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Abstract

Cognitive dysfunction (CD) is an insidious and under diagnosed manifestation of SLE that has a 

considerable impact on quality of life, which can be devastating. Given inconsistencies in modes 

of assessment and difficulties in attribution to SLE, the reported prevalence of CD ranges from 5–

80%. While clinical studies of SLE-related CD have been hampered by heterogeneous subject 

populations and a lack of sensitive and standardized cognitive batteries or other validated objective 

biomarkers for CD, there are nonetheless strong data from mouse models and from the clinical 

arena that CD is related to known disease mechanisms. Several cytokines, inflammatory molecules 

and antibodies have been associated with CD. Proposed mechanisms for antibody and cytokine-

mediated neuronal injury include abrogation of blood-brain barrier integrity with direct access of 

soluble molecules in the circulation to the brain and ensuing neurotoxicity and microglial 

activation. No treatments for SLE-mediated CD exist, but potential candidates include agents that 

inhibit microglial activation such as angiotensin converting enzyme inhibitors or protect blood 

brain barrier integrity such as C5a receptor blockers. Structural and functional neuroimaging data 

have shown a range of regional abnormalities in metabolism and white matter microstructural 

integrity in SLE patients that correlate with CD and could in the future become diagnostic tools, as 

well as outcome measures in clinical trials aimed at preserving cognitive function in SLE.

A. Introduction

Neuropsychiatric lupus (NPSLE) encompasses a range of neurologic, psychiatric and 

cognitive disorders that collectively affect up to 40% of SLE patients at the time of diagnosis 

and a majority of SLE patients throughout the course of their disease (1). NPSLE is 

associated with worse quality of life independent of SLE activity and medications (1), high 

unemployment and disability rates (2), high damage accrual (1), and a three- to nine-fold 

increase in mortality (3). The American College of Rheumatology (ACR) nomenclature 

from 1999 organized the heterogeneous NPSLE conditions into 19 standardized “case 

definitions” (4). These can also be classified as central, peripheral and vascular 

manifestations, or alternatively, as diffuse and focal manifestations. We will focus this 
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review on cognitive dysfunction, a common diffuse central nervous system (CNS) 

manifestation of NPSLE.

Cognitive dysfunction (CD) can be slowly progressive, and its presence or progression does 

not necessarily correlate with disease activity. Because the assessments are not standardized 

and the attribution to SLE is difficult, the prevalence of CD is highly variable, from 6% to 

81% (5). SLE patients identify CD as one of their most distressing symptoms (6) that 

detracts from quality of life; however, CD, with poor screening and diagnostic metrics, is 

still grossly under-recognized by rheumatologists. Its pathogenesis is poorly understood and 

no treatments are available.

The ACR nomenclature defines CD as a significant deficit in any or all of the following 

cognitive domains: simple or complex attention, reasoning, executive skills, memory, visual-

spatial processing, language, and psychomotor speed (4). Previous studies have revealed 

attention, memory and language to be among the most commonly affected domains in SLE 

(7). Two major obstacles in our understanding of the contribution of SLE to CD are potential 

confounders in diagnosis and a lack of understanding of pathogenesis. Neurotoxic 

medications such as glucocorticoids and cyclophosphamide, infection, metabolic disorder, 

and hypertension can all cause symptoms that overlap with CD (1). Furthermore, it is 

important to recognize that other CNS manifestations of SLE, such as seizures, stroke and 

mood disorders, may also contribute to CD. Another prevalent problem with the current 

approach to studying CD in SLE is that studies often include patients with focal 

manifestations, such as ischemic stroke, and diffuse manifestations within a single cohort, 

although pathogenesis is likely to differ in these two groups.

An additional obstacle in studying CD is that a wide variety of cognitive batteries have been 

used across cohorts; some of these may not be sensitive to a particular cognitive deficit (7). 

Studies that explore pathogenic mechanisms and the contribution of autoantibodies, 

cytokines or other mediators to CD may require specifically designed cognitive assessments 

and patient selection, as CD in different domains may result from different pathogenic 

mechanisms.

B. Detection of CD

The ascertainment of CD involves both clinical history, i.e. impaired functioning supported 

by patient-reported outcomes, and neuropsychological testing.

