often accompanied by anti-Ro/SSA antibodies 157. 

It was showed that anti-Ro/SSA and anti-La/SSB antibodies are found between 36-64% % and 8-34 

% of patients with SLE, respectively 158 whereas among patients with NPSLE anti-Ro/SSA and anti-

La/SSB antibodies can be observed in a range between 36-86% and 14-32%, respectively 147.  
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Autoantibodies to histones target the five major class of histone proteins: H1, H2a, H2b, H3 and H4, 

and can be found in around 60% of patients with NPSLE 159. Although these autoantibodies do not 

associate with any neurological manifestation they correlate with the disease activity, since during 

the disease flares they can be found at high levels. However, the presence of autoantibodies that 

specifically bind to H1 and H3 fractions correlated with the presence of neuropsychiatric symptoms 

has been reported 160,161.  

Antibodies that specifically bind to double strand deoxyribonucleic acid, the anti-dsDNA, carrying 

the most diagnostic power and clinical application, were first observed by Ceppellini et colleagues in 

1957 162. DNA-binding autoantibodies can belong to either IgM or IgG class, besides they can target 

non only the double strand of DNA but also the single strands. Antibodies that bind to the single 

strands of DNA recognize bases, nucleosides and nucleotides and ribose-phosphate backbone, 

whereas those to double stands of DNA recognize only the ribose-phosphate backbone 163,164. The 

double helix of DNA can exist in two different forms, called B DNA and Z DNA, and both can be 

target of autoantibodies in patients with SLE, however the most targeted is the B form 165. Among 

patients with SLE, IgG class antibodies to dsDNA are more frequently observed than IgM class 

antibodies, and are more likely to include high-affinity subgroups with narrow cross reactivity 166. It 

was observed that high levels of arginine, lysine and asparagine residues in the complementarity-

determining region of the IgG class anti-dsDNA antibodies facilitate the binding with the negatively 

charged DNA molecules. A recent study proved that anti‐dsDNA antibodies of patients with SLE 

have a specific immunoglobulin variable region (IgV) peptide signature, highly suggesting that the 

mutations of the IgV region occurs in the germinal centres. Therefore IgV proteomic sequencing 

could be a valid tool for the development of personalized medicine of patients with SLE 167,168. The 

detection of antibodies anti DNA can be assessed through different tests including the Farr assay, 

considered to be the most reliable. This test can detect both the ssDNA and dsDNA, and its protocol 

involves an incubation process of radiolabeled DNA with the patient’s serum, then the complex DNA-

anti-DNA antibodies are precipitated with ammonium sulfate or polyethylene glycol. This assay is so 

specific for SLE that it is likely to predict the occurrence of disease flares, particularly in case of 

glomerulonephritis 169. The crithidia assay is based on the ability of anti-dsDNA antibodies to bind 

the kinetoplast of Crithidia luciliae, a protozoan organism with a double-stranded circular DNA 

structure. Several enzyme-linked immunosorbent assays for the detection of antibodies to DNA can 

be found on the market as well. The prevalence of anti-dsDNA antibodies among patients with SLE 

ranges between 60% to 90%, while among patients with NPSLE they can be observed in 81% of 

patients 170.  The titer of anti-dsDNA antibodies changes along with the course of the disease, being 

detected in more than 60% of patients with active disease, and only in 10-15% of patients with 
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inactive disease 171,172. Moreover, it is now recognized that the rise of anti-dsDNA antibody levels is 

often accompanied by a lowering of C3/C4 complements factors levels. These two  phenomena are 

associated with the flares of the disease, involving both the kidneys or other organs 173. One study, 

involving stored samples of American military recruits diagnosed with SLE at some point in their 

life, demonstrated that the anti-dsDNA antibodies can be detected several years before the clinical 

onset of the disease 174. Autoantibodies to dsDNA form ICs that activate pDCs, mostly via the FcγRII 

and TLR-9, which begin to produce cytokines to initiate an immune response. In normal conditions, 

these immune complexes are removed, whereas in patients with SLE the mechanisms involved in the 

removal of ICs are defective, hence ICs start to accumulate in the tissues, such as kidneys or skin. 

Four main mechanisms of action have been proposed to explain etiopathogenesis of these antibodies:  

- directly damaging to the cell by binding nuclear DNA and leading to the necrosis and/or 

apoptosis of the cells or to the formation of NETs, 

- binding to inter-nucleosome DNA and leading to the formation of immunocomplexes that 

accumulate on the cell surface,  

- stimulating the IFN-α production by pDCs,  

- through extracellular poly-reactivity with different proteins/molecules.  

 

The term Lupus anticoagulant indicates a heterogenous class of immunoglobulins that specifically 

target the epitopes of the negatively charged phospholipid binding proteins, cardiolipins, 

prothrombin, and beta2-glycoprotein I. These antibodies are not specific for Lupus since they can be 

found in other disorders where the coagulation process is impaired 175. The presence of these 

autoantibodies is strongly associated with stroke, transient ischemic attack transverse myelitis, 

epilepsy, chorea and dementia 176–179. Another kind of antibodies that are commonly found in NPSLE, 

are the anti-CL antibodies and are associated with development of headache, acute psychosis, 

cognitive impairment, high cortical dysfunction, and altered consciousness 180,181. Both the serum and 

CSF from patients with NPSLE were examined and high titre of anti-CL antibodies was found in both 

body fluids. To understand whether these autoantibodies were generated in the CNS, or they were 

entering into the CSF from the systemic circulation, the Q-albumin index was measured. It was 

observed that in some patients the Q-albumin index was abnormal, which is suggestive for the 

disruption of the BBB, hence the anti-CL antibodies were generated outside the CNS. However, in 

other patients this index was normal, suggesting for an intrathecal production of these autoantibodies 

182. Hence, both mechanisms can be responsible to the development of neuropsychiatric symptoms in 

patients affected by Lupus. Among patients with NPSLE anti-CL antibodies are commonly found in 
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a range between 10 and 14.5% and are associated with development of headache, acute psychosis, 

cognitive impairment, high cortical dysfunction, and altered consciousness 147,180,181.  In 1985 Elkon 

and colleagues reported for the first time a new antigen recognized by the autoantibodies in patients 

affected by SLE. This antigen was identified as the a C-terminal sequence shared between ribosomal 

acid phosphoproteins (P0, P1 and P2) 183. The acid ribosomal proteins P0, P1 and P2, consisting of a 

small 40S subunit and a large 60S subunit, share a common C-terminal amino acid sequence 184 and 

play an important role in the elongation step of protein synthesis. Dissimilarly from most ribosomal 

proteins which are basic, they are acidic. Anti-rib-P antibodies are found at high prevalence among 

patients with SLE, and commonly associate with the presence of neuropsychiatric symptomatology, 

juvenile onset of SLE and skins manifestations 185–187. Among patients with NPSLE the anti-rib-P 

antibodies can be found in a range from 10% to 47% and strongly correlates with neuropsychiatric 

manifestation 188–190. Interestingly, Bonfa et colleagues have observed that 90% of SLE patients with 

psychosis possess these antibodies 191. The anti-Rib-P autoantibodies were found also in the CFS of 

patients affected by NPSLE, and their levels were significantly higher among patients with diffuse 

symptoms rather than patients with focal symptoms 192. Is commonly accepted that among patients 

affected by NPSLE the presence of anti-rib-P associates with psychosis and depression, however 

there are studies that refute this association 193,194. Sun and colleagues have shown that anti-rib-P 

antibodies concentration fluctuates according with disease activity 195.  

 

2.3.2.  Brain specific antibodies 

 

Brain-targeting autoantibodies have been found both in the serum 196 and in the CSF 197 of patients 

with NPSLE. The brain-specific antibodies can be subdivided in those recognizing specific antigens, 

such as the anti-NMDAR antibodies, and those recognizing antigens not yet identified. Several types 

of glutamate receptors can be found in the human body and are usually classified in two main groups. 

