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Abstract

BACKGROUND: Neuropsychiatric systemic lupus erythematosus (NPSLE) is a poorly
understood and heterogeneous manifestation of SLE. Common major NPSLE syndromes include
strokes, seizures, myelitis, and aseptic meningitis. Easily obtainable biomarkers are needed to
assist in early diagnosis and improve outcomes for NPSLE. A frequent end-result of major
syndromes is neuronal or glial injury. Blood-based neurofilament light (NfL) and glial fibrillary
acidic protein (GFAP) have been utilized as markers for monitoring disease activity and/or
severity in other neurodegenerative and neuroinflammatory diseases; however, they have not been
evaluated in active major NPSLE.

METHODS: This was a case-control study. We enrolled patients aged 12-60 years with
active major NPSLE, SLE without active major NPSLE, and healthy controls. Active NPSLE
was defined as being <6 months from last new or worsening neuropsychiatric symptom.
Demographics, clinical data, and serum or plasma biosamples were collected.

RESULTS: Thirteen patients with active major NPSLE, 13 age/sex/kidney function matched SLE
controls without active major NPSLE, and 13 age/sex matched healthy controls (mean ages 26.8,
27.3, 26.6 years) were included. 92% of each group were female. Major syndromes included
stroke (5), autonomic disorder (3), demyelinating disease (2), aseptic meningitis (2), sensorimotor
polyneuropathy (2), cranial neuropathy (1), seizures (1), and myelopathy (2). Mean (standard
deviation) blood NfL and GFAP were 3.6 pg/ml (2.0) and 50.4 pg/ml (15.0), respectively, for the
healthy controls. Compared to healthy controls, SLE without active major NPSLE had mean blood
NfL and GFAP levels 1.3 pg/ml (p = 0.42) and 1.2 pg/ml higher (p = 0.53), respectively. Blood
NfL was on average 17.9 pg/ml higher (95% CI: 9.2, 34.5; p <0.001) and blood GFAP was on
average 3.2 pg/ml higher (95% ClI: 1.9, 5.5; p <0.001) for cases of active major NPSLE compared
to SLE without active major NPSLE. In a subset of 6 patients sampled at multiple time points,
blood NfL and GFAP decreased after immunotherapy.

CONCLUSIONS: Blood NfL and GFAP levels are elevated in persons with SLE with active
major NPSLE compared to disease matched controls and may lower after immunotherapy
initiation. Larger and longitudinal studies are needed to ascertain their utility in a clinical setting.

Introduction

Neuropsychiatric systemic lupus erythematosus (NPSLE) is estimated to occur in 18 to 56%
of persons with systemic lupus erythematosus (SLE).1 NPSLE is associated with decreased
quality of life and a significant increase in morbidity, mortality, hospitalization, and disease
related costs compared to SLE without neuropsychiatric (NP) symptoms.2—> Major NPSLE
syndromes in the central nervous system (CNS) include aseptic meningitis, strokes, seizures,
demyelinating disease, chorea, myelopathy, acute confusional state, severe depression,
psychosis, or moderate/severe cognitive dysfunction. Major NPSLE syndromes in the
peripheral nervous system (PNS) include acute inflammatory demyelinating polyneuropathy,
polyneuropathy with nerve conduction study confirmation, mononeuropathy, autonomic
neuropathy, cranial neuropathy, plexopathy, or myasthenia gravis. These major NPSLE
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syndromes are thought to be directly attributable to systemic inflammatory disease activity.5:
" Appropriate management of NPSLE can successfully modify the potentially catastrophic
sequelae of this disease.> 8

Despite an expanding collection of new diagnostic testing, imaging, and attribution models,
challenges in NPSLE diagnosis remain.t: 2 6. 7. 9-12 Up to 15% of expert-diagnosed NPSLE
is eventually revealed as an NP symptom unrelated to lupus, showing the tendency to
over-diagnose in the face of uncertainty.l: 13 Hence, the common practice for diagnosis
remains “physician judgement” based on clinical presentation, course and paraclinical
testing.14 Clinically, an inaccurate diagnosis leads to increased morbidity from either an
undertreated disease process or overtreatment with immunosuppression (such as steroids,
cyclophosphamide, or rituximab).15-17 The difficulties in defining or diagnosing NPSLE
have impaired epidemiologic research into this disease as well.18: 19 As such, identification
of new diagnostic biomarkers has been highlighted as one of the core unmet needs in
NPSLE research.!