Neurocognitive testing is the gold standard in the diagnosis of CD in NPSLE. The most 

frequently used testing batteries to assess cognition in SLE, according to a recent review and 

meta-analysis (7), are comprehensive traditional batteries that are often administered by a 

psychologist or trained psychometrist (for example, the Rey Complex Figure Test or Trail 

Making Test) or the Automated Neuropsychological Assessment Metric (ANAM). Other 

less frequently used tests include the Modified Mini-Mental State Exam (MMSE), the 

Montreal Cognitive Assessment (MoCA), the Controlled Oral Word Association Test, the 

Hopkins Verbal Learning Test-Revised, as well as various additional instruments. 

Importantly, the meta-analysis reported a wide prevalence of CD ranging between 3% and 
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81%. Several factors may have contributed to this, including patient heterogeneity (SLE 

subjects with and without predetermined NPSLE), the use of different assessments including 

those that may not be sensitive to a particular cognitive deficit, and the lack of a standardized 

definition for CD despite the ACR guideline. Despite these complexities, the overwhelming 

evidence supports an increased frequency of CD in SLE compared to the general population.

While many studies have compared cognitive tests in SLE, many have included patients with 

neurologic or psychiatric disease (7), which makes interpretation difficult. Several studies 

have compared tests in those without known neuropsychiatric disease. One study compared 

the ANAM to a set of traditional batteries, including those recommended by the ACR, and 

found that ANAM subtests, particularly those testing learning and memory, correlated with 

tests in the traditional batteries (8). In regards to the search for an appropriate screening for 

CD in SLE, one study compared the MMSE, MoCA and Cognitive Symptom Inventory, and 

found the MoCA to be the most sensitive/specific and highly correlated with the ACR 

recommended battery (9).

C. Neuroimaging in CD

Neuroimaging has the potential to be a valuable tool for understanding the pathogenesis of 

CD in SLE and for monitoring treatment response (Fig 1). We focus here on neuroimaging 

studies of SLE subjects who lacked confounding CNS manifestations to summarize 

associations of structural or functional lesions with CD.

MRI studies, both conventional and functional, demonstrate abnormalities in SLE and in 

SLE patients with CD (10). Conventional MRI studies reveal decreased hippocampal 

volumes in SLE patients with CD compared to those without CD (10). One study (11) 

revealed decreased activation of the hippocampus/parahippocampal gyrus on functional MRI 

during a spatial working memory task in SLE patients, and another found abnormal regional 

activity in the parahippocampal gyrus on functional MRI during the resting state (12). This 

is of interest as multiple lines of evidence in rodents reveal that hippocampal integrity is 

critical for spatial memory (13). Similarly, diffusion tensor imaging (DTI), an advanced MRI 

technique that assesses white matter integrity, demonstrates SLE-related abnormalities (14). 

White matter integrity in DTI is often measured by fractional anisotropy (FA), which 

describes the directionality of water diffusion in tissue. A low FA indicates isotropic 

diffusion (directionless or random) and represents damaged white matter, which may be due 

to decreased axonal density, number, diameter, or myelination. Although studies in SLE 

subjects reveal white matter abnormalities throughout the brain, two independent studies 

demonstrate an association of decreased FA in the external capsule in SLE patients with CD 

(15, 16). CD is also correlated with abnormalities in the choline:creatine (Ch/Cr) ratio on 

magnetic resonance spectroscopy (17, 18). This ratio is used as an index of white matter 

integrity; choline is essential to neuronal membranes and myelin, while creatinine is a stored 

phosphate used as a reference. An elevated Ch/Cr is interpreted as increased membrane 

turnover due to demyelination, ischemia and/or gliosis. Additionally, single photon emission 

CT displayed a focal area of hypoperfusion in the right precuneus (parietal lobe) in SLE 

patients with memory impairment compared to those without (19). Hypoperfusion in the 

parietal lobe is reported in 2 other studies (20, 21).
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In vitro studies reveal microglial activation following exposure to SLE serum (22), and 

studies of murine models of SLE revealed that type I interferon (IFN) mediated microglial 

activation contributes to CNS damage and possibly to CD (23). Recent advances enhance 

our ability to assess microglial activity in humans through neuroimaging; the most utilized 

positron emission tomography (PET) target is the translocator protein 18 kDa (TSPO). PET 

tracers targeting TSPO have shown that it is expressed on the outer mitochondrial membrane 

of microglia and is markedly upregulated in response to brain injury and inflammation. In 

several neurodegenerative diseases, including Alzheimer’s Disease (AD), compelling 

evidence for TSPO over-expression in disease-specific brain regions exists that associates 

with poor cognitive performance (24). In SLE, only one neuroimaging study using the TSPO 

ligand has been performed revealing higher TPSO expression in the cerebellum and 

hippocampus in those with CD compared to those without (25). Of note, TSPO 

overexpression in the hippocampus is found in AD and Parkinson’s, and has been found in 

the cerebellum in AD (24).

