[The Pathogenic Role of Lupus-Specific Autoantibodies and

Interleukin-6 on Demyelination of the Brainstem and Spinal
Cord in Systemic Lupus Erythematosus|
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Introduction

Systemic lupus erythematosus (SLE) is a chronic and inflammatory autoimmune disease,
characterized by the production of various autoantibodies.! Nervous system complications
primarily associated with SLE include neuropsychiatric syndromes in SLE (NPSLE). Various
neurological disorders, including parenchymal damages in the brain, spinal cord, and
peripheral nerves, and functional central nervous system (CNS) disorders presenting with
psychiatric manifestations could occur.” However, no diagnostic criteria or biomarkers for
disease activity have been established.

Recently, neuromyelitis optica spectrum disorder (NMOSD) has been defined as an
autoimmune CNS demyelinating disease, characterized by the development of severe optic
neuritis and transverse myelitis with the presence of antiaquaporin 4 (anti-AQP4) antibody
(Ab).>” For anti-AQP4 Ab to directly damage astrocytes, the blood-brain barrier (BBB)
should be breached so that immunoglobulins can enter the CNS from systemic circulation
beyond the BBB. As one of the mechanisms of BBB breaches, the autoantibody
antiglucose-regulated protein 78 (GRP78) Ab was found in patients with NMOSD.¢

Transverse myelitis and severe bilateral optic neuritis, which can lead to blindness, are
distinct manifestations of NMOSD. Longitudinally extensive transverse myelitis lesions
(LETMs) exceeding three vertebrae are the characteristic CNS findings in NMOSD. LETMs
are also occasionally observed in patients with other autoimmune diseases.>” Among NPSLE,
demyelinating syndromes can rarely develop.® Besides, demyelination in patients with
NPSLE can be involved in the development of brainstem and/or spinal cord lesions;
particularly, spinal cord lesions often present with LETMs, some of which are similar to those
observed in NMOSD.>!? In contrast, some cases of myelitis are not the same as those seen in

LETMs, ' indicating that demyelinating syndromes can present with various magnetic
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resonance imaging (MRI) abnormalities, including those in NMOSD. Although anti-AQP4
Ab positivity is very low in NPSLE compared with that in NMOSD, the pathophysiology that
depends on anti-AQP4 Ab is considered different; however, another autoantibody may
contribute to the development of NMOSD-like CNS demyelinating lesions in
autoantibody-producing autoimmune diseases, such as SLE.!

Among the biomarkers for NMOSD, cerebrospinal fluid (CSF) interleukin (IL)-6 has been
reported to be closely related to disease activity.'>* Thus, we hypothesize that IL-6 is a
useful biomarker for patients with NPSLE with brainstem and/or spinal cord lesions. In this
study, we investigated the relationship of CSF IL-6 levels with the clinical characteristics of
patients with NPSLE with brainstem and/or spinal cord lesions. Additionally, we investigated
whether SLE-specific autoantibodies are associated with BBB breaches in patients with
NPSLE with brainstem and/or spinal cord lesions because this could be one of the main

mechanisms of autoantibody influx into the brain in NMOSD.

Methods

Patients

Patients with SLE admitted to Kitasato University Hospital for the treatment of NPSLE were
recruited. The diagnosis of SLE was performed using the classification criteria for SLE
established by the American College of Rheumatology and revised in 1997.1% Data from
patients who had primary NPSLE? with brainstem and/or spinal cord lesions admitted to
Kitasato University Hospital from 2005 to 2019 were retrospectively collected and analyzed.

As a control of demyelinating syndrome in brainstem and/or spinal cord lesions, data from



patients with diffuse psychiatric/neuropsychological manifestations of NP SLE? without MRI

findings were also collected during the same analysis period.