One group is composed of metabotropic receptors, which are G-protein coupled receptors activate by 

glutamate, whilst the other group is composed of ionotropic receptors, which are ion channel 

receptors activated by glutamate 198. The N-methyl-D-aspartate receptor belongs to the family of 

ionotropic glutamate receptors, and it can be composed of three different subunits, named NR1-3. 

Posttranscriptional RNA processing of NR1 subunits gives rise to eight different splice variants 

(NR1A, NR1B, NR2A, NR2B, NR3A, NR3B, NR4A and NR4B), while the NR2 and NR3 subunits 

are encoded by four (NR2A-D) and two (NR3A-B) genes respectively. These subunits are assembled 

to form a tetramer containing two compulsory subunits NR1 in combination with two NR2 or two 

NR3 subunits 199. Two molecules of the co-agonist glycine and two molecules of the agonist 
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glutamate are required to activate the receptors composed of NR1/NR2 subunits, whilst receptors 

composed of NR1/NR3 require only glycine for their activation. Since molecules of glycine are 

normally present in the extracellular environment of the nervous system, the majority of the binding 

sites for this amino acid are always occupied. Glutamate is one of the major excitatory 

neurotransmitters in central nervous system and it is released from presynaptic terminals of 

glutamatergic synapses. Glutamate activates NMDAR by occupying the remaining two binding sites. 

Upon the interaction with its co-agonist and agonist, NMDAR opens selectively for cations (such as 

Na+, K+ and Ca2+). The relative permeability of ion channel for Ca2+ is 10 times higher than the 

relative permeability for Na+. Calcium plays an important role as intracellular signalling molecule 

involved in neural plasticity. When present in excess it becomes a mediator of excitotoxic cell death 

199. Anti-NMDAR antibodies recognize an aminoacidic sequence presence in the subunit NR2, and 

these antibodies are detected in a noteworthy proportion of patients with SLE, ranging from 14% to 

33%, and in around 60% of patients with NPSLE 200–202. Gaynor and colleagues showed the ability 

of R4A, a mouse monoclonal IgG2b anti-dsDNA, to bind the amino acid sequence DWEYS. Later it 

was demonstrated that this amino acid sequence can elicit both the immune response and anti-dsDNA 

antibody production in BALB/c mice 203,204. This sequence is also found in the extracellular domain 

of murine and human NR2a and NR2b subunits of NMDAR. In addition, autoantibodies that cross-

react with DNA and NMDAR were found in the cerebrospinal fluid of SLE patients and are believed 

to mediate non-thrombotic and non-vasculitic abnormalities of the central nervous system 205. Anti-

NMDAR antibodies target the hippocampus of mice and lead to the impairment of spatial cognition 

and impairment of spatial memory through aberrant excitatory signalling, apoptosis, dendritic 

pruning, and microglial activation 206,207. Some studies have reported the presence of antibodies 

against gangliosides (AGA) in patients with NPSLE, in a range between 15.5 to 29.4% 208,209. In one 

study, a strong correlation between IgG AGA in the CSF and IgM AGA in the serum of patients 

affected by NPSLE was observed. In addition, the presence of these antibodies did not correlate with 

the presence of anti-CL antibodies in the serum of CSF of the same patients. In another study, the 

presence of AGA IgG was associated with migraine, dementia and peripheral neuropathy. AGA, but 

not ANA, were also found in the CSF of children with NPSLE, although they possessed a high titre 

of ANA in their serum 210. This indicated that the BBB was intact, and that the autoantibodies were 

presumably intrathecally produced. However, Martinez and colleagues could not find a clear 

correlation between the presence of AGA and neuropsychiatric symptoms in patients with SLE 208. 

More studies should be carried on to better clarify the role of AGA as biomarker for NPSLE. Williams 

and colleagues reported the presence of self-reactive antibodies to microtubule associated protein 2 

(MAP-2) in 17% of patients affected by NPSLE. Although the presence of anti-MAP-2 antibodies 
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strongly correlated with neuropsychiatric symptoms, a significative presence of these autoantibodies 

was also found in control patients affected by other neurologic injuries/diseases, hence decreasing the 

specificity of these antibodies as biomarker for NPSLE 211. Immunoblotting analysis using sera and 

CSF of patients with NPSLE identified the presence of autoantibodies targeting neurofilaments 

(ANFA). In the serum of patients enrolled in the study, autoantibodies recognised mostly the medium 

(160 kDa) and high (205 kDa) molecular weight of neurofilaments, whereas only one patient showed 

to have antibodies that recognised the low molecular weight size neurofilament (70 kDa). 

Interestingly, in this study the presence of ANFA was detected mainly in patients with diffuse 

symptoms 212. One study reported that autoantibodies from the sera of patients affected by the NPSLE 

reacted specifically to glycoproteins present in the synaptosome isolated from Sprague-Dawley rats 

213. Another study identified self-reactive antibodies to triosephosphate isomerase (TPI) in both the 

sera and CSF from patients affected by NPSLE, and these antibodies were associated with psychosis. 

TPI plays an important role in the glycolysis, and deficiencies of this enzyme lead to a severe 

neurologic syndrome called triosephosphate isomerase deficiency 214,215. Other studies have tried to 

identify autoantibodies directed to neuronal components, but without being able to identify any 

specific target. Huston and colleagues identified an antibody that reacted with a 50 kD antigen in the 

plasma membrane of synaptic terminals. This antibody was found in the plasma (and CSF) in 95% of 

patients with NPSLE, and in 35% of patients with SLE without the neuropsychiatric manifestations. 

Such antibodies were not found either in the healthy subjects or in the case control patients (except 

for one case of a patient with rheumatoid vasculitis suffering from organic brain syndrome) 216. 

Another study described the presence of brain reactive antibodies in the serum of patients affected by 

SLE with neuronal manifestations. Immunoblotting analysis demonstrated that these antibodies react 

with proteins with a molecular weight between 27,5 and 29,5 kDa and were associated with seizures 

and psychosis 217. 
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2.4.  Autoantibodies to human and animal brain 

 

The number of autoimmune diseases involving the CNS is increasing. To better understand the 

pathology of such disorders, the identification of the autoantibody cell target is crucial. The detection 

of autoantibodies in the patient’s blood represents an easy method to perform a fast and reliable 

diagnosis for autoimmune diseases. If the antigen is not known but a particular organ or tissue is 

suspected, immunohistochemistry (IHC) is a valid method to determine selective areas, systems or 

organs that could be selectively reached by the autoantibodies. In the routine of a diagnostic 

laboratory the use of post-mortem human tissues is not reasonable hence the necessity to find out new 

sources for the regularly detection of autoantibodies. Animals such as mice and rats can be a valid 

alternative for such purpose, previous validation with human brain. The problem to developed a semi-

standardized IHC-method to reveal autoantibodies to brain components was addressed by Boscolo 

and colleagues 218. In this study, Boscolo developed a method to discriminate between positive and 

negative autoantibody-reaction using several sera from healthy controls and from different types of 

immunologic diseases including a restricted number of patients with NPSLE and SLE (8 and 3 

respectively). Interestingly, it was shown that 5/8 patients with NPSLE and all patients with SLE 

developed autoantibodies that recognised neurons in the cerebellum, brain cortex and brain stem of 

Sprague Dawley rats. However, the type of the positive neurons or the possible autoantigen were not 

investigated, neither the validation on human tissues/cells. To date, only a restricted number of studies 

have been conducted to better identify the anatomical brain distribution of brain-targeting 

autoantibodies. Karaaslan and colleagues in their study showed that 4 over 18 patients with NPSLE 

possessed self-reacting antibodies that recognised an uncharacterized surface antigen in the 

hippocampus of rat brain. In addition, it was shown that these autoantibodies colocalized with anti-

MAP-2 antibody in hippocampal neurons isolated from rat pups 219. Mader and colleagues, found that 

27% (3/11) of patients with demyelinating NPSLE developed autoantibodies that targeted neurons of 

mouse hippocampus aquaporin’. In addition, a small percentage of patients with demyelinating 

NPSLE developed anti-aquaporin 4 (AQP-4) and anti-myelin oligodendrocyte glycoprotein (MOG) 

antibodies 220. One study showed that 4 over 18 patients with NPSLE possessed a subset of 

autoantibodies that bind to guanosine diphosphate dissociation inhibitor α (αGDI). All patients with 

anti-αGDI antibodies suffered from psychosis. However, experiment of immunocytochemistry on 

SH-SY5Y cells showed a minimal colocalization between the anti-αGDI monoclonal antibody and 

the autoantibodies present in the serum of patients with NPSLE 221. Experiments on anti-AQP-4, anti- 

αGDI and anti-MAP-2 were conducted on a limited number of patients, further studies are needed to 
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confirm whether such antibodies can be diagnostic for NPSLE. Robbins and colleagues in their study 

showed that anti-ANFA, present in the serum of patients with NPSLE, labelled neurons of the human 

spinal cord, and that their staining pattern was similar to that of the anti-neurofilament antibody 212. 