Overall, these studies suggest that CD can be assessed through neuroimaging modalities but 

better definition of cohorts will be needed to correlate specific abnormalities with 

impairment in specific cognitive domains.

D. Potential molecular mediators of SLE-CD

We highlight several potential mediators of SLE-CD below, although a variety of 

mechanisms have been proposed (Table 1).

D.1 Cytokines and Chemokines

A variety of cytokines, chemokines and other proteins are associated with NPSLE. These 

associations have usually been studied in subjects with a variety of NPSLE manifestations 

(diffuse and focal), which limits the ability to link a particular protein to a specific 

manifestation.

IFNα is the cytokine with the best-described relationship to CD. In a recent study, mice with 

IFNα-mediated autoimmunity displayed CD that was diminished by an anti-IFNα receptor 

antibody (23). Moreover, wild type mice injected with IFNα peripherally demonstrated CNS 

microglial activation with increased engulfment of neuronal synapses (synaptic pruning) and 

reduced synaptic density in the frontal cortex. The potential importance of IFNα in CD is 

corroborated by the observation of IFNα gene transcription in activated microglia in SLE 

brain tissue. These results are in line with clinical observations in patients with hepatitis C 

and liver cancer receiving exogenous IFNα therapy, which is associated with CD including a 

spatial memory deficit independent of depression (26) and a lupus-like illness (27).

The source of IFNα in NPSLE can be systemic or central. Intrathecal immune complexes 

may play a key role in interferon production in the brain in NPSLE, and act as powerful 

amplifiers of brain inflammation (28). Santer et al showed that CSF of NPSLE patients 

contains high levels of immune complexes that form as a result of autoantibodies that 

traverse the BBB or are locally produced by infiltrating B cells. These antibodies bind to 

cellular antigens that are released by damaged neurons. They further demonstrated ex vivo 
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that these immune complexes bind Fc receptors on microglia and lead to the production of 

high levels of IFNα as well as other pro-inflammatory mediators, including IFNγ-inducible 

protein-10, IL-8 and MCP-1.

One candidate mechanism for IFNα-induced CD relates to its activation of indoleamine 2,3-

dioxygenase (IDO) in the kynurenine/tryptophan metabolic pathway. IFNα stimulates IDO, 

catalyzing the breakdown of tryptophan (TRP) into kynurenine (KYN), which is further 

metabolized to quinolinic acid (QA) or kynurenic acid (KA). QA is an N-methyl D-aspartate 

receptor (NMDAR) agonist, and can cause excessive glutamate excitotoxicity to neurons 

(29). QA is synthesized by microglia (29), and neurons cultured in supernatant from IFNγ-

stimulated microglia exhibit reduced neurite outgrowth and complexity, which can be 

prevented by pretreatment of microglia with an IDO inhibitor or an NMDAR inhibitor (30). 

Notably, KA is a NMDAR antagonist(29), which can protect neurons from excitotoxic 

damage. An imbalance between QA and KA contributes to spatial memory deficits and brain 

functional and structural changes in animal models of neuroinflammation (31). In humans 

with SLE, an increased KYN/TRP ratio in blood has been reported (32) and correlates with 

IFNα gene expression (33). Additionally, CSF levels of QA are higher in SLE patients with 

NPSLE syndromes (not limited to CD) than in those with CNS dysfunction not related to 

SLE or in healthy controls (34).

Among the multiple other cytokines associated with NPSLE, IL-6 and IL-8 have the most 

plausible association with neuronal damage, given their presence in CSF in association with 

proteins that are indicative of neuronal and astrocytic damage (35). Other inflammatory 

mediators, such as TNF-like weak inducer of apoptosis (TWEAK) (36), CCL2 (37), myelin-

associated neurite outgrowth inhibitor (38), matrix metalloproteinase-9 (39), lipocalin-2 

(40), anti-alpha-internexin (41) and the renin-angiotensin (42) system are associated with 

CD in SLE. TWEAK, a cytokine in the TNF family, may be implicated in CD as memory 

impairment is ameliorated in TWEAK deficient MRL/lpr mice (36).

The contribution of cytokines, chemokines and other proteins and molecules to specific 

molecular mechanisms in NPSLE is for the most part unclear. Cytokines and chemokines 

are known to recruit immune cells to the CNS, promote intrathecal antibody production by 

infiltrating B cells, and modulate neurotransmitter release (43). In CD, however, the effects 

may largely result from direct stimulation of neurons and microglia as evidence for cellular 

infiltration into the brain is limited.