Serum or plasma neurofilament light (NfL) is a neuron-specific cytoskeletal protein released
from neurons after neuro-axonal injury,29 and serum or plasma glial fibrillary acidic protein
(GFAP) is an astrocytic structural protein released with glial cell damage or microglial
activation.2! These biomarkers are elevated in multiple central and peripheral inflammatory,
degenerative and ischemic neurological disorders. These biomarkers have shown utility in
these disorders for assessment of treatment response, detection of pre-clinical inflammation,
and prediction of future risk of relapse.20: 22-28 Age and kidney function are two important
known contributors to variability in these measurements.25: 29. 30

Previous studies have shown elevated NfL and GFAP levels in the cerebrospinal fluid

(CSF) of patients with NPSLE that decrease after cyclophosphamide therapy.31 32 Blood
NfL in the general adult SLE population has been evaluated in several retrospective or
cross-sectional cohort studies. However, these studies included very few patients with active
NPSLE and the timing of samples relative to symptom onset was not reported.33-3% Both
are necessary to assess its potential utility in evaluation of NPSLE. Neither blood GFAP
nor longitudinal change of either of these blood biomarkers after immunotherapy have been
evaluated to date in NPSLE.

The primary objective of this study was to assess blood-based NfL and GFAP in active
major NPSLE. We hypothesized that blood NfL and GFAP would be elevated in active
major NPSLE compared to SLE controls without active major NPSLE and to healthy
controls. We also explored the longitudinal change of these biomarkers in a subset of cases
after immunotherapy treatment.

Study Overview

Patients were enrolled prospectively into our neuro-rheumatologic disease registry between
September 2022 and November 2023. These patients were evaluated in Neurology or
Rheumatology outpatient clinics or inpatient services at Children’s Hospital Colorado or
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University of Colorado Hospital. Additional patients were retrospectively identified from
Neurology, Rheumatology, or Immunology studies performed at the University of Colorado
between 2016 and 2023. These studies enrolled patients with SLE from clinics or inpatient
or healthy persons from a community population and included biosample collection. Written
consent for enrollment in the prospective study or consent for secondary use were obtained
from all participants or their legal representatives under approval from the Colorado
Multiple Institutional Review Board.

Patient Identification

Patients with SLE were included if 1) their age at time of enrollment was between 12 and 60
years-old and 2) they had a rheumatologist confirmed clinical diagnosis of SLE and met the
2012 Systemic Lupus International Collaborating Clinics Classification Criteria (SLICC)36
or the 2019 European League Against Rheumatism / American College of Rheumatology
(EULAR/ACR) criteria.3” The ages of 12 and 60 years old were chosen as age cutoffs as
greater variability and elevation of blood NfL is seen in pre-adolescents and in persons > 60
years-old.38 39 patients with SLE were excluded if they had renal failure requiring dialysis
at the time of enrollment, given the potential for increased biomarker variability from regular
dialysis.

Chart review was performed to identify potential active major NPSLE cases or SLE controls.
Cases of “active major” NPSLE were defined as persons with a defined major NPSLE
syndrome?® for whom secondary or non-SLE-related causes of their NP symptoms had been
excluded and who had experienced new onset or worsening of these symptoms within

the 6 months prior to sampling. This duration was chosen to balance the practicality

of sample obtainment within a given time frame (due to variability in presentation to

care, or to evaluation at quaternary regional hospitals) with an approximation of expected
biomarker kinetics after monophasic injury.49-43 Major NPSLE syndromes included all
CNS and PNS NPSLE syndromes previously described by the ACR,? with the exception

of the minor/non-specific syndromes of headaches, anxiety, mild depression, mild cognitive
impairment, or polyneuropathy without electrophysiological confirmation.8: 7 These major
NPSLE syndromes were also classified as either ischemic or inflammatory NPSLE.#4
Potential SLE controls had not experienced any major NPSLE syndromes within the 6
months prior to sampling, although they could have minor NPSLE syndromes. These SLE
controls were matched to the cases by age, sex, and kidney function.