Evaluation of CNS lesions

Optic neuritis, brainstem lesions, and LETMs were determined based on the patterns found in
MRI scans as defined in the NMOSD international criteria: 1) optic neuritis or lesions
involving more than half of the optic nerve with high T2 or T1 intensity by gadolinium
enhancement, 2) LETMs or extensive spinal cord lesions consecutively encompassing more
than three vertebrae with high T2 intensity, 3) brainstem lesions in the posterior medulla
oblongata and area postrema, and 4) brainstem lesions mainly surrounding the ependyma.’
Regardless of the imaging definition of the NMOSD international criteria, patients with optic
neuritis or demyelination in brainstem or spinal cord lesions were defined as the NMOSD-like
CNS lesions group, and patients with diffuse neuropsychiatric/neuropsychological NPSLE
(diffuse NPSLE) without MRI abnormalities (diffuse NPSLE group) were included as a
reference for autoantibody-based inflammatory CNS complications in SLE. For further
analysis, patients in the NMOSD-like CNS lesions group were divided into two subgroups
independent of the presence of anti-AQP4 Ab: those who completely met the image
definitions from the NMOSD international criteria (atypical NMOSD) and those who did not
completely meet the image definition but had demyelinating lesions (NMOSD-like
demyelination). All MRI scans were analyzed by a radiologist at our hospital. Patients with

thromboembolism due to antiphospholipid syndrome were excluded.

Clinical data acquisition

Patient background, clinical and serological data, and MRI findings were retrospectively
collected from the medical charts. Disease activity was evaluated using the SLE Disease

Activity Index (SLEDAI)-2K.'® Antidouble-stranded deoxyribonucleic acid (anti-dsDNA),
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anti-Smith (Sm), and antiribonucleoprotein Ab were measured using chemiluminescent
enzyme immunoassay, anticardiolipin (CL) and anti-CL B2-glycoprotein were measured using
enzyme-linked immunosorbent assay (ELISA), and lupus anticoagulant was measured using
dilute Russell viper venom time. Anti-AQP4 Ab was measured using a commercially
available ELISA or cell-based assay (CBA) (kindness of Dr. Takahashi, Department of
Neurology, Tohoku University School of Medicine). Antimyelin-oligodendrocyte
glycoprotein (MOG) Ab was measured as previously described.!! Antiribosomal P protein
(anti-ribo P) and anti-N-methyl-D-aspartate receptor subunit GluN2A/B (anti-GluN2) Ab
were measured using our original in-house method based on previously described
methods.!”!8 IL-6 was measured using a high-sensitivity ELISA (SRL, Inc., Tokyo, Japan).
Baseline was defined as when the patient was admitted for treatment of NPSLE.
Posttreatment evaluation was performed approximately 32.5 months (median) after the initial
induction therapy (Table 1). BBB permeability was evaluated using CSF/serum albumin ratio

(QAlb: CSF/serum albumin quotient x 1,000) as previously described.'*?’

Statistical analysis

Fisher’s exact test and the Mann—Whitney U-test were used to statistically analyze the
comparisons between the patient groups. The interval changes before and after treatment were
evaluated using Wilcoxon’s signed-rank test. Correlations between CSF IL-6, QAlb, and
serum Ab were calculated using Spearman’s rank correlation coefficient. All data were

analyzed using Prism 7 (GraphPad Software, Inc., San Diego, California, USA).

Informed consent

The Ethics Committee of Kitasato University Hospital (approval number: B17-153) approved

this study. All patients provided written informed consent.



Results

Patient background and treatment

During the observation period, 80 patients with NPSLE were admitted, and 12 patients
complicated with CNS demyelinating lesions in the brainstem and/or spinal cord
(NMOSD-like CNS lesions group) and 12 patients with diffuse NPSLE were observed
(Tables 1 and 2). Significant differences in the disease and follow-up durations were observed
between the NMOSD-like CNS lesions and diffuse NPSLE groups. At baseline, the median
SLEDAI-2K scores in the NMOSD-like CNS lesions and diffuse NPSLE groups were 13.0
and 19.5, respectively (Table 1). Of the 12 patients with NMOSD-like CNS lesions, eight had
atypical NMOSD and four had NMOSD-like demyelination (Tables 3 and 4). No significant
differences in background characteristics were observed between the atypical NMOSD and
NMOSD-like demyelination subgroups. Two patients (Table 5) with NMOSD-like CNS
lesions were the relapsed cases of NPSLE. A single case of sudden death right after the
disease onset was observed in the NMOSD-like CNS lesions group. Eleven patients, except
for the sudden death case, were treated with high-dose prednisolone, of whom 10 (90.9%)
received steroid pulse therapy. In the NMOSD-like CNS lesions group, four patients (36.3%)
received intravenous cyclophosphamide infusion therapy, two patients (18.2%) received
high-dose intravenous immunoglobulin infusion, one patient (9.1%) complicated with lupus
nephritis received mycophenolate mofetil, and one patient with macrophage activation
syndrome (MAS) received cyclosporin A as an additional immunosuppressive therapy. In the
atypical NMOSD subgroup, three patients who previously experienced NPSLE were observed
only among whom two patients had demyelination recurrence, and other patients had NPSLE

without demyelination. A fatal prognosis was observed only in patients with atypical