Although such antibodies were found respectively on 9/22 (41%) and 7/34 (21%) patients with 

NPSLE and SLE, anti-ANFA did not appear to be diagnostic for NPSLE.   
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3. Aim of the study 

 

SLE is an autoimmune disease that might involve any organ of the human body. Up to 75% of patients 

with this disease develop neuropsychiatric symptoms. Patients with neurological manifestations 

suffer from a sub-condition called NPSLE. Autoantibodies are the main mediators of this disease and 

can be found both in the serum and CSF of patients. Brain-targeting autoantibodies have been found 

among NPSLE patients, such as anti-NMDA or anti-MAP2 autoantibodies, however their presence 

does not explain the entire spectrum of the neuropsychiatric manifestation observed among NPSLE 

patients. The aim of this work was to investigate the presence of brain-reacting autoantibodies that 

could contribute to the picture of neuronal manifestations in the NPSLE patients. Hence, the approach 

of this study was based through immunohistochemistry 218 to identify the brain areas and cell type/s 

as well as the subcellular areas targeted by the autoantibodies and, by western-blot analysis, to 

eventually identify the autoantibody molecular target/s. Since the human and rat could only partially 

share common epitopes, we used brain from both species as well as human cell lines to confirm the 

results obtained in rats. 
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4. Materials and Methods 

 

 

4.1. Human cohort 

 

The human cohort enrolled in this study was composed of a total of 209 subjects: 105 diagnosed with 

SLE, 36 with NPSLE (drug-naïve) (Table 1), 22 diagnosed with multiple sclerosis (MS) while 82 

(age- and gender-matched) healthy subjects were used as controls. Diagnosis of SLE was performed 

according to the classification criteria proposed by the American College of Rheumatology (ACR) 9. 

Classification of inflammatory NPSLE manifestation was made based on the classification of Zirkzee 

EJM et al 103. The female to male ratio was 9:1 in both patients with SLE and NPSLE. The average 

age between patients with SLE and NPSLE was 43 ± 13 years and 45 ± 14 years, respectively. The 

Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) of patients with NPSLE (13.9 ± 

9,7) was threefold higher than the SLEDAI of patients with SLE (4.4 ± 5.4). Moreover, the highest 

percentage of subjects with an active disease, defined as patients with a SLEDAI ≥ 6, was 80% among 

patients with NPSLE while only 23% of patients with SLE possessed a SLEDAI ≥ 6. At the diagnosis, 

both NPSLE and SLE patients had an ANA titer higher or equal to 1:80. When samples were 

collected, ANA titer higher than 1:80 was observed in 91.3% and 100% of patients with SLE and 

NPSLE, respectively. On average, the titer of anti-dsDNA antibodies among patients with NSPSLE 

was three-fold higher (31.0 IU/mL) than the titer of patients with SLE (10.3 IU/mL). Blood samples 

were collected on serum separator tube gel and centrifuged within one hour at 3,500 rpm for 15 

minutes at room temperature. Then several aliquots were made and stored at -30°C. 
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Table 1: Clinical characteristics of the patients. 

 

SLE 

(N=69) 

NPSLE 

(N=36) 

SEX RATIO (male:female) 1:9 1:9 

AVERAGE AGE 45±14 years 43±13 years 

SLEDAI 4.4 ± 5.4 13.9 ± 9.7 

SLEDAI ≥ 6 23% 80% 

ANA 1 TITER ≥ 1:80 100% 100% 

ANA 2 TITER ≥ 1:80 91.3% 100% 

SLEDAI: Systemic Lupus Erythematosus Disease Activity Index, SLEDAI values equal or higher than six is regarded as marker of 

active disease, ANA 1: anti-nuclear antibodies detected at the diagnosis, ANA 2: anti-nuclear antibodies detected at the sample 

collections, dsDNA: double strand DNA. SLE: Systemic Lupus Erythematosus; NPLSE: Neuropsychiatric Systemic Lupus 

Erythematosus 

 

 

4.2. Tissues and cell samples 

 

Male Sprague Dawley rats (250g – 300g) were sacrificed by perfusion with 4% paraformaldehyde 

(PFA) injected through the left ventricle. The rat brains were first collected and stored in a 7% sucrose 

diluted in phosphate buffer saline (PBS) at the temperature of 4°C included into optimal cutting 

temperature compound made as previously described 222, and then 10 μm sections of rat brains were 

cut with the HM-560 cryomicrotome and used for IHC. For immunocytochemistry (ICC) 

experiments, the SH-SY5Y human neuroblastoma cell line was purchased from the European 

Collection of Authenticated Cell Cultures (ECACC, catalog number 94030304) and cultured in Ham's 

F12: EMEM (EBSS) (1:1) + 2mM Glutamine + 1% non-essential amino acids (NEAA) + 15% Foetal 

Bovine Serum (FBS). Then, cells were cultured on sterile glass coverslips coated with collagen 0.01% 

and finally fixed for immunostaining up to 70% of confluence and until 20 passages, to avoid 

differentiation or senescence phenomena. The 24 well plates containing a glass coverslip were coated 

with 0,01% of collagen for one night. The plates were washed three times with PBS and SH-SY5Y 

cells were plated with a confluency of 50%. To perform western blot analysis, HEK293 cells were 
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used and transfected following the guideline of ‘NeuN (RBFOX3) (NM_001082575) Human Over-

expression Lysate’ kit (Origene). HEK293 cells in 10 cm2 dishes were transiently transfected with 

MegaTran Transfection Reagent (TT200002) and 5ug TrueORF cDNA plasmid. Transfected cells 

were cultured for 48 hours before collection. The human brain samples used to perform the western 

blot experiments, were taken post-mortem (autolysis time about 9–10 h), unfixed-frozen, and stored 

at −80 °C (by the Los Angeles Tissue Bank, http://www.loni.ucla.edu/uclabrainbank/idex.html; 

protocol number 450/09/C.E.). The fixed-paraformaldehyde paraffine embedded sections of three 

post-mortem human brains (autolysis time and pH were in a range of 16 – 25 h and 6.47 – 6.96 

respectively; provided by the New Castle Brain Resource, https://nbtr.ncl.ac.uk/) were used to 

perform the immunohistochemistry IHC and taken stored at 4° C. The experimental design and 

procedures were approved by the relevant ethical committee at the University of Cagliari (protocol 

number PG/2019/4522). 

 

 

4.3. Immunostaining on tissues and cells 

 

Rat sections were treated with 0,1% Triton-100 for 1 hour at room temperature and then incubated 

overnight at room temperature with human sera diluted (1:60 to 1:1,000) in a solution containing 3% 

normal rat, 3% normal donkey serum, and 3% in PBS. Detection of the sera was performed by using 

a Cy3TM-conjugated donkey anti-human antibody (1:500, Jackson ImmunoResearch). Sera were 

considered positive only when positivity was confirmed using at least three different rats at dilution 

higher than 1:60. Titers of the positive sera were performed by further dilutions up to 1:500,000. 