D.2 Serology

To date, some antibody specificities have been associated with CD in mice and in patients. 

Undoubtedly, more await discovery.

Anti-ribosomal protein P antibody (anti-P) or anti-neuronal surface P antigen 
(NSPA)—Anti-P antibodies associate with psychosis and CD in SLE patients, and studies in 

mice reveal a plausible pathogenic mechanism behind this association (44). Neuronal 

surface P antigen (NPSA) is an integral plasma membrane protein that is bound by anti-P. 

NSPA engagement by anti-P antibodies induces calcium influx and glutamatergic 

transmission in neurons (45). By activating both a-amino-3-hydroxy-5-methyl-4-
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isoxazolepropionic acid (AMPA) and NMDA receptors, anti-P-induced glutamatergic over 

activation leads to suppression of long-term potentiation (LTP), which provides a 

mechanism for anti-P mediated pathogenic alterations in the brain. In addition, 

glutamatergic dysfunction also mediates psychotic symptoms, as in NMDAR encephalitis 

(46). Although an association of anti-P with depression has not been confirmed in humans, 

mice injected intracerebroventricularly with anti-P displayed depression-like behavior (47). 

Anti-NSPA antibodies, induced in rabbits by immunization with NSPA, trigger calcium 

influx, enhance glutamatergic transmission, and induce memory impairment, mimicking the 

effect of anti-P antibodies (45).

Antiphospholipid antibodies—Antiphospholipid antibodies (APL) in serum and CSF, 

specifically anticardiolipin antibodies (aCL IgG) and lupus anticoagulant (LAC), correlate 

with CD in several studies (48), with up to a three-fold increase of CD in SLE patients with 

positive APL. In a recent meta-analysis, Ho et al demonstrated a statistically significant 

association between serum APL (aCL and LAC specifically) and CD (OR 2.01). While APL 

are well-established in mediating a pro-thrombotic vasculopathy leading to stroke and multi-

infarct dementia (48), experimental models of antiphospholipid syndrome suggest that non-

thrombotic mechanisms may also be responsible for APL-mediated CD, such as direct toxic 

effects of APL on neurons and glia (48, 49). For APL to directly bind cells in the brain, they 

need to traverse the BBB; APL may affect BBB permeability through endothelial cell 

dysfunction (50).

DNRAb—These antibodies represent a subset of anti-DNA antibodies that cross-react with 

the NMDAR. They will be discussed in detail below.

E. Pathogenesis

E.1 Mouse models of cognitive dysfunction

Limitations in studying pathogenic mechanisms of CD in humans with SLE, such as the 

paucity of brain tissue samples, their procurement post-mortem, and the heterogeneity of 

neuropsychiatric manifestations, have made experimental mouse models fundamental.

The most common and best studied is the MRL/lpr strain. MRL/lpr mice display depression, 

anxiety and CD by 8 weeks of age that is positively correlated with serum anti-dsDNA 

antibody titers and pro-inflammatory cytokines and can precede the onset of renal disease 

(51). These mice exhibit a notable decrease in midbrain and limbic brain volumes by 5–8 

weeks of age. Several mechanisms are likely involved in the neuropsychiatric 

manifestations, including autoantibodies, cytokines, mononuclear cell infiltration and 

disruption of the blood-brain barrier (BBB) (51). In addition to anti-dsDNA antibodies, other 

autoantibodies such as anti-P, anti-cardiolipin and DNRAb antibodies are often present in 

MRL/lpr mice and can lead to CNS disease. An early onset of neuropsychiatric disease may 

be explained by intrauterine exposure of the fetal brain to maternal autoantibodies or to high 

cytokine levels (52) and a dysfunctional Fas/Fas receptor signaling pathway, leading to 

abnormal hippocampal neurogenesis and postnatal brain development (51, 53). Bialas et al 

(23) demonstrated that Type 1 IFN-mediated microglial activation leads to dendritic pruning 

in MRL/lpr mice, likely related to the CD observed in this strain.
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Several other mouse models have been used to study CD. NZB/NZW F1 mice, another 

commonly studied lupus strain, display learning difficulties and mood-related disorders that 

occur later in the course of disease (54), but these findings can be confounded by the high 

prevalence of brain anomalies in the non-lupus prone NZB parental strain. The mechanisms 

of disease include mononuclear cell infiltration of different brain regions, most notably the 

hippocampus and cortex, as well as disturbances in neuropeptides in the affected areas (55, 

56). BXSB male mice demonstrate impaired spatial and non-spatial learning. Like NZB 

mice, they demonstrate congenital structural abnormalities (51). Genetically engineered 

lupus-prone mouse strains such as the 564Igi strain, a B-cell receptor knock-in model with 

IFNα receptor 1-dependent pathogenesis (23), and the bicongenic strain, Sle1/Sle 3 (40), 

also exhibit spatial and object memory impairment, and other behavioral abnormalities.