NMOSD. Overall, remission induction treatment successfully decreased SLEDAI-2K scores

to 0 (range, 0—4) in patients with NMOSD-like CNS lesions (data not shown).
Brainstem and spinal cord lesions

1. Neurological findings

Subacute progression of neurological findings was observed in all patients within several days
to weeks after the initial symptom. In the NMOSD-like CNS lesions group, sensory disorder
was observed in nine patients (75.0%); muscular weakness was seen in seven patients
(58.3%), characterized by paraplegia of the lower limbs; bladder and rectal disturbance was
observed in four patients (25.0%); hiccups, vertigo, and double vision were seen in two
patients (16.7%); and spasticity, nausea, and dysarthria were observed in one patient (8.3%).
Sensory and motor disorders corresponded to the abnormal MRI findings. The neurological
findings in the diffuse NPSLE group included delirium, psychosis, seizure, mood disorder and
cognitive dysfunction. Although some patients remained paralyzed, improvement in
neurological findings were observed following treatment (Table 5). One patient with atypical
NMOSD had a cerebral hemorrhage, which was considered to be associated with
thrombocytopenia caused by MAS.

2. MRI findings

In the NMOSD-like CNS lesions group, the most prevalent MRI findings were thoracic spinal
cord lesions in six patients (50.0%), followed by cervical lesions in five patients (41.7%) and
a lumbar lesion in one patient (8.3%). Five patients (41.7%) had brainstem lesions; two
patients had lesions in the medulla oblongata, two patients had lesions in the pons, and one
patient had a lesion in the midbrain. Besides, cerebral lesions were found in only two patients.
Of the nine patients who underwent contrast-enhanced MRI, six (66.7%) had certain lesions

with enhancements, among whom four patients (44.4%) showed ring enhancement around the
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lesion and two patients (22.2%) had faint enhancement within the lesion. Overall, no
difference in the MRI findings was observed between the atypical NMOSD and NMOSD-like
demyelination groups, except for the size of the lesions, where the MRI findings were
consistent with the NMOSD classification criteria. These MRI findings improved following

treatment in cases that survived (Figure 1).

Serum autoantibodies and IL-6

Anti-AQP4 Ab, the specific autoantibody for NMOSD, was measured in the serum samples
obtained from 11 patients with NMOSD-like CNS lesions (Table 2). Two patients (18.2%)
who had positive results in CBA had negative results in ELISA. Anti-AQP4 Ab was not
detected with either method in patients with NMOSD-like demyelination. Anti-MOG Ab was
also not detected in any patient in both groups. Other specific autoantibody profiles were
similar among both the groups (Table 2). Before treatment, the median serum IL-6 levels
were 4.6 pg/mL in patients with NMOSD-like CNS lesions and 3.8 pg/mL in patients with
diffuse NPSLE (Table 2). Unfortunately, serum IL-6 could not be measured after treatment

due to lack of specimens.

CSF IL-6 interval changes

CSF was examined in 11 patients with NMOSD-like CNS lesions and in 12 patients with
diffuse NPSLE (Table 2). The median cell number was 3 cells/pL (range, 0-154 cells/uL) and
0 cells/pL (range, 0-45 cells/uL), respectively. Protein levels were 77.0 mg/mL (range,
24-980 mg/mL) and 41.5 mg/mL (range, 26—152 mg/mL), respectively. QAlb was 11.5
(range, 4.1-116.4) and 30.6 (range, 5.6-33.2) in patients with NMOSD-like CNS lesions and
those with diffuse NPSLE, respectively. Six of 9 patients (66.7%) in the NMOSD-like CNS
lesions group whose QAlb was measured had QAlb over 9, indicating BBB disruption. In the

NMOSD-like CNS lesions group, four patients were positive for myelin basic protein, three
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patients had IgG index elevation, and three patients were positive for oligoclonal bands. The
laboratory findings of patients with diffuse NPSLE are shown in Table 2.