The clinical symptoms, diagnostic testing, and clinical course of these identified potential
active major NPSLE and SLE controls were retrospectively reviewed by a multi-disciplinary
team consisting of one neuroimmunologist and two rheumatologists. Patients were
adjudicated as active major NPSLE (probable or definite), SLE controls (without active
major NPSLE), or unclear status by this team, prior to biosample testing. At least two of

the three reviewers were required to agree on a designation of “probable” or “definite”
active major NPSLE for cases, and for SLE controls were required to agree that there was
definitely no evidence of active major NPSLE. Those designated as probable or definite
active major NPSLE or SLE controls were included in further analysis.
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Healthy controls were recruited from the general population through academic internal

medicine clinics or community sites in Aurora, Colorado. They underwent self-reported
medical screening questionnaires, vital signs, and blood collection. They were excluded
if review of self-reported medical history disclosed any serious prior or current medical,
autoimmune, or neurologic conditions (including SLE, epilepsy, traumatic brain injury,

stroke, or hospitalization for SARS-CoV-2 infection).#> 46 These healthy controls were
matched to the active major NPSLE cases by age and sex.

Data Collection

All patients with SLE included in the study underwent chart review for demographics,
medical history, neuropsychiatric history and symptoms, and results of relevant systemic,
CSF, and other neurodiagnostic testing at the time of biosample collection. All healthy
controls included in the study had relevant demographic information obtained. Blood
samples (serum and/or plasma) via venipuncture were obtained from each patient and
transferred to the lab for centrifugation and aliquoting; CSF samples were obtained from
a subset of patients. Samples were frozen at —80° Celsius (°C) until biomarker analysis;
several patients had clinical pre-treatment samples stored initially at —20°C, but were
transferred to a —80°C research freezer within 6 months. All biosamples underwent
measurement of NfL and GFAP concentrations using the Neurology 4-PLEX B assay

kit and its associated protocols (Quanterix SR-X™ by Simoa® platform, Billerica, MA,
USA). Serum samples were only utilized if no pre-immunotherapy plasma sample was
available. To control for variations between levels of analytes in serum versus plasma, serum
measurements were converted to plasma equivalents using a linear regression equation
derived from 144 internal matched plasma and serum samples from healthy controls
(unpublished). Plasma and converted plasma-equivalent NfL and GFAP are referred to as
blood NfL and GFAP hereafter.

Statistical Analysis

Demographics, SLE disease history, neuropsychiatric history, and relevant additional
potential confounders (including Body Mass Index [BMI] and serum creatinine) were
compared between persons with SLE with and without active major NPSLE and healthy
controls using ANOVA, Kruskal-Wallis, or Student’s t-test for continuous variables, and
Pearson’s 2 or Fisher’s exact tests for categorical variables.

Blood NfL and GFAP levels between the NPSLE and SLE groups were compared

using generalized linear models with a gamma distribution to account for non-normal

data distributions. Pearson’s correlation was used to assess the relationship between log-
transformed NfL and GFAP for the subset of patients with NPSLE who had temporally
paired blood and CSF samples. For the subset of patients with active major NPSLE, we
evaluated the differences between those with ischemic and inflammatory NPSLE and the
proportion above or below the median for each biomarker using Fisher’s exact test. Receiver
operating characteristic (ROC) analysis was done for all SLE patients to assess the area
under the curve (AUC) for distinguishing between active major NPSLE and SLE without
active major NPSLE for each blood biomarker. For the subset of patients with active major
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NPSLE who had longitudinal samples, we performed an exploratory descriptive analysis of
the blood-based biomarker trends over time.

All statistical analyses were performed using SAS v9.4 (SAS Institute, Cary, NC, USA).

A total of 13 patients with definite (9) or probable (4) active major NPSLE, 13 age, sex, and
kidney function matched SLE controls, and 13 age and sex matched healthy controls were
identified and included in further analysis. Four of the 13 patients with active major NPSLE
had serum biosamples only, while the remainder of the active major NPSLE patients and all
the SLE controls and healthy controls had plasma biosamples. Conversion of serum values
to plasma equivalents resulted in lower NfL and GFAP values for each of the four patients.
Seven patients with active major NPSLE had temporally paired blood and CSF samples.