Double staining on rat sections were carried out mixing the human sera with the commercial 

antibodies, such as rabbit anti-NeuN antibody (1:200; Abcam), mouse anti-VAChT (1:300; 

NeuroMab), mouse anti-vGlut1 (1:300; NeuroMab), chicken anti-GAD-67 (1:500; Abcam), rabbit 

anti-GFAP (Glial Fibrillary Acid Protein; 1:200, DABCO), and MBP (Myelin Basic Protein; 1:100, 

Dako Products). Autoantibodies were revealed by using a Cy3TM-conjugated donkey anti-human 

antibody (1:500, Jackson ImmunoResearch), while the primary antibodies were revealed through 

Alexa488®-conjugated donkey anti-mouse antibody (1:300, Jackson ImmunoResearch) or 

Alexa488®-conjugated donkey anti-chicken antibody (1:300, Jackson ImmunoResearch). The 

Hoechst-33342 was used for the nuclei detection at the dilution 1:2,000.  

http://www.loni.ucla.edu/uclabrainbank/idex.html
https://nbtr.ncl.ac.uk/
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To reveal the presence of autoantibodies by IHC experiments on rat brain, analyses were carry out as 

described by Boscolo et colleagues 218. A cut-off using the software ImageJ (NHI) was performed 

using the healthy controls and was defined by the mean value of the darkest pixels from the 82 healthy 

donor sera minus 1SD (standard deviation). When the staining intensity fell between -1SD and 0 

(black, means maximal positive signal) the sample was considered positive.  First, color images (RGB 

format) from three different brain regions, including the cerebellum, brain cortex and hippocampus 

were captured with a FujiS3 pro digital camera coupled to a BX51 Olympus fluorescence microscope 

at 20X magnification. Second, images were converted into grey-scale pictures with 8-bit codification 

(3030 x 2036), and it was given a signal intensity from 0 (darkest pixel) to 255 (brightest pixel). 

Accordingly, the zero value of the darkest pixel was assigned to the black field of this reference 

greyscale. Third, the value of the darkest pixels mapping onto recognizable neuronal cellular 

structures was determined for each picture. The corresponding pixel intensity value was read from 

the dialogue box and transferred into an excel worksheet and finally, the mean value of the brightest 

pixels from the 82 healthy donor sera was calculated to be compared to the patients. Sera with a value 

between 255 and -1SD were considered negative, while between -1SD and 0 were considered 

positive.  

Human brain sections (cerebellum and hippocampus) were treated with 0,1% Triton-100 for 1 hour 

at room temperature and then incubated overnight at room temperature with human sera ((N = 12 

from both SLE and NPSLE; 2 from MS patients and 2 from healthy subjects) diluted (1:200) in a 

solution containing 0,1% of BSA in PBS. Detection of the sera was performed by using a Cy3TM-

conjugated donkey anti-human antibody (1:500, Jackson ImmunoResearch). A serum was considered 

positive when the labelling was observed in at least two human cases out of three. 

 

SH-SY5Y cells were fixed by cold acetone (1 min), followed by double PBS washing and PBS-Triton 

0.1% permeabilization (20 sec). ICC on SH-SY5Y cells were performed using both sera from NPSLE 

and SLE patients (n=23 and n=35, respectively) at 1:100 dilution. The 4′,6-diamidino-2-phenylindole 

(DAPI) diluted 1:1,000 was used to mark the nuclei. The plates were incubated overnight at 4°C. The 

detection of the primary antibody was performed at room temperature by using Cy3TM-conjugated 

donkey anti-human antibody (1:500, Jackson ImmunoResearch). Glass coverslips were mounted on 

a glass slide by ProLong™ Gold Antifade Mountant with DAPI (Invitrogen, catalog number P36935). 

The fluorescence was observed through a BX51 Olympus fluorescence microscope and photos were 

taken using a FujiS3 pro digital camera. The observation of the fluorescence was performed by 

blinded operator who did not know the origin of the serum used to label the cells. 
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4.4. Transmission Electron Microscopy 

 

Cerebellum samples were cut into pieces (size: 1 mm3) and fixed with a mixture of 3% 

paraformaldehyde and 1% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 2 h at room 

temperature. They were then rinsed in cacodylate buffer with 3.5% sucrose, dehydrated and 

embedded in Epon Resin (Glycide Ether 100; Merck, Darmstadt, Germany). Osmium tetroxide was 

omitted in order to preserve the antigenicity of the tissue.  

Semi-thin sections (thickness: 2 μm) were stained with toluidine blue and examined by light 

microscopy, using a Leica DMR HC, to check the histological appearance. Ultra-thin sections 

(thickness: 80-85 nm) were collected on nickel grids and processed for the IHC analysis. Before 

deposition of the sections, grids were hydrated with PBS solution in a moist chamber for 5 minutes. 

The grids were treated with 1% BSA and 5% normal goat serum (NGS) in PBS solution to block non-

specific binding. They were then incubated with human sera diluted 1:15 and 1:50 in 1% BSA and 

5% NGS, for 24 h at 4 °C. After rinsing in PBS, the grids were incubated for 1h at room temperature 

with the goat anti human secondary antibody conjugated to 25 nm gold particles (Aurion, 

Wageningen, Nederlands), diluted 1:50 in 1% BSA-PBS 223,224. 

Some grids were also incubated with the anti-NeuN (MAB377, Merk) mouse primary antibody, 

diluted 1:25 and 1:50 in 1% BSA and 5% NGS, for 24 h at 4 °C. After rinsing in PBS, the grids were 

incubated for 1 h at room temperature with the goat anti mouse secondary antibody particles (Aurion, 

Wageningen, Nederlands) conjugated to 15 nm gold particles, diluted 1:50 in 1% BSA-PBS. 

After washing with PBS, grids were stained with uranyl acetate and lead citrate. Finally, they were 

observed in a JEOL 100S transmission electron microscope (TEM) operating at 80 kV and in a Jeol 

JEM 1400 Plus transmission electron microscope operating at 80 and 120 kV. Controls were 

incubated omitting the primary antibody. 

 

 

4.5. Western Blot 

 

Western blot (WB) was performed using both human (whole brain, brain cortex, hippocampus, 

cerebellum), and rat (cerebellum and pancreas), as well as HEK293 cells lysates. Tissues/cells were 

added in a 10mL/g extraction solution (PBS + Protease Inhibitor Cocktail, 5 ul/ml PBS: PO4 buffer, 
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0.01-0.05 M, pH 7.2-7.4 + NaCl 0.15 M Protease Inhibitor Cocktail: Sigma P8340) and promptly 

homogenize (on ice) with Ultraturrax, for a time between 30 sec to 2 minutes, depending on tissue. 

The tissues were kept on ice for 10 minutes, then the samples were boiled for 10 minutes, cooled 

down on ice and centrifuged at 3,000 rpm, for 15 minutes. HEK293 cells were transfected following 

the guideline of ‘NeuN (RBFOX3) (NM_001082575) Human Over-expression Lysate’ kit (Origene). 

The cells were washed in the dish with ice-cold PBS, then the PBS was aspirated, and immediately 

ice-cold NP40 Cell Lysis Buffer (containing RIPA Lysis Buffer: 25mM Tris-HCl pH7.5, 150mM 

NaCl, 1% NP-40, 1mM EDTA pH8.0, 1 mM PMSF, 1 mM Na3VO4, and 1 X Protease Inhibitor 

Cocktail-P2714, Sigma) was added. The cells were centrifuged at 12,000g in a pre-cooled centrifuge 

for 15 minutes. The supernatant was collected and stored at -20°C. BCA Protein Assay kit (Thermo 

Scientific) was used to measure the quantity of all the samples. The protein samples (20mg/μL) were 

loaded on SurePAGE Precast Gel, Bis-Tris, 4-20% gradient (GenScript) and separated by gel 

electrophoresis for 1 hour and 30 minutes at 156 Volt. The proteins were then transferred to a 

polyvinylidene difluoride (PVDF) membranes for 1hour and 50 minutes at 200 Volt.  The membranes 

were blocked with 10% BSA for one hour at room temperature then incubated at 4°C for one night 

with human serum diluted in a range between 1:8,000 to 1:50,000, and the rabbit anti-NeuN 

antibodies (Abcam), diluted 1:200.  The membranes were washed three times with tris-buffered saline 

+ 0,01% tween-20 (TBST). After washing, membranes were incubated at room temperature for 1 

hour with the opportune secondary antibody (either donkey anti-human conjugated biotin or donkey 

anti-rabbit conjugated with biotin, both diluted at 1:10,000). The membranes were washed three times 

with TBST and, incubated at room temperature for 30 minutes with streptavidin conjugated with 

horseradish peroxidase (HRP), diluted at 1:10,000 and finally, washed 3 times with TBST. The 

antigen-antibody reaction was revealed using Thermo ScientificTMPierce Enhanced 

chemiluminescence (ECL) WB Substrate. ImageQuantTM LAS 4000 was used to detect the 

chemiluminescence. 