Before treatment, the median CSF IL-6 was 29.1 pg/mL in patients with NMOSD-like CNS
lesions and 10.0 pg/mL in patients with diffuse NPSLE. Posttreatment tests were performed
in eight patients (five patients with atypical NMOSD and three patients with NMOSD-like
demyelination) with a significant decrease in CSF IL-6 to 3.8 pg/mL (p=0.008) (Figure 2(a)).
Five patients with atypical NMOSD and three patients with NMOSD-like demyelination
underwent follow-up tests. CSF IL-6 was also decreased in both the atypical NMOSD and
NMOSD-like demyelination groups; however, this decrease was not statistically significant
(Figure 3(a) and 3(b)). In patients with diffuse NPSLE, the median CSF IL-6 levels also
significantly decreased from 10.0 pg/mL to 3.2 pg/mL (p=0.001) (Figure 2(b)). No correlation

was observed between CSF IL-6 and the risk of fatal prognosis or recurrence.
Relationship of serum autoantibodies with BBB integrity

Finally, we investigated the relationship between serum autoantibodies with serum IL-6 and
CSF IL-6 levels before treatment. We found no statistical correlation between serum IL-6 and
anti-dsDNA Ab, anti-Sm Ab, or CSF IL-6 in patients with NMOSD-like CNS lesions (Figure
4(a)—(c)). Although no statistically significant differences were found, QAIb tended to
correlate with serum IL-6 (Figure 4(d)). In contrast, before treatment, CSF IL-6 showed a
significant correlation with the anti-dsDNA Ab titer (p=0.027) (Figure 5(a)), but not with
anti-Sm Ab (p=0.236) (Figure 5(b)). Of note, a significant correlation was observed between
QALIb and the serum anti-Sm Ab titer (p=0.014) (Figure 5(d)) in patients with NMOSD-like
CNS lesions (p=0.027).

Additionally, before treatment, a significant correlation between the serum anti-Sm Ab titer

and CSF IL-6 (p=0.025) (Figure 6(b)) and QAlb (p=0.033) (Figure 6(d)) was observed in
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patients with atypical NMOSD only. Meanwhile, QAIb significantly correlated with CSF IL-6
levels in patients with atypical NMOSD (p=0.017) (Figure 6(¢)) before treatment. No
statistical correlation was found between serum IL-6 and anti-dsDNA Ab, anti-Sm Ab, QAlb,
or CSF IL-6 in patients with atypical NMOSD (Figure 7). Furthermore, no correlation was
observed between other autoantibodies: antiphospholipid Ab, anti-ribo P Ab, anti-GluN2 Ab,

and anti-AQP4 Ab (data not shown).

Discussion

This study demonstrated that CSF IL-6 levels significantly decreased following treatment,
indicating improvements in neurological and MRI findings. Before treatment, CSF IL-6 was
similar to that in patients with NMOSD, as described in previous reports.'>'**! These results
suggest that even patients with SLE could have brainstem and/or spinal cord lesions that
involve CSF IL-6 elevation, which is a common mechanism in NMOSD. Irrespective to the
range of involved lesions observed by MRI, some of our patients with spinal cord
demyelination resulted in elevated CSF IL-6 compared to previous reports on demyelination
including MS and NMOSD. In addition, we have previously reported an autopsy case with
SLE demonstrating demyelination complicated with vasculitis in the spinal cord.”> Although
IL-6 elevation does not reflect the specific inflammation process, unusual elevation of CSF
IL-6 could be indicating the copresence of vasculitis in SLE patients with demyelination.
However, further investigation with imaging and pathological analysis is needed to
demonstrate these speculation.??2*

CSF IL-6 decreased following treatment in our patients with dNPSLE. Elevation of CSF IL-6

has been reported in ANPSLE? with other studies suggesting the activation of NF-kB

pathway in activated endothelial cells by anti-NR2 Ab resulting in IL-6 production in the
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CNS of NPSLE patients.2® Our study demonstrated that the IL-6 production in CNS may be
enhanced in demyelinating syndrome, not only in dNPSLE but also focal NPSLE.
Regarding demyelination in SLE, we should consider applying immunosuppressive therapy,
considering tissue damage, including astrocytes and neurons, manifested as demyelination
and localized as vasculitis, when brainstem and/or spinal cord lesions with increased CSF
IL-6 are found in patients with SLE as long as other causes cannot be present.