The demographics, clinical characteristics, and blood-based diagnostic testing for these
groups are shown in Table 1. There were no statistically significant differences between
these groups. Biosamples for patients with active major NPSLE were collected a median

of 64 days from the onset of the first NP symptom (range 9-1872 days), a median of

3 days after the most recent new or worsening NP symptom (range 0-188 days), and

a median of 2 days (range 0-188 days) after initiation or escalation of immunotherapy
(pre-immunotherapy collection was designated as 0 days). All patients had improvement of
their NP symptoms following immunotherapy. The distribution of blood NfL and GFAP for
individuals within each group are shown in Figure 1a and 1b. The clinical factors, diagnostic
testing, and biomarker levels for each NPSLE case are shown in Table 2.

Correlation of Blood and CSF Biomarker Levels

Log-transformed blood and CSF NfL were significantly correlated for active major NPSLE,
as shown in Supplementary Figure 1 (Pearson’s r = 0.88, p = 0.01). Log-transformed blood
and CSF GFAP were also significantly correlated for active major NPSLE, as shown in
Supplementary Figure 2 (Pearson’s r = 0.81, p = 0.03).

Comparison between Inflammatory and Ischemic NPSLE Phenotypes

Five of the NPSLE patients presented with strokes and a predominantly ischemic NPSLE
phenotype, while eight presented with predominantly inflammatory NPSLE phenotypes
(Table 2).44 The median blood NfL level for all 13 cases of NPSLE was 29.9 pg/ml. 40% of
those with ischemic NPSLE and 50% of those with inflammatory NPSLE were below this
median blood NfL level — this was not significantly different (p = 0.59). The median blood
GFAP level for all 13 cases of NPSLE was 112.4 pg/ml. 40% of those with ischemic NPSLE
and 50% of those with inflammatory NPSLE were below this median blood GFAP level —
this was also not significantly different between groups (p = 0.59).

Comparison between NPSLE, SLE without NPSLE and Healthy Controls

Mean blood NfL was 3.6 pg/ml (standard deviation [SD] 2.0) for the non-SLE healthy
controls. Mean blood NfL was 1.3 pg/ml higher for SLE without active major NPSLE
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compared to the non-SLE healthy controls (95% CI: 0.7, 2.5; p=0.42). Mean blood NfL was
17.9 pg/ml higher for cases of active major NPSLE than for SLE controls without active
major NPSLE (95% CI: 9.2, 34.5; p <0.001). Every NPSLE case had a higher blood NfL
level than its matched SLE disease control.

Mean blood GFAP was 50.4 pg/ml (SD 15.0) for the non-SLE healthy controls. Mean blood
GFAP was 1.2 pg/ml higher for SLE without active major NPSLE compared to the non-SLE
healthy controls (95% CI: 0.7, 2.0; p=0.53). Blood GFAP was on average 3.2 pg/ml higher
for cases of active major NPSLE than for SLE controls without active major NPSLE (95%
Cl: 1.9, 5.5; p <0.001).

Distinguishing between NPSLE and SLE without NPSLE

The AUC for blood NfL for detection of active major NPSLE was 0.96, indicating an
excellent ability to distinguish between active major NPSLE and SLE without active major
NPSLE.#7 Using the median blood NfL level for all SLE patients (6.8 pg/ml) as the
threshold, blood NfL > 6.8 pg/ml had a sensitivity and specificity of 92.3% for identifying
active major NPSLE in the SLE patients.

The AUC for blood GFAP for detection of active major NPSLE was 0.77, indicating an
acceptable ability to distinguish between active major NPSLE and SLE without active
major NPSLE.#’ Using the median blood GFAP level for all SLE patients (70.7 pg/ml)
as the threshold, blood GFAP = 70.7 pg/ml had a sensitivity and specificity of 76.9% for
identifying active major NPSLE in the SLE patients.

Longitudinal Trends after Immunotherapy

An exploratory analysis of longitudinal trends in the blood-based biomarkers after initiation
of immunotherapy was performed with 6 patients with active major NPSLE who had
biosamples from two timepoints (Figure 2). The interval between the first and second

time points was highly variable (median 430.5, range 112 — 1490 days), as was the time

of the first sample after initial immunotherapy (median 11.5, range 0 — 188 days). In all
cases, both NfL and GFAP trended downward over time. However, for the two patients with
ischemic NPSLE presentations they remained elevated compared to SLE without NPSLE
patients several years after diagnosis and treatment, whereas for the inflammatory NPSLE
presentations the biomarker levels at the second time point were close to or at the range seen
in SLE without NPSLE.