 

 

4.6. Enzyme-Linked Immunosorbent Assay and Radio Immune Assay 

 

The serum quantification of the following antibodies anti-Rib-P (IBL international, RE70141), anti- 

Ro/SSA (Signosis, EA-5003), anti-La/SSB (Signosis, EA-5005), anti-RNP (Signosis, EA-5006) and 

anti-Sm (Signosis, EA-5011) was performed following the guidelines of the commercial Enzyme-

Linked Immunosorbent Assay (ELISA) kits. The quantification of anti-DWEYSS antibodies was 
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performed following the guidelines of M. Khalil and colleagues 204. Enzyme immunoassay high 

binding 96-well plates (Costar, Corning, NY) were coated with 30 ml of 15 mg/ml of the DWEYSS 

peptide and incubated overnight at 4°C. Plates were blocked with 100 ml of 3% FCS (HyClone, 

Logan, UT) in PBS at 37°C for 1 h, then washed with PBS 0,05% Tween. Thirty microliters of diluted 

sera were added to the plates for 2 h at 37°C. Plates were then washed with PBS-Tween, and 30 ml 

of alkaline phosphatase-conjugated goat anti-mouse IgG or IgG1 (Southern Biotechnology 

Associates, Birmingham, AL) diluted 1/1,000 in 3% FCS/PBS was added to the plates for 1 h at 37°C, 

followed by 30 ml of p-nitrophenyl phosphate solution (Sigma). OD was monitored at 405 nm using 

a multilabel plate reader (Chameleon: Hidex, Turku, Finland). 
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5. Results 

 

 

5.1. Autoantibody reactivity to the rat brain  

 

5.1.1. Autoantibody reactivity among the human cohort groups  

 

Autoantibody reactivity was observed almost everywhere in the brain (cortex, cerebellum, 

hippocampus, brain stem) using sera from patients affected by SLE and NPSLE (Fig. 5 A) but not 

from healthy or MS patients. In detail, positivity was found in 55.1% (38/69) of patients affected by 

SLE and in 75.0% (27/36) of sera collected from patients with NPSLE (Fig. 5 B). Among patients 

with SLE, titre was in a range between 1:60 and 1:60,000, whereas between 1:60 to 1:500,000 among 

patients with NPSLE (Fig. 5 C). 

 

5.1.2. Autoantibody reactivity was observed only in neurons  

 

In order to identify whether the autoantibodies selectively targeted neurons, we performed double 

staining experiments mixing patient’s sera with an antibody staining a neuronal marker namely anti-

NeuN. On longitudinal sections, a high degree of co-staining of the two antibodies was revealed 

within the entire brain and in particular in the cerebellum (Fig. 6, A, B), cortex and hippocampus 

(Fig. 6, C-E, F-H) suggesting that autoantibodies labeled neuronal targets. Indeed, when patient’s 

sera were mixed with the antibody anti GFAP and MBP, known to mark astrocytes and 

oligodendrocytes, respectively, colocalization was not observed in any brain area including 

cerebellum and hippocampus, confirming that the cell types stained by the autoantibodies were 

effectively neurons and not glial cells (Fig. 6).  

 

5.1.3. Staining pattern of the autoantibodies in the cerebellum 

In view of the higher staining intensity, we have focalized our attention on cerebellum, where we 

observed autoantibody’s positivity within both the granule and Purkinje cells. In this area, sera 

autoantibodies stained either only the granular cells or both the granular and Purkinje cells. Among 

the sera with positive reaction within the granule cells, the Purkinje cells were decorated by 19 out of 
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27 (70.4%) and 24 out of 38 (63.2%) sera from NPSLE and SLE patients, respectively (Fig. 7 A – 

B). Moreover, we also observed three different decoration patterns in the granular cell layer: 

perinuclear/cytoplasmatic, intranuclear and mixed (Fig. 7 C – D).  These sera will be called “rat-IHC-

positive sera” in the further paragraphs. We compared these staining patterns with those obtained 

using HEp-2 cells, however we could not observe any association, as shown in the Table 2 and 3.  

Table 2. Comparison between immunofluorescence autoantibody patterns using HEp-2 and rat 

cerebellum (granule cells) 

 

 

granule cells 

Negative Intranuclear 
Perinuclear /    

Cytoplasmatic 
Mixed 

Hep-2 cells 

AC- 0 7.9% 0% 0% 5.9% 

AC – 1 34.2% 42.8% 66.7% 47.0% 

AC – 4 52.7% 34.3% 16.8% 29.4% 

AC – 5 5.2% 20.0% 8.3% 11.8% 

AC – 11 0% 2.9% 0% 0% 

AC – 13 0% 0% 8.3% 5.9% 

 

ANA patterns were described according to the ICAP: International Consensus on Antinuclear Antibody (ANA) Patterns; AC – 0: 

negative; AC – 1: nuclear homogenous; AC – 4: nuclear fine speckled; AC – 5: nuclear large speckled; AC – 11: nuclear envelope 

smooth; AC – 13: nuclear pleomorphic PCNA (Proliferating Cell Nuclear Antigen). 
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Table 3. Comparison between immunofluorescence autoantibody patterns using HEp-2 and rat 

cerebellum (Purkinje cells) 

 

 

 

Purkinje cells 

Negative Positive 

Hep-2 cells 

AC – 0 0% 4.7% 

AC – 1 47.3% 52.4% 

AC – 4 35.6% 19.1% 

AC – 5 12.2% 19.1% 

AC – 11 4.9% 4.7% 

AC – 13 0% 0% 

 

ANA patterns were described according to the ICAP: International Consensus on Antinuclear Antibody (ANA) Patterns; AC – 0: 

negative; AC – 1: nuclear homogenous; AC – 4: nuclear fine speckled; AC – 5: nuclear large speckled; AC – 11: nuclear envelope 

smooth; AC – 13: nuclear pleomorphic PCNA (Proliferating Cell Nuclear Antigen). 

 

The TEM observation in the cerebellum, confirmed the patterns observed by fluorescence microscopy 

for both autoantibodies and Neu-N reactivity. Indeed, the two sera tested labeled both the cytoplasm 

(one serum also labelled the mitochondria) and the nucleus of the cerebellar granule cells (Fig. 7 E). 

The Neu-N antibody labelled neurons with a pattern similar to those of the autoantibodies (not 

shown). 

Finally, to understand the neuronal type recognized by the autoantibodies in the cerebellar cortex, we 

performed double staining using antibodies to NeuN, VGlut1, VAChT and GAD-65, known to mark 

granule cell bodies, glutamatergic axon terminals, cholinergic and GABAergic cerebellar neurons, 

respectively 225,226. A high degree of colocalization (about 90%) was showed with anti NeuN but not 

with the other autoantibodies (Fig. 8 D – L). 
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5.2. Autoantibody reactivity on human brain sections 

 

To confirm the results obtained using the rat brain, we selected representative sera from SLE (N = 

12) and NPSLE (N = 12) patients as well as controls (2 from MS patients and 2 from healthy subjects) 

to be tested using human brain sections. Among each group of patients, six sera were rat-IHC-

positive, while the remaining were negative. Positive reaction was observed only using SLE and 

NPSLE sera in both hippocampus and cerebellum. In the hippocampus, all sera labelled both the 

cytoplasm and nucleus of neurons (Fig. 9 A – I).  In the cerebellum, a positive reaction was observed 

within both nucleus and cytoplasm in the 50.0% and 66.7% of the rat-IHC-positive sera, from NPSLE 

and SLE patients, respectively, whereas the Purkinje cells were never labelled by the autoantibodies 

(Fig. 9 J – O). 