For the definitive diagnosis of NMOSD, the detection of anti-AQP4 Ab in the blood is
particularly useful because of its high specificity. As a mechanism of the development of
NMOSD, anti-AQP4 Ab binds directly to astrocytes because demyelination can be induced
by complement activation after anti-AQP4 Ab binding to astrocytes.’ For this reason,
anti-AQP4 Ab in the blood must penetrate the BBB and reach the CNS to induce
demyelination as astrocytopathy. A recent study has demonstrated that anti-GRP78 Ab, a
monoclonal Ab derived from patients with NMOSD, can breach the BBB by binding to the
surface of endothelial cells.?’ Taken together, in the pathogenesis of NMOSD, there is a
two-step impairment caused by autoantibodies, resulting in demyelination after the breach of
the BBB integrity. A similar mechanism can be involved in brainstem and/or spinal cord
lesions in patients with SLE because SLE is also characterized by the presence of various
autoantibodies like NMOSD.?® We demonstrated that anti-GRP78 can be found in patients
with SLE, which was significantly elevated in patients with NPSLE.* Besides, QAlb, the
permeability index of the BBB, is higher in patients with lupus psychosis, which can be
developed by the direct action of antineuron Ab, such as anti-GluN2 Ab.* Additionally, we
demonstrated that QAlb in patients with lupus psychosis is significantly correlated with serum
anti-Sm Ab,'® suggesting that anti-Sm Ab can breach the BBB like anti-GRP78. In patients

with SLE and NMOSD, anti-Sm Ab was correlated with CSF IL-6 and QAlb, which could be
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related to a more permeable BBB, leading to severe demyelination caused by autoantibodies
from the systemic circulation. We speculate that lupus psychosis and NMOSD-like CNS
lesions have a common mechanism?!*? and that NMOSD is caused by autoantibodies.
Increased age and male sex are independently associated with the higher frequency of
QAIb.>*** However, all of the patients were women under 60 years old in this study and had
QALlDb greater than nine which is exceeding the age-based standard value. Therefore, age was
not taken into account for analysis.

Alternatively, anti-AQP4 Ab was detected only in 18.2% of the patients in the NMOSD
group. This result was consistent with previous reports, the low prevalence of anti-AQP4 Ab
positivity in SLE patients with brainstem spinal cord lesions.!! From this result,
autoantibodies other than anti-AQP4 Ab can cause NMOSD-like demyelination in patients
with SLE. In the NMOSD-like demyelination group, QAlb was elevated, which was almost
similar to that in the atypical NMOSD group. However, no significant difference in CSF IL-6
levels was observed between the atypical NMOSD and NMOSD-like demyelination groups.
This observation may suggest that in both conditions a final common pathway involving IL-6
production exists. The only difference between those patients may depend on the timing of
diagnosis when detected as neurological manifestations since the onset of the disease.

Though we suggest the feasibility of CSF IL-6 as a surrogate marker in this study, the
therapeutic possibility of targeting IL-6 has been reported in patients with NMOSD. This
study also showed a possible correlation between serum IL-6 and QAlb, although the
difference was not statistically significant. Serum IL-6 was significantly correlated with QAlb
in patients with diffuse NPSLE.*> We speculate that in patients with SLE with NMOSD-like
CNS lesions, serum IL-6 may also be involved in the pathogenesis. In a phase 3, randomized,

double-blind, placebo-controlled trial, satralizumab, a monoclonal Ab against IL-6 receptors,
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could reduce the flare-up risk of NMOSD compared with the placebo group.’**” Our results
suggest CSF IL-6 as a possible surrogate marker for SLE complicated with NMOSD which
may also suggest the utility of IL-6 inhibition in these patients.