The interval immunotherapy treatments between samples for each patient included: Patient
2 - intravenous (1V) steroids followed by oral steroid taper, IV cyclophosphamide (CYC)
every 2 weeks for 5 doses, two doses of 1V rituximab, IV immunoglobulin, and 5 sessions
of plasma exchange; Patient 4 — IV steroids followed by oral steroid taper, IV CYC every 2
weeks for 6 doses followed by mycophenolate mofetil (MMF) maintenance therapy; Patient
5 — 1V CYC monthly for 6 months followed by MMF maintenance therapy; Patient 6 —
continuation of maintenance rituximab, oral steroid taper; Patient 7 — IV CYC monthly

for 6 months, followed by MMF maintenance therapy, oral steroid taper, and rituximab
initiation and maintenance; and Patient 15 — completed IV CYC monthly for 3 months,
followed by azathioprine maintenance therapy and oral steroid taper. By the second time
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point, neurologic symptoms had improved for Patients 2, 4, 5, and 15, and had fully resolved
for Patients 6 and 7.

Discussion

To the best of our knowledge, this is the first study to demonstrate that blood NfL and
GFAP concentrations are elevated in active major NPSLE compared to SLE without active
major NPSLE, with blood NfL in particular having an excellent ability to distinguish
between the two. This study is also the first to evaluate blood GFAP in the SLE population
and to evaluate these biomarkers in a cohort that includes adolescent patients. Blood

and CSF biomarker levels were significantly correlated, similar to that found in prior
cross-sectional studies of adults with SLE.34 35 Both blood NfL and GFAP are decreased
following immunotherapy treatment, although persistent significant elevations may continue
years after treatment even after resolution of NP symptoms. There was not a significant
difference between biomarker levels for ischemic and inflammatory NPSLE. Our results
suggest that in the right context, these blood-based biomarkers may serve a role as easily
obtainable markers of end-organ nervous system damage in SLE to aid in NPSLE evaluation
along with traditional neurodiagnostic testing, such as magnetic resonance imaging (MRI),
electroencephalogram, and cerebrospinal fluid (CSF) analysis.

Our study complements prior studies and helps clarifies the relationship of these biomarkers
with NPSLE. One retrospective cohort study noted higher serum NfL levels in patients with
focal CNS NPSLE compared to those with SLE without NPSLE. However, in a multiple
linear regression model, age and serum creatinine concentration were strong significant
predictors of serum NfL levels, while presence of NP symptoms was not.33 A cross-
sectional study noted higher plasma NfL in patients with current cognitive dysfunction,
mood disorder, or polyneuropathy compared to patients with past NP manifestations.
However, these symptoms were not new or recent in onset and the association did not
remain significant after correction for multiple comparisons.3* Another cross-sectional study
noted higher plasma NfL levels in persons with SLE compared to age/sex matched healthy
controls, but no difference between those with SLE with or without NPSLE. This study had
fewer patients with recent or “focal” NPSLE compared to the other studies, although one
patient with recent myelitis had the highest plasma NfL level in their study. However, the
study was not designed to look at active or acute NPSLE; the authors noted the need for
future work to assess NfL in acute NPSLE.3°

In our study, we focused on active NPSLE using a case-control design instead of
retrospective cohort or cross-sectional designs. The strength of this approach is that we were
able to identify cases with well-characterized and active disease, report the specific timing of
biosamples relative to symptom onset to assess those earlier in their course of NPSLE, and
control through matching for some of the major and most common potential confounders

for blood NfL levels noted in prior studies in SLE or populations without neurologic disease
(age and kidney function).2% 33-35 By focusing on major NPSLE syndromes, where NPSLE
may be most apparent or most likely due to direct systemic SLE activity® 7 as well as by
performing multi-disciplinary adjudication, we also increased our confidence that our cases
were truly cases of active major NPSLE.
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While both blood NfL and GFAP were significantly elevated in active major NPSLE
compared to SLE without NPSLE, this elevation was most pronounced for blood NfL.
Autoantibodies have also been evaluated in multiple studies for their role in the pathogenesis
of NPSLE, with a recent study demonstrating that brain-reactive autoantibodies in NPSLE
are directed against neuronal targets.8 This may be part of the reason for the blood

NfL findings in this study — if autoantibodies are being directed towards neuronal targets
and causing neuronal injury, the levels would be expected to increase more than blood
GFAP levels. However, an impaired blood brain barrier or injury from ischemia in cases

of ischemic NPSLE may also contribute to levels, and further work would be needed to
evaluate the relationship of the biomarker levels with specific autoantibodies in active major
NPSLE and its phenotypes.