E.2 DNRAb as a mechanism for CD in SLE

We have been studying DNRAb and their contribution to CD in SLE. Some time ago we 

identified a subset of anti-dsDNA antibodies, DNRAb, also known as anti-NR2 antibodies, 

which bind DNA and cross-react with the GluN2A and GluN2B subunits of the NMDAR, 

the brain’s main excitatory receptor (57). NMDAR are found in the highest numbers in the 

hippocampus and are integral to learning and memory. DNRAb enhance the excitatory 

activation of NMDAR, and excessive activation leads to excitotoxic cell death. DNRAb 

isolated from the serum and CSF of a SLE patient with progressive cognitive decline and 

injected directly into a mouse brain caused neuronal cell death (57), confirming their ability 

to mediate brain pathology once present in brain tissue. Serum DNRAb are found in 30–

50% SLE patients (58) and pooled data from a recent meta-analysis reveals that SLE 

patients with NPSLE were more likely to have elevated serum/plasma DNRAb (mean serum 

levels of 0.4mg/ml in NPSLE patients compared to 0.2mg/ml in non-NPSLE patients) (59). 

Though some studies have not found an association between serum DNRAb positivity and 

CD, the presence of DNRAb in CSF associates with diffuse NPSLE, including CD in several 

studies (mean CSF levels in NPSLE 0.61U/mL while in non-NPSLE SLE 0.31U/mL) (59, 

60). Additionally, as a BBB breach is needed to result in CNS disease, serum titers may not 

accurately reflect CNS disease.

DNRAb should not be confused with the anti-NMDAR antibodies found in autoimmune 

encephalitis, which bind to the GluN1 subunit of the NMDAR. These antibodies result in 

internalization of the receptor and subsequently lead to a reversible decrease in NMDAR 

surface density and thus synaptic dysfunction, without significant neuronal cell death or loss 

of dendritic tree or spine complexity (61). Clinical manifestations, which include severe 

neurologic, psychiatric and behavioral symptoms, tend to be transient and positively 

correlated to CSF antibody titers, as opposed to the manifestations associated with DNRAb, 

which are persistent.

It is believed that, in SLE, abrogation of BBB integrity and direct access of antibodies to the 

CNS is needed for antibody-mediated damage, since existing evidence suggests 

autoantibody is not produced within the CNS in SLE (60). This is based on findings of 

elevated albumin (normally only found in serum) in CSF of lupus patients with NPSLE 

compared to those without (60). Several conditions compromise BBB integrity, including 
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viral and bacterial infection, systemic inflammation, stress (epinephrine), ischemia, aging, 

hypertension, nicotine, alcohol and certain inflammatory cytokines, such as TNFα, IL1β, 

IL6 and IL8 (62). DNRAb also directly affect BBB integrity by activating endothelial cells 

and leading to the production of pro-inflammatory cytokines such as TNFα, IL6 and IL8 

(63). The complement activation product C5a, present in SLE patients with active disease, 

alters BBB integrity in MRL/lpr mice through endothelial cell apoptosis (64). In SLE, it is 

likely that complement, peripheral cytokines and autoantibodies as well as non-disease 

related mechanisms all compromise BBB integrity.

The mechanism of BBB insult determines the anatomic site of the breach, which dictates the 

location of antibody-mediated damage. In this way, the same antibody can cause more than 

one neuropsychiatric manifestation depending on the affected brain region. For example, 

administration of lipopolysaccharide (LPS) to DNRAb-positive mice leads to hippocampal 

damage, whereas epinephrine administration causes damage to the amygdala (65). Of note, 

other mechanisms for antibody and leukocyte entry into the brain have been proposed, 

including through the choroid plexus, meningeal-arachnoid barrier and glymphatic system 

(5).