 

 

5.3. Autoantibody reactivity using human SH-SY5Y cells lines 

 

Trough ICC experiments, we observed all the nuclear patterns that are routinely observed through the 

HEp-2 cell based indirect immunofluorescence test i.e., perinuclear, nuclear homogeneous, 

cytoplasmic homogeneous (Fig. 9 P – R, respectively), coarse speckled, nuclear fine speckled, 

cytoplasmic fine speckled, lysosome-like, and reticular (Table 4). Positivity was found in 82.6% of 

sera collected from patients with NPSLE (19/23) and in 54.3% of patients affected by SLE (19/35). 

The majority of NPSLE (18/19: 94.7%) and SLE sera (11/13: 84.6%) positive on SH-SY5Y cells 

were previously proved to be positive on rat’s brain.  
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Table 4. ICC staining pattern of the SLE and NPLSE patient’s sera observed using SH-SY5Y cells   

 SLE  NPSLE 

NUCLEAR HOMOGENEOUS 63.2% 52.6% 

CYTOPLASMIC HOMOGENEOUS 5.3% 10.5% 

PERINUCLEAR 5.3% 15.8% 

NUCLEAR COARSE SPECKLED 10.5% 26.3% 

NUCLEAR FINE SPECKLED 10.5% 5.3% 

CYTOPLASMIC FINE SPECKLED 21.1% 5.3% 

LYSOSOME-LIKE 5.3% 0% 

RETICULAR PATTERN 36.8% 47.4% 

 

 

5.4. Molecular targets of autoantibodies 

 

Since the Neu-N antibody revealed an almost complete co-staining pattern with the autoantibodies, 

we performed WB analysis to investigate its role as autoantibody target. On brain tissues (rat 

cerebellum and human brain), despite the anti-NeuN antibody labelled the expected bands (doublet 

46/48 kDa) confirming the real presence of this protein in such samples, the patient’s sera tested did 

not recognize these bands in any tissue we tested.  However, all the rat-IHC-positive sera tested 

recognized a band or doublet around 16 and 19 kDa compatible with the presence of anti-Rib-P2/Rib-

P1 antibodies and anti-Sm antibodies 229,230, as well as a band between 55 and 70 kDa compatible 

with the presence of anti-RNP antibodies 231. Instead, almost two thirds of the sera tested (69.0%) 

recognized a band around 35 kDa compatible with the presence of anti-Rib-P0 antibodies 229 while 

more than half of the sera tested (55.5%) showed a band between 140 and 250 kDa compatible with 

NMDA receptor 232. All these bands were found both in the human and rat tissues (not shown). 

Nonetheless, a common band or a doublet with a molecular weight around 50 kDa was revealed by 

all the sera in all human brain areas but not in the rat cerebellum, suggesting that it may correspond 

to a human brain protein (Fig. 10 A). This band needs to be further investigated using more patients’ 

sera and controls as well as several rat brain lysates to ensure its importance as autoantigen in NPSLE 

or SLE.  Finally, to better investigate the NeuN protein as possible autoantigen, we performed WB 
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experiments using either wild type and transfected HEK293 cells, which do not or do express the 

RBFOXP3 gene (encoding the NeuN protein), respectively. The western blot was performed through 

the same sera used for human and rat tissues. The autoantibodies in the rat-IHC-positive sera did not 

recognize the bands corresponding to the NeuN protein in both types of cells, despite the same bands 

were labeled by the anti-NeuN antibody using transfected cells (Fig. 10 B). 

 

 

5.5. Known autoantibodies in patients with Systemic Lupus Erythematosus and 

Neuropsychiatric Systemic Lupus Erythematosus 

 

Through solid phase immunoassays, either RIA or ELISA, anti: -dsDNA, -Ro/SSA, -La/SSB, RNP, 

-Sm, -Rib-P and -DWEYS were tested using the rat-IHC-positive sera collected from both patients 

with NPSLE and SLE. The respective percentages of the rat-IHC positive sera revealing the above 

autoantibodies are shown in the Fig. 10 C.  We could not observe any rat-IHC-positive serum neither 

from NPSLE or SLE patient, that possessed all the known autoantibodies simultaneously. The 

percentages of sera simultaneously positive for five or fewer known autoantibodies are shown in the 

fig. 10 D. We could not find any relationship between the presence of the above-mentioned known 

autoantibodies and the staining patterns observed in the rat cerebellum, as shown in the Table 5 and 

6. 
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Table 5. Comparison between the presence of known autoantibodies and positive (intranuclear, 

perinuclear/cytoplasmic, and mixed) or negative immunolabelling pattern in rat cerebellar granular 

cells.  

                                                                       Granular cell reactive autoantibodies 

 Negative Intranuclear 
Perinuclear / 

Cytoplasmatic 
Mixed 

ANTI-DSDNA 17.5% 56.5% 4.3% 21.7% 

ANTI-RO/SSA 32.3% 45.8% 6.4% 15.5% 

ANTI-LA/SSB 40.0% 60.0% 0.0% 0.0% 

ANTI-RNP 25.0% 50.0% 8.3% 16.7% 

ANTI-SM 18.2% 54.5% 9.1% 18.2% 

ANTI-RIB-P 18.2% 36.4% 18.2% 27.2% 

ANTI-

DWEYS 
13.4% 53.4% 6.8% 26.4% 

 

Table 6. Comparison between the presence of known autoantibodies and positive or negative 

immunolabelling pattern of Purkinje cells. 

 

 

                                                                  Purkinje cell reactive autoantibodies 
 Negative Positive 

ANTI-DSDNA 43.5% 56.5% 

ANTI-RO/SSA 68.7% 31.3% 

ANTI-LA/SSB 60.0% 40.0% 

ANTI-RNP 41.7% 58.3% 

ANTI-SM 45.6% 54.4% 

ANTI-RIB-P 36.4% 63.6% 

ANTI-DWEYS 33.3% 66.7% 
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5.6. Neuropsychiatric manifestations among Systemic Lupus Erythematosus and 

Neuropsychiatric Systemic Lupus Erythematosus patients 

 

The neuropsychiatric manifestations developed by the NPSLE patients enrolled in this study included 

seizure (both primary generalized and partial/focal), psychosis, mood abnormalities with a mixed or 

depressive phenotype, mild or moderate/severe cognitive dysfunctions, headache, MS-like syndrome, 

acute confusional state, and movement disorder (such as chorea). In a lesser extent, the NPSLE 

patients without brain reacting autoantibodies developed neuropsychiatric symptoms, such as 

seizures, mild or moderate/severe cognitive dysfunctions, and MS-like syndrome.  Neuropsychiatric 

manifestations were also observed among the SLE patients containing brain reacting autoantibodies.  

Unlike the manifestation of NPSLE patients, those of SLE patients are not related to an inflammatory 

state, but rather to thrombotic or ischemic events. These patients developed mood abnormalities both 

with maniac mixed and depressive phenotype, moderate and severe cognitive dysfunction, primary 

generalized seizures, and cerebrovascular accident. The number of patients for each neuropsychiatric 

manifestation of each group is shown in Table 7. 
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Table 7. Manifestations observed among NPSLE and SLE patients with or without brain reactive 

autoantibodies. 