Our study did not note a difference in NfL levels between persons with SLE without NPSLE
and age/sex matched healthy controls, in contrast to a prior study in which SLE patients had
higher levels.3® This may be due to the lower median SLE disease duration in our study
compared to theirs (4.6 vs 10 years), though prior studies have conflicting results on whether
a correlation exists between NfL and SLE disease duration.33: 3% It may also be that our
study was underpowered to detect a difference between these groups.

In clinical practice, the outcome of NPSLE is best if evaluated, diagnosed, and treated
quickly. However, NPSLE may be difficult to diagnose, especially if initial neurodiagnostic
testing is inconclusive or only minor symptoms are present, which have a higher chance of
being caused by non-SLE factors. A biomarker that could 1) complement neurodiagnostic
testing at initial presentation, 2) assist in distinguishing between less prominent or
conclusive features of NPSLE and NP symptoms from non-SLE etiologies, or 3) predict
the short-term risk of developing NPSLE would have a great impact in improving early
diagnosis and treatment of NPSLE. The simple threshold used here for blood NfL did
provide high sensitivity and specificity for detection of active major NPSLE in this

SLE cohort, but is limited by lack of standard collection intervals and the low number

of patients studied. In other autoimmune neuropsychiatric diseases such as autoimmune
encephalitis, elevations in blood NfL may be seen independent of abnormalities on standard
CSF or MR studies,?2 28 and blood NfL is able to distinguish autoimmune encephalitis
from primary psychotic disorders.® This gives promise for similar utility in SLE and
NPSLE; however, given the lack of specificity of the biomarkers to SLE, they may not

be able to distinguish between primary NPSLE and causes of secondary NPSLE or NP
symptoms from non-SLE related causes if these other causes are expected to result in
neuroinflammation or neurologic injury. Future studies may need to evaluate individual
primary NPSLE syndromes and carefully matched mimicking conditions to determine if
accurate differentiation between these is possible with biomarker thresholds alone or in
conjunction with other clinical attribution criteria.1? Given the high sensitivity of blood
NfL in this study for NPSLE though, a blood NfL level below the threshold may assist

in excluding NPSLE or other mimicking conditions that cause injury. While this study
represents a first step by showing the elevations of these biomarkers and their potential

in definite or probable active major NPSLE, it is not able to assess the utility of these
biomarkers for the 3 impactful goals above or assess the correlation of these biomarkers with
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CSF or MRI abnormalities. These will need to be the focus of future studies in SLE and
NPSLE.

Persistent NP symptoms post-treatment for NPSLE may result in additional or

repeated neurodiagnostic assessments, clinical monitoring and/or additional treatments.

An easily obtainable biomarker that correlates with therapeutic response or resolution of
neurodiagnostic abnormalities would be a useful tool for assessing if persistent symptoms
were due to partially or undertreated active NPSLE, compared to chronic sequelae of the
injury sustained during the episode of NPSLE. Our exploration of biomarker trends after
immunotherapy noted all levels decreased over time and is consistent with literature in
other neurologic diseases?!: 22 suggesting blood NfL and GFAP should be evaluated in
larger longitudinal studies as possible therapeutic biomarkers in NPSLE. Our study showed
potential differences between biomarker trajectories in ischemic and inflammatory NPSLE,
consideration should be given to evaluating these NPSLE subtypes separately.

The uncertainty in true prevalence of NPSLE has hindered research into diagnostic
strategies, biomarker identification, and treatment outcomes for NPSLE - if there is
variability in what is grouped under NPSLE, then studies on aspects of NPSLE will be
expected to also have variable results with a lack of generalizability. Given that blood NfL
and GFAP were elevated in active major NPSLE syndromes, future studies should further
examine the role and clinical implication of these biomarkers in both major and minor
NPSLE syndromes and describe the clinical profile of patients with elevated biomarkers but
with less prominent NP symptoms.