This study has some limitations. First, the number of patients we recruited was small to
conduct an accurate analysis. Secondly, retrospective data collection and lack of clinical,
serological, and imaging follow-up made it difficult to evaluate pre- and post-treatment trends
and the correlation between autoantibodies and CSF findings. Further studies should be
conducted to reveal the association between NMOSD and NPSLE.

In conclusion, CSF IL-6 could be a useful surrogating biomarker for the disease activity of
brainstem and/or spinal cord lesions in patients with SLE. Autoantibodies may contribute to
the development of brainstem and/or spinal cord lesions in SLE from the viewpoint that

autoantibodies mediate BBB rupture and demyelination, which are common in NMOSD.

Acknowledgments

We thank Toshiyuki Takahashi, PhD, for measuring anti-AQP4 Ab using CBA. We thank
Takahiro Tizuka, PhD, for his neurological advice in this article. We thank the patients who

provided the clinical data for this research.

Declaration of conflicting interests

The authors declare that this research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest. The authors

would like to thank you to Enago (www.enago.jp) for the English language review.

.12_



Author Contributions

YH wrote the manuscript. All authors contributed to the study design, to the collection of data,
and to the interpretation of the results. YA mainly contributed to the conception and design of
the study and the writing of the manuscript. KY critically revised the article for important
intellectual content. All authors read, commented upon, edited various drafts, and approved

the final version of the manuscript.

Funding

This work was supported by JSPS KAKENHI Grant Numbers JP19K08918

Data availability

The data that support the findings of this study are displayed in the article and in the
supplementary material. Others are available from the corresponding author upon reasonable

request.

References

1. Tsokos GC. Mechanisms of disease: Systemic lupus erythematosus. N Engl J Med 2011; 1,
365:2110-21.

2. Ad ACR, Committee HOC, Neuropsychiatric ON, Nomenclature L. The American College
of Rheumatology nomenclature and case definitions for neuropsychiatric lupus syndromes.

Arthritis Rheum 1999; 42: 599-608.
- 13 -



3. Wingerchuk DM, Banwell B, Bennett JL, Cabre P, Carroll W, Chitnis T, et al. International
consensus diagnostic criteria for neuromyelitis optica spectrum disorders. Neurology 2015;
85: 177-1809.

4. Lennon VA, Kryzer TJ, Pittock SJ, Verkman AS, Hinson SR. IgG marker of optic-spinal
multiple sclerosis binds to the aquaporin-4 water channel. J Exp Med 2005; 202: 473-477.

5. Papadopoulos MC, Verkman AS. Aquaporin 4 and neuromyelitis optica. Lancet Neurol
2012; 11: 535-544.

6. Shimizu F, Takeshita Y, Hamamoto Y, Nishihara H, Sano Y, Honda M, et al. GRP 78
antibodies are associated with clinical phenotype in neuromyelitis optica Ann Clin Transl
Neurol 2019; 6: 2079-2087.

7. Katsumata Y, Kawachi I, Kawaguchi Y, Gono T, Ichida H, Hara M, et al. Semiquantitative
measurement of aquaporin-4 antibodies as a possible surrogate marker of neuromyelitis
optica spectrum disorders with systemic autoimmune diseases. Mod Rheumatol 2012; 22:
676—684.

8. Matteo Piga, Elisabetta Chessa, Maria Teresa Peltz, Alberto Floris, Alessandro Mathieu,
Alberto Cauli. Demyelinating syndrome in SLE encompasses different subtypes: Do we
need new classification criteria? Pooled results from systematic literature review and

monocentric cohort analysis Autoimmun Rev 2017; 16: 244-252.

.14.



9. Li XY, Xiao P, Xiao HB, Zhang LJ, Pai P, Chu P, et al. Myelitis in systemic lupus
erythematosus frequently manifests as longitudinal and sometimes occurs at low disease
activity Lupus 2014; 23: 1178-86.

10. Costallat BL, Ferreira DM, Costallat LT, Appenzeller S. Myelopathy in systemic lupus
erythematosus: clinical, laboratory, radiological and progression findings in a cohort of
1,193 patients Rev Bras Reumatol Engl Ed May-Jun 2016; 56: 240-51.