The fact that DNRAb are commonly present in SLE patients and can mediate neurotoxicity 

led us to develop a non-spontaneously autoimmune mouse model to study the effects of 

DNRAb, and eliminate confounding variables like cytokines and other brain-reactive 

autoantibodies, which are present in spontaneously autoimmune lupus mouse strains (13). In 

this model, mice are injected with a consensus sequence contained within the GluN2A and 

GluN2B subunits that is bound by DNRAb, leading to the production of DNRAb. In order to 

provide DNRAb with access to brain parenchyma, the BBB is breached with systemic LPS 

administration. Within one week, in the absence of an inflammatory infiltrate, a 20–25% 

hippocampal neuronal loss is observed (13), followed by loss of dendritic complexity and 

spine density with an associated spatial memory impairment that occurs after DNRAb is no 

longer detectable in the brain (66) (Fig 2).

Microglia have emerged as central players in human neuropathologies and are increasingly 

being associated with neuropsychiatric symptoms in murine lupus models as well (23, 42). 

In DNRAb-mediated CD, microglia may be activated via several mechanisms (Fig 2). This 

activation also is only detected after DNRAb is no longer detectable in the brain. Activated 

microglia can phagocytose (or prune) dendritic synapses with a resultant loss in dendritic 

complexity and spine density. This mechanism is associated with CD in several murine 

lupus models, including DNRAb+ mice, MRL/lpr mice and NZB/NZW mice (23, 66). 

DNRAb+ mice develop a selective spatial memory impairment. Microglial depletion in 

DNRAb+ mice given LPS to allow antibody to penetrate brain parenchyma results in 

preserved neuronal dendritic architecture (42). The role of complement, notably C1q, in 

microglial-mediated synaptic pruning is critical. C1q is produced by both neurons and 

microglia and can “tag” synapses for removal. In DNRAb+ mice, a NMDAR–HMGB1–C1q 

complex forms at synapses on neuronal dendrites targeting them for destruction. C1q 

knockout, DNRAb+ mice maintain normal dendritic complexity and spine density following 

LPS administration (42), confirming a critical contribution of C1q in DNRAb-mediated in 

pathology.
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We have shown that ACE inhibitors, through their centrally-acting effects, reduce microglial 

activation, prevent loss of dendritic arborization and prevent spatial memory impairment in 

DNRAb+ mice (42). Treatment with captopril after onset of microglial activation also 

restored dendritic arborization and spine density, suggesting that surviving neurons in this 

model do not experience irreversible damage (Fig 3).

Multiple behavioral studies have revealed the impact of DNRAb on spatial memory in the 

mouse model (Table 2). Although it may be difficult to extrapolate results from mice to 

humans, the mouse model informed our choice of applying tasks related to spatial memory 

in humans with SLE. Using a 2×2 array of objects that assessed both object recognition and 

memory for spatial relations, we found that DNRAb is associated with a spatial memory 

deficit in humans with SLE (66, 67). Additionally, we used a desktop, 3-dimensional spatial 

navigation task that may be more clinically relevant than the 2×2 array, and found that 

DNRAb+ SLE patients performed poorly compared to DNRAb- SLE patients, who 

performed similarly to healthy controls (68). This work demonstrates that mouse models 

provide structural information related to pathogenic mechanisms in the brain, so that 

appropriate cognitive tasks may be applied.

Our group is also investigating the impact of DNRAb on brain structure and function in 

patients with SLE with stable disease activity and without CNS disease. We found that these 

SLE subjects demonstrate hypermetabolism on FDG-PET in the hippocampus, among other 

brain regions, and hippocampal hypermetabolism correlates with poor working memory 

(69), demonstrating that SLE patients with no other NPSLE symptoms may exhibit CD that 

correlates with clear abnormalities in brain function. Further, DNRAb antibody positivity 

was shown to correlate with hippocampal hypermetabolism (69) and decreased white matter 

microstructural integrity in the parahippocampal gyrus on DTI (67). The decreased 

microstructural integrity in the parahippocampal gyrus on DTI correlated with increased 

serum DNRAb and poor spatial memory performance. DTI findings did not correlate with 

deficits in other cognitive domains. FDG-PET studies performed concurrently with DTI 

revealed hypermetabolism in gray matter areas, such as the hippocampus, adjacent to areas 

with decreased white matter microstructural integrity, suggesting that changes in regional 

metabolism may indicate a pathophysiological process leading to structural changes (Fig 1). 

Hypermetabolism and reduced white matter microstructural integrity were stable over a 

mean of 15 months. These findings suggest that metabolic activity in these regions may be a 

marker for SLE that is potentially responsive to targeted therapies, and possibly useful as an 

outcome measure in clinical trials.