This study has several limitations. First, the generalizability of this study’s findings may be
limited. This study was conducted at a single academic center with a small sample size, and
the study population may not be representative of the greater SLE population. For example,
kidney function is known to alter blood NfL levels, both in the general population and in
adult SLE, but no patients in our study had impaired renal function.2% 33-35 Qur study was
small, limiting our ability to adjust for potential confounders. Instead, we matched cases
and controls using three demographic and clinical factors known to most influence blood
NfL levels (age, sex, and kidney function), minimizing these confounding factors. The small
sample size may have also limited our ability to detect differences in demographic or clinical
variables between groups, as well as the differences between ischemic and inflammatory
NPSLE. We also only had CSF samples for a subset of patients with NPSLE, limiting the
ability to assess correlation of blood and CSF biomarker levels or correlation with other
markers of CSF inflammation.

We did not exclude persons with SLE with positive anti-phospholipid antibodies or
secondary Sjogren’s disease, each of which may independently cause NP symptoms.
When co-occurring, SLE is a likely driver of the inflammation and antibody generation
for these secondary autoimmune diseases in addition to contributing to the NP symptoms
independently through multiple other systemic mechanisms.- 4 When causing neurologic
symptoms, each of these diseases are also treated with immunotherapy. Therefore, we did
not exclude these patients. Studying a single NPSLE-related syndrome is difficult, as these
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syndromes frequently overlap or co-exist, and each individual syndrome is significantly
rarer than as a group. Therefore, for this initial study we chose to group our patients based
on major NPSLE features where there is higher suspicion that SLE is directly driving

the underlying pathophysiology.® 7 We hypothesized that many if not all of these major
syndromes would have a common end pathway — neuronal injury or glial injury/activation —
that would be detected by our choice of biomarkers. We did not have cases for every major
NPSLE syndrome, however, such as psychosis. We also were not able to compare to causes
of secondary NPSLE or non-SLE related major NP symptoms that may occur in persons
with SLE — such as overlapping multiple sclerosis or neuromyelitis optica, steroid-induced
neuropathy, etc. Future studies will need to evaluate if it is possible to distinguish between
these causes based solely on the level of neurologic or glial injury present and measured, or
in conjunction with other clinical attribution criteria.10

We chose to define active NP syndromes as 6 months or less from the last new or worsening
NP symptom. However, depending on the individual NPSLE syndrome, whether ischemic
or inflammatory phenotype, or the exact timing of the samples within those 6 months, there
may be a wide variability in the biomarker concentrations. Elevations in NfL and GFAP are
time-dependent after injury. Even after more homogeneous and monophasic diseases such
as stroke or traumatic brain injury, there is variability in reported time to peak NfL levels
(between 7 days and 3 months) and the trajectory after a peak (returning to normal within 1
year, or remaining significantly elevated for years after).2-42 For GFAP, a peak is expected
within a few days, and a half-life of 24-48 hours is estimated.3 It is not clear if these
kinetics would also hold true in NPSLE, where injury may occur episodically along a more
prolonged period of time, and where the SLE disease and systemic inflammation may alter
the permeability of the blood brain barrier. Therefore, variability in the timing of the sample
collections in our study due to patient presentation may have also contributed to variability
in levels. Kinetic analyses of these biomarkers over standardized intervals in future studies
would be ideal, as a biomarker’s clinical utility will be greatest if it is predictive of NPSLE
at initial presentation rather than at a delayed peak.

Given the rarity of active major NPSLE, we chose to include serum or plasma biosamples
from both prospective and retrospective studies. Studies looking at serum and plasma NfL or
GFAP note high correlation in concentrations between blood sample types, and for our three
serum samples we converted them to plasma equivalents using 144 internal healthy control
samples with a conversion that was more conservative than published equations.5% 51 As no
conversion between serum and plasma GFAP has been published, we used a similar internal
procedure for GFAP. The converted plasma-equivalent levels for both NfL and GFAP for
these samples were lower than the serum levels and did not greatly impact the significance
or magnitude of our findings for the active major NPSLE group. Variability from several
samples being stored initially at —20° before transfer to —80°C is thought to be minimal
given the known pre-analytic stability of these biomarkers.*6: 52 Future studies would benefit
from minimizing differences in blood sample type or storage, or from external validation of
the method of conversion between serum and plasma samples.

Lastly, the gold standard of diagnosis for NPSLE remains multidisciplinary consensus.
In our study, we adjudicated each NPSLE case and SLE control carefully with this gold
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standard to increase confidence in identification of true cases or controls. However, even
experts are noted to have difficulties with accurate diagnosis,!3 and these may not have been
adjudicated appropriately. Despite this, there was still a significant difference seen between
biomarker levels for the two SLE groups.