11. Mader S, Jeganathan V, Arinuma Y, Fujieda Y, Dujmovic I, Drulovic J, et al.
Understanding the Antibody Repertoire in Neuropsychiatric Systemic Lupus
Erythematosus and Neuromyelitis Optica Spectrum Disorder: Do They Share Common
Targets? Arthritis Rheumatol 2018; 70: 277-286.

12. Wang H, Wang K, Zhong X, Dai Y, Qiu W, Wu A, et al. Notable increased cerebrospinal
fluid levels of soluble interleukin-6 receptors in neuromyelitis optica.
Neuroimmunomodulation 2012; 19: 304-308.

13. Uzawa A, Mori M, Arai K, Sato Y, Hayakawa S, Masuda S, et al. Cytokine and
chemokine profiles in neuromyelitis optica: Significance of interleukin-6. Mult Scler 2010;

16: 1443-1452.

-15.



14. Matsushita T, Tateishi T, Isobe N, Yonekawa T, Yamasaki R, Matsuse D, et al.

Characteristic Cerebrospinal Fluid Cytokine/Chemokine Profiles in Neuromyelitis Optica,

Relapsing Remitting or Primary Progressive Multiple Sclerosis. PloS One 2013; 8: 2-9.

15. Hochberg MC. Updating the American College of Rheumatology revised criteria for the

classification of systemic lupus erythematosus. Arthritis Rheum 1997; 40: 1725.

16. Gladman DD, Ibafiez D, Urowltz MB. Systemic lupus erythematosus disease activity

index 2000. J Rheumatol 2002; 29: 288-291.

17. Nagai T, Arinuma Y, Yanagida T, Yamamoto K, Hirohata S. Anti-ribosomal P protein

antibody in human systemic lupus erythematosus up-regulates the expression of

proinflammatory cytokines by human peripheral blood monocytes. Arthritis Rheum 2005;

52: 847-855.

18. Arinuma Y, Yanagida T, Hirohata S. Association of cerebrospinal fluid anti-NR2

glutamate receptor antibodies with diffuse neuropsychiatric systemic lupus erythematosus.

Arthritis Rheum 2008; 58: 1130-1135.

19. Hirohata S, Sakuma Y, Yanagida T, Yoshio T. Association of cerebrospinal fluid anti-Sm

antibodies with acute confusional state in systemic lupus erythematosus. Arthritis Res Ther

2014; 16: 450.

-16.



20. Winfield JB, Shaw M, Silverman LM, Eisenberg RA, Wilson HA III, Koffler D.

Intrathecal IgG synthesis and blood-brain barrier impairment in patients with systemic

lupus erythematosus and central nervous system dysfunction. Am J Med 1983; 74: 837—

44,

21. Fominykh V, Vorobyeva A, Onufriev MV, Brylev L, Zakharova MN, Gulyaeva NV.

Interleukin-6, S-nitrosothiols, and neurodegeneration in different central nervous system

demyelinating disorders: Is there a relationship? J Clin Neurol 2018; 14: 327-332.

22. Tono T, Nagai T, Hoshiyama T, Sakuma Y, Wada T, Tanaka S, et al. Transverse myelitis

extended to disseminated encephalitis in systemic lupus erythematosus: Histological

evidence for vasculitis. Mod Rheumatol 2016; 26: 958-962.

23. Chiganer EH, Hryb JP, Carnero Contentti E. Myelitis and Lupus: Clinical Manifestations,

Diagnosis and Treatment. Reumatol Clin (English Ed 2017; 13: 344-348.

24.1i XY, Xiao HB, Pai P. Myelitis in systemic lupus erythematosus. J Clin Neurosci 2017,

44:18-22.

25. Yoshio T, Okamoto H, Kurasawa K, Dei Y, Hirohata S, Minota S. IL-6, IL-8, IP-10,

MCP-1 and G-CSF are significantly increased in cerebrospinal fluid but not in sera of

patients with central neuropsychiatric lupus erythematosus. Lupus. 2016

Aug;25(9):997-1003.

.17.



26. Yoshio T, Okamoto H, Hirohata S, Minota S. Anti-NR2 glutamate receptor auto-IgG
antibodies from patients with systemic lupus erythematosus activate