   NPSLE  SLE  

 Positive Negative Positive Negative 

Seizures 
11.1% primary 

generalized 

11.1% primary 

generalized 

11.1% partial or 

focal 

2.6% primary 

generalized 

- 

3.2% primary 

generalized 

- 

Psychosis 7.4% 22.2% - - 

Mood 

abnormalities 

11.1% mixed 

18.5% depressive 

22.2% depressive 

2.6% maniac 

2.6% mixed 

7.9% depressive 

- 

Cognitive 

dysfunctions 
14.8% mild 

11.1% mild 

11.1% 

moderate/severe 

7.9% 

moderate/severe 

3.2% mild 

 

Headache 18.5% - - 3.2% 

MS-like syndrome 7.4% 11.1% - 3.2% 

Acute confusional 

state 
3.4% - - - 

Movement 

disorder 
3.4% chorea - - - 

Cerebrovascular 

accident 
- - 2.6% - 
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Fig. 5 

 

Fig. 5 Staining pattern of autoantibodies from one NPSLE patient’s serum labelling a longitudinal 

section of rat brain (A: Cy3 red labelling); scale bar: 2 mm. Percentage of rat-IHC positive sera among 

patients with Lupus (SLE; 55.1%), neuropsychiatric Lupus (NPSLE; 75.0%), multiple sclerosis (MS; 

0%) and healthy donors (HD; 0%) (B). Titers of the sera collected from SLE and NPSLE patients 

(C).  
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Fig. 6 



54 

 

Fig. 6 Autoantibodies (A) and anti-NeuN antibody (B) labelling a longitudinal section of rat brain, 

revealed a high degree of co-staining within the entire brain, scale bar: 2 mm. In the coronal sections, 

staining patterns of the autoantibodies (C, F, I, L and O) were compared with the anti: -NeuN (D and 

G), -GFAP (J and M) and -MBP (P). Colocalization was observed with the anti-NeuN antibody (E 

and H), but not with the anti -GFAP and -MBP antibodies, (K, N and Q), scale bar: 0,1 mm.  C – E: 

cortex, F – H and L – N: CA1 region of hippocampus; I – K and O – Q: cerebellar cortex. 

Autoantibodies were identified with Cy3 red labelling, while anti: -GFAP, -MBP and -NeuN 

antibodies were identified with Alexa488 green labelling. GFAP: glial fibrillary acidic protein; MBP 

:myelin basic protein.  
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Fig. 7 

Fig. 7 Purkinje cells labelled (A), or not labelled (empty spaces identified by the asterisks) (B) by two 

different NPLSE patient’s sera; scale bar: 0,2 mm. Perinuclear (C) and intranuclear (D) patterns 

(identified by the arrows) revealed by the autoantibodies within granule cells of the rat cerebellum: 

scale bar: 10μm. Autoantibodies from one NPSLE patient’s serum labelled both the nucleus and 

cytoplasm of granule cells of the rat cerebellum, observed by the transmission electron microscope. 

Positive black spots are identified by the arrows N: nucleus; scale bar:  2μm (E). Autoantibodies were 

identified with Cy3 red labelling, nuclei were stained with Hoechst-33342 dye (blue). 
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Fig. 8 

Fig. 8 Staining pattern of the autoantibodies on rat cerebellar cortex (A, D, G and J) was compared 

with the pattern of anti: -NeuN, -GAD-65, -VGlut1, and -VAchT antibodies (B, E H and K, 

respectively). Colocalization was observed with the anti-NeuN antibody, (C) but not with the other 

neuronal markers, as shown in the double staining (F, I and L, respectively), scale bar: 0,1 mm. 

Autoantibodies were identified with Cy3 red labelling, while anti: -NeuN, -GAD-65, -VGlut1 and -

VAchT antibodies were identified with Alexa488 green labelling. 
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Fig. 9 

 

Fig. 9. Histology of human hippocampus (A: scale bar: 5 mm) used to identify the areas stained by 

the anti-chromogranin A antibody (B) and the autoantibodies (C); scale bar: 1 mm. Pyr: stratum 

pyramidale, Rad: stratum radiatum, Lac-mol: stratum lacunosum-moleculare Mol: stratum 
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moleculare, Gnr: granular cells of the dentate gyrus. Pyramidal cells and granular cells of the human 

hippocampus stained with Hoechst-33342 dye (blue staining: D and G, respectively) and 

autoantibodies (red staining: E and H, respectively) revealing positive reactivity within the cytoplasm 

and the nucleus (red + blue staining: F and I), scale bar: 10 μm. The histology of human cerebellar 

cortex (J: scale bar 5 mm) used to identify the areas stained by the anti-chromogranin A antibody (K) 

and the autoantibodies (L); mol: molecular layer, grn: granular cell layer, asterisk: Purkinje cells, wm: 

white matter, scale bar: 1 mm. Granule cells of the human cerebellar cortex stained with Hoechst-

33342 dye (blue staining: M) and patient’s serum  (red staining: N), revealed that autoantibodies 

recognized epitopes within cytoplasm but also located in the nucleus (red + blue staining: O), scale 

bar: 10 μm. SH-SY5Y cells decorated by the autoantibodies with a perinuclear (P), nuclear 

homogeneous (Q), and cytoplasmic homogenous pattern (R), scale bar: 10 μm. Autoantibodies (from 

the same NPSLE patient’s serum) and anti-chromogranin A were identified with Cy3 red labelling. 
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Fig.10 

 

Fig. 10 WB experiments on human and rat brain (A) Line 1: anti-NeuN antibody not recognising any 

band on rat pancreas lysate. Line 2 and 3: anti-NeuN antibody recognising the corresponding bands 

(46/48 kDa) on rat cerebellum and the whole human brain lysate, respectively. Lines 4, 8 and 12: 
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three different rat-IHC positive sera showing no labelling compatible with the NeuN bands on rat 

cerebellum lysate. Lanes 5, 9 and 13: three different rat-IHC positive sera showing no labelling 

compatible with the NeuN bands on human brain cortex lysate. Lanes 6, 10 and 14: three different 

rat-IHC positive sera showing no labelling compatible with the NeuN bands on human hippocampus 

lysate. Lanes 7, 11 and 15: three different rat-IHC positive sera showing no labelling compatible with 

the NeuN bands on human cerebellar cortex lysate. Red arrows identified the band of 50 kDa (no 

corresponding to NeuN) recognized by autoantibodies in all tissues tested, except for rat cerebellum. 

WB experiments on HEK293 cells (B). Line 1: anti-NeuN antibody recognizing the corresponding 

bands (48/46 kDa) on transfected HEK293 cells. Line 2: anti-NeuN antibody not recognizing its 

corresponding bands (48/46 kDa) on wild type HEK293 cells. Lines 3,5 and 7: three different rat-

IHC positive sera did not recognize any NeuN-corresponding band on transfected HEK293 cells. 

Lanes 4, 6 and 8: three different rat-IHC positive sera did not recognize any NeuN-corresponding 

band on wild type HEK293 cells. The sera used on the lines 7 and 8 recognized a band around 50kDa 

(red arrows). Percentage of IHC positive sera possessing the known autoantibodies (C). Percentage 

of the rat-IHC positive sera with 0 or ≥1 known-autoantibodies (D). 
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6. Discussion  

 

6.1. Autoantibodies as possible marker of diagnosis 

 

Autoantibodies to brain antigens were found more frequently among NPSLE than SLE patients, 

suggesting their possible importance for the differential diagnosis of NPSLE. However, the fact that 

not all patients diagnosed with NPSLE had autoantibodies to brain antigens and that an important 

percentage of SLE patients without neurologic symptoms had these autoantibodies, seem to refute 

this hypothesis. However, it is well known that patients with SLE start to produce autoantibodies 

months or even years before the clinical onset of the disease 150,174 and that their titer fluctuates 

according with disease activity 195. This evidence can explain why we observed NPSLE patients 

negative for brain antigens, and why SLE patients without inflammatory neuropsychiatric symptoms 

possessed these autoantibodies. Moreover, this can also explain why we found a bimodal distribution 

of the titer among NPSLE and SLE patients. Patients with higher autoantibodies titer were probably 

sampled during a flare up of the disease.  