Future Directions

Larger, prospective, and multi-center studies are needed to further assess the clinical
utility of these biomarkers in the SLE population. These studies should provide increased
assessment of potential confounders to these biomarker levels that are common in the
SLE population, such as kidney function or systemic SLE disease activity. They should
also evaluate these biomarkers within NPSLE subgroups (such as between major or minor
syndromes, CNS and PNS syndromes, or inflammatory vs ischemic pathophysiologies),
individual NPSLE syndromes, or in cases with less prominent clinical NP symptoms or
inconclusive diagnostic testing. Longitudinal studies may provide informative data including
trends and peak elevation after onset of NP symptoms and after initiation of treatment,
therefore allowing us to assess whether these biomarkers can be a reliable early marker of
disease activity and of treatment response, and provide an optimal threshold to maximize
sensitivity and specificity of these biomarkers for detecting active major NPSLE.

Conclusions

Blood NfL and GFAP are elevated in active major NPSLE compared to SLE controls
without active major NPSLE and to healthy controls. In a small subset with longitudinal
samples, these biomarkers were observed to trend downward after immunotherapy treatment
was initiated. Larger, longitudinal and multi-center studies evaluating the clinical utility of
these biomarkers in assisting in the diagnosis, prediction, and monitoring of NPSLE are
needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Box and whisker plots showing the distribution of blood neurofilament light (NfL)

(A) and glial fibrillary acidic protein (GFAP) (B) between patients with active major
neuropsychiatric lupus (NPSLE), systemic lupus erythematosus (SLE) without active major
NPSLE, and healthy controls. Y-axis is shown on a logarithmic scale.
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ropsychiatric lupus after immunotherapy treatment.
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ActiveMajor NPSLE, N =

SLE without Active Major

Healthy Non-SLE

13 NPSLE, N =13 Controls, N =13
Demographics
Age, mean (SD) 26.8 (13.9) 27.3(12.7) 26.6 (13.3)
Female sex, n (%) 12 (92) 12 (92) 12 (92)
Race and Ethnicity
Asian | 1(8) 2 (15) 0(0)
Black | 1(8) 1(8) 1(8)
Hispanic or Latino | 2 (15) 5(38) 3(23)
White | 7 (54) 5 (38) 8 (62)
Multi-racial | 1 (8) 0 (0) 1(9)
Prefer not to answer | 1 (8) 0 (0) 0 (0)
Medical and Disease Characteristics
Body Mass Index (BMI), mean (SD) 22.1(45.1) 26.6 (8.6) 24.5 (6.7)
Time since SLE diagnosis, years, median (range) | 2.75 (0-31) 4.5 (0-33)
Prior history of NPSLE, n (%) 2 (15) 0 (0)
SLEDAI-2K without neuro scores, mean (SD) 7.2(4.3) 4.5 (3.8)
Concurrent Sjogren’s disease, n (%) 5 (38) 0 (0)
Prior or concurrent APLS, n (%) 4 (31) 2(15)
Serum/Urine Diagnostic Testing
Anti-dsDNA positivity, n (%) 9 (69) 9 (69)
Low C3, n/N (%) 7112 (58) 6/13 (46)
Low C4, n/N (%) 8/12 (67) 7/13 (54)
Elevated ESR, n/N (%) 8/12 (67) 4/11 (36)
Anti-ribosomal P positivity, n/N (%) 1/10 (10) 0/2 (0)
APLA positivity, n/N (%) 5/11 (45) 6/9 (67)
Serum creatinine, mg/dL, mean (SD) 0.61 (0.20) 0.66 (0.10)
Impaired eGFR, n (%) 0 (0) 0 (0)
Presence of proteinuria, n (%) 2 (15) 1(8)

*There were no statistically significant differences between the groups for any of the clinical or diagnostic factors. Diagnostic testing was

at time of biosampling. APLA = antiphospholipid antibodies; APLS = antiphospholipid antibody syndrome; BMI = body mass index; eGFR
= estimated glomerular filtration rate; ESR = erythrocyte sedimentation rate; NPSLE = neuropsychiatric systemic lupus erythematosus; SD =
standard deviation; SLE = systemic lupus erythematosus; SLEDAI = SLE disease activity index
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