F. Implications for therapy of SLE-CD

There are no treatments for CD in SLE and there is limited/scant data on the use of 

immunosuppressive therapy in CD. The insidious nature of CD and its occurrence 

independent of systemic disease activity have shifted the risk-benefit assessment in favor of 

using less aggressive, less immunosuppressive options, despite emerging evidence of 

immune-mediated mechanisms. In one small prospective double-blind, placebo-controlled 

study, a trial of glucocorticoid therapy (0.5mg/kg prednisone) led to clinical improvement in 
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5/8 patients with mild SLE and CD who completed the trial (70). The duration of therapy 

varied from 2–19 months, and relapse of CD after taper was not reported.

Given its moderate success in slowing cognitive decline in AD (71), memantine, a NMDA 

receptor antagonist, was tested in SLE patients with mild self-reported baseline CD, but did 

not exhibit significant improvement in cognitive performance in SLE patients compared to 

placebo (72). The study was not powered to test for an effect in DNRAb positive patients (of 

which there were only five), though DNRAb positive mouse treated with memantine prior to 

breaching the BBB demonstrated no evidence of antibody-mediated neuronal death (65). 

That said, long-term attenuation of the NMDAR could have deleterious impacts on brain 

function and it is therefore an unfavorable therapeutic option (73).

Although no studies have assessed the benefit of anticoagulation or anti-platelet therapy in 

SLE patients with CD without thromboembolic phenomena, anti-platelet therapy such as 

low dose aspirin or anti-malarials may be considered in SLE patients with positive 

antiphospholipid antibodies and CD. In a 3-year prospective observational study assessing 

predictors of CD in SLE patients, regular use of low dose aspirin improved cognitive 

function in SLE patients with or without APL compared to those not taking aspirin (74).

One potential therapeutic strategy is to protect and enhance BBB integrity. C5a receptor 

(C5aR) blockade ameliorates BBB disruption and attenuates behavioral abnormalities in 

MRL/lpr mice (75), revealing a potential therapeutic target for CD. While sphingosine-1-

phosphate (S1P) receptor modulation with FTY720 stabilizes the BBB in MRL/lpr mice and 

mitigates CD (76), its use in SLE will be limited by its known toxicity.

Another therapeutic strategy is to block microglial activation. The renin-angiotensin system, 

best known for maintaining hemodynamic and mineralocorticoid homeostasis, consists of 

multiple neuroactive peptides that when disbalanced play a significant role in the 

neuroinflammatory processes central to CD (77). The most potent component of this 

complex system is angiotensin II, which activates microglia to assume a pro-inflammatory 

phenotype, and when overexpressed, is directly neurotoxic, resulting in neuronal injury and 

cell death. Another pro-inflammatory mechanism of the renin-angiotensin system is the 

ACE-mediated inactivation of bradykinin, which has anti-inflammatory effects, suppresses 

microglial activation and diminishes Type 1 IFN responses in normal and lupus prone mice 

(78). GWA studies identify an ACE allele as a risk factor in SLE with the risk allele leading 

to increased serum ACE. In a randomized trial (79) and several observational studies (80), 

ACE inhibition retarded cognitive decline in Alzheimer’s Disease. These data, together with 

murine studies, support the potential use of ACE inhibitors as novel neuroprotective 

therapeutics for CD in SLE. Angiotensin receptor blockers may also be a useful therapeutic 

alternative.

Minocycline has also emerged as a potent inhibitor of microglial activation with benefits in 

several neurological conditions (81); however, its toxicity profile and potential risk of drug-

induced lupus may limit its usefulness.

The current approach of broad immunosuppression or no treatment for CD in SLE, with the 

inherent dangers of immunosuppression or increasing impairment, respectively, illustrates 
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that clinical trials are greatly needed. Several potential treatment strategies appear 

promising; however, much work is required to confirm suitable biomarkers and endpoints 

for use in clinical trials. When trials begin, they need to be performed in well-defined SLE 

populations.

G. Considerations for potential trials of neuroprotection in SLE-CD

A key question that arises related to potential clinical trials in SLE-CD is whether or not CD 

may be fixed versus decelerated or reversed, with or without therapy. Several longitudinal 

studies have examined SLE-CD (7); however, only two studies included patients without any 

history of neuropsychiatric disease, and in one of these studies CD was not detected, which 

limits interpretation of results. Our study examining ACE inhibitors and microglia supports 

the idea that cognition may be “retrieved” rather than only prevented in decline, as ACE 

inhibitors given after the onset of microglia activation restored dendritic arborization and 

spine density (unpublished data).