 

6.2.  Brain reactive autoantibodies in correlation with ANA 

 

The ANA test was repeated when samples were collected for this study. Although all NPSLE patients 

were still positive for such autoantibodies, this was not the case for the SLE patients: 8.7% of them 

were negative at the sampling. Being ANA a heterogeneous group of autoantibodies that can target 

any epitope within the nucleus regardless the cellular type used, we would expect to reveal their 

presence throughout the IHC experiments. However, in 45% and 25% of sera collected from SLE and 

NPSLE respectively, we did not reveal any immunostaining reaction compatible with their staining 

pattern by using rat brain sections. Indeed, double staining experiments using the sera autoantibodies 

and commercial antibodies that mark neurons, astrocytes and oligodendrocytes showed that 

autoantibodies labelled only neurons, and not glial cells. If we were able to detect ANA by IHC, both 

neurons and glial cells would have been labelled by such autoantibodies. Hence, we conclude that we 

may detected the presence, in neurons of both rat and human brain, of autoantibodies reacting to 

components different from ANA. These results might be unexpected; however it is well established 

that the sensibility for detecting ANA by IHC (and also ICC) widely vary according with the substrate 

used, and that substrates obtained from cell cultures generally demonstrate greater sensitivity 

compared to tissue sections 227,228. Similar findings were also observed by Mader. In his study he 
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observed that 85% and 75% of patients affected by SLE and NPSLE respectively, possess antibodies 

to mouse brain whereas, in both groups the percentage of ANA was 89%. By using mouse brain 

sections Mader observed that the brain areas decorated the most by the autoantibodies were the cortex 

and hippocampus 220. Differently from us, Mader observed similar frequencies of anti-brain 

antibodies among SLE and NPSLE. The main reason behind this difference might be the fact that in 

our study we enrolled NPSLE patients with inflammatory manifestations excluding those with 

ischemic manifestations, while Mader did not focused on this classification. Another reasons, might 

be due to the different species used to detect the presence of anti-brain antibodies: i.e., mice versus 

rats. He also observed a slightly lower frequency of ANA compared to our findings, this may be 

related to the different test used by Mader to detect ANA, which were revealed by ELISA and not by 

indirect immunofluorescence by using HEp-2 cells.   

 

6.3. The NeuN is not the autoantigen 

 

The fact that, the autoantibodies labelled NeuN containing cells within the entire brain and that, in 

the cerebellum, the autoantibodies stained the NeuN-containing neurons (in both cytoplasm and 

nucleus) while failed to stain other neuronal cell types, lead us to believe that NeuN might be one of 

the possible main autoantigens recognized by the autoantibodies. Of course, as often happens, 

autoantibody reactivity could be determined by different kinds of autoantibodies, and in fact, Purkinje 

cells (not containing NeuN) might have been labelled by other types of autoantibodies. NeuN is a 

neuronal nuclear protein with a mass around 46/48 kDa and is coded by the RNA Binding Fox-1 

Homolog 3 (RBFOX3) gene 229. It plays an important role regulating the transcription and RNA 

processing of many genes involved in the maturation of neurons 230. NeuN is widely used as post-

mitotic neuronal marker and only few neurons do not express this protein, such as the Purkinje cells 

231,232. RBFOX3 mutations are linked to epilepsy 233 and cognitive impairments 234, while RBFOX3 

knockout mice have a higher risk of developing seizures and anxiety-related behavior disorders235. 

Moreover, this protein localizes in the nuclei or perinuclear cytoplasm of most of neurons, due to 

these reasons it is considered the perfect marker for staining neurons 236. Thus, taken together all these 

data, we hypothesized the presence of autoantibodies recognizing NeuN also compatible with the 

development of neuropsychiatric symptoms. However, using WB none of the rat-IHC-positive sera 

recognised the bands revealed instead by the commercial anti-NeuN antibody through brain tissues, 

neither using transfected HEK293 cells, suggesting that NeuN was not the autoantibody target. 
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6.4. Other brain autoantigens 

 

In the granule cells of the cerebellar cortex, we observed three different staining patterns. i.e., 

cytoplasmatic/perinuclear, intranuclear, and mixed. These two different patterns suggest that among 

patients with NPSLE and SLE different subsets of autoantibodies are present. As to the autoantibodies 

we found using ELISA, the anti-Ro/SSA antibodies are frequently found among patients with SLE, 

while the presence of anti-La/SSB antibodies is uncommon among these patients 157. The presence of 

anti-Ro/SSA, but not anti-La/SSB antibodies is associated with the development of NPSLE 147. Anti-

Sm antibodies and anti-RNP antibodies are usually found together in patients with SLE and in those 

few cases in which anti-Sm antibodies were initially detected alone, anti-RNP antibodies developed 

later during the course of the disease 150. Anti-Rib-P antibodies strongly associate with the 

development of neuropsychiatric symptoms 192 and Bonfa et colleagues observed that 90% of SLE 

patients with psychosis possess these antibodies 191. Some studies associate the presence of anti-rib-

P antibodies with psychosis and depression 188,193 whereas, other studies suggests the use of anti-Rib-

P antibodies for the follow-up of patients with SLE rather than for the diagnosis of this disease 194. 

Anti-NMDAR antibodies have been associated with the development of cognitive disfunction 237. 

Anti-DWEYS antibodies recognise a sequence found in the extracellular domain of NMDAR 

subunits NR2a and NR2b. In both NPLSE and SLE patients, the presence of one or more types of 

these autoantibodies was not higher than 31.6% while a percentage of them (17.9% and 31.6%, in 

NPSLE and SLE respectively) were negative for all the above autoantibodies. Hence, since through 

immunostaining experiments the autoantibody incidence was 75% vs 55.1%, respectively, it could be 

concluded that the presence of these autoantibodies could confirm only partially the reactivity 

according to the immunostaining results. Taken together the results showed that the sera of the SLE 

and NPSLE patients could have a mix of autoantibodies that could hypothetically react to the entire 

patients' brain. These include already known autoantibodies but also other type of unknown 

autoantibodies. 

In additions, through western blot experiments we revealed the presence of autoantibodies to a 

neuronal protein with a molecular weight around 50 kDa among all the IHC-positive sera tested. 

Hanson observed similar autoantibodies among patients with NPSLE, and in his study the presence 

of such autoantibodies was associated with seizures 216. The role of this band on the autoimmunity 

among patients with SLE and NPSLE needs to be clarified.  

 

 



64 

 

6.5. Pathological function of brain reacting autoantigens 

 

Regarding the possible pathological function of the brain autoantibodies that we found, it could be 

hypothesized that they could cross the BBB to reach the nucleus or cytoplasm of the brain neurons, 

although an increasing number of studies on patients with NPSLE shows that autoantibodies found 

in the blood are first produced in the brain parenchyma and then enter the systemic circulation by 

crossing the BCSFB 110,238. 

Interestingly, among the 8 rat-IHC positive sera from NPSLE patients who suffered from mood 

disorder, 5 of them developed a depressive behaviour. Other neuropsychiatric symptoms observed 

are headache, cognitive disfunction, MS-like syndrome, psychosis, seizures, confusional state, and 

movement disorder.   
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7. Conclusions  

 

In conclusion, all together the data obtained from this study demonstrate that (1) SLE and NPSLE 

could possess a mix of different types of high-titer autoantibodies potentially reacting to neuronal 

cells (2) the entire brain could be the target of these autoantibodies (2) a high prevalence of brain 

reactive autoantibodies is found among NPLSE patients according to the wide spectrum of the 

neurological symptoms observed in these patients (3) autoantibodies could react to the nucleus and/or 

cytoplasm of the brain neuron cells. Since the pathological involvement of the brain reacting 

autoantibodies described here is only hypothesized, current studies involve the search of brain 

anatomical alterations by magnetic resonance imaging (MRI) analyses (at the University Hospital of 

Cagliari) in order to evaluate the clinical importance of these autoantibodies. Indeed, it has been 

previously shown that the presence of the rat brain reacting autoantibodies could be associated to 

decrease in cerebral cortex and/or increase in the ventricle volume 239. 
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