Another key question related to potential trials is: what design and outcome measures should 

be used? Clinical trials in neurodegenerative diseases that affect cognition, such as in AD, 

lend some insight into potential trials in SLE-CD, but mostly with respect to therapeutic 

targets rather than cognitive testing as an outcome measure. This is because the broad 

cognitive tests that are utilized in AD, such as the MMSE, lack sensitivity to mild CD (82), 

which is often encountered in SLE. Given this problem, we have chosen to use more 

sensitive tests such as the ANAM, and specific tests related to a known pathogenic 

mechanism (e.g. DNRAb and a spatial memory deficit). However, the use of cognitive 

testing as an outcome measure has several limitations in potential trials. Even with a 

relatively sensitive test such as the ANAM, many patients are needed to ensure adequate 

power to detect a significant change in performance over the limited time of a trial. 

Furthermore, the clinically meaningful change in cognitive tests is unclear. Therefore, 

clinical trials that employ imaging as an outcome measure based on a plausible pathogenic 

mechanism, such as DNRAb mediated neurotoxicity and microglia activation, may be 

advantageous before moving onto larger clinical trials with cognitive testing. Several 

longitudinal studies of TSPO-PET in AD reveal increased microglia activation over time, 

and in one study it correlated with worsening CD (24). These results suggest that TSPO-PET 

imaging may apply as a biomarker of SLE-CD.

Importantly, future clinical trials in SLE-CD will require specifically defined patient 

samples. Current clinical trials may include SLE patients with neurologic or psychiatric 

diseases apart from SLE as a cause, which can potentially confound interpretation of results.

H. Conclusion

Cognitive dysfunction in SLE, although insidious and sometimes difficult to diagnose, can 

be devastating with a considerable impact on quality of life. The pathogenesis of CD in SLE 

is poorly understood, which translates into a lack of biomarkers that can aid in diagnosis. 

However, efforts to dismiss CD as merely a confounding symptom in SLE are shortsighted 

and do a disservice to patients. While clinical studies to date have been hampered by 
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heterogeneous subject populations and a lack of sensitive and standardized cognitive 

batteries that test for an association of a specific cognitive deficit with a defined pathogenic 

mechanism, there is strong data from the clinical arena and from mouse models that CD is 

present in many patients and is related to known disease mechanisms. Future clinical studies 

that utilize sensitive and specific tests for cognitive deficits related to known pathogenic 

mechanisms (for example, spatial memory deficits related to DNRAb) are necessary and 

will provide the information needed to design clinical trials to preserve cognitive function 

and improve quality of life for patients.
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Figure 1: Proposed mechanism of SLE mediated CD.
Neuroimaging studies support a mechanism of CD beginning with hippocampal injury and 

altered microstructural integrity in the parahippocampus leading to decreased integrity of 

white matter outflow tracts and resulting in impaired cognition.
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Figure 2: Proposed two stage model for DNRAb mediated neurotoxicity, and the contribution of 
IFNα to neurotoxicity.
Exposure to DNRAb mediates immediate excitotoxic death of some neurons (acute stage). 

The surviving neurons experience strong NMDAR stimulation that induces HMGB1 

secretion. Microglia are activated following DNRAb penetration of the BBB. There are at 

least three possible mechanisms for microglial activation in the DNRAb model: binding of 

secreted HMGB1 to receptor for advanced glycation end products (RAGE) or toll-like 

receptor 4 (TLR4), engagement of activating Fc receptors (FcR) by DNRAb-immune 

complexes, and/or exposure to damage-associated molecular patterns (DAMPs) from 

apoptotic neurons. Activated microglia contribute to the loss of dendrites and synapses, 

which are “tagged” for destruction by a NMDAR-HMGB1-C1q complex (chronic stage). 

Interferon-alpha (IFNα) penetrates the BBB, or is produced centrally, and activates 

microglia, resulting in the loss of neuronal dendrites and synapses. Another mechanism of 

IFNα-induced neurotoxicity may be through stimulation of the KYN/TRP metabolic 

pathway in microglia, causing excessive production of QA that results in neuronal 

excitotoxicity.
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Figure 3: Proposed mechanism of ACE-inhibitor (ACE-I) treatment of SLE mediated CD.
Treatment with a BBB permeable ACE-I (captopril), but not with a BBB impermeable ACE-

I (enalapril) or saline, suppresses microglial activation and preserves dendritic complexity 

and spatial memory in DNRAb+ mice. Importantly, captopril treatment after the onset of 

microglial activation can restore dendritic complexity, suggesting damaged neurons can 

recover following treatment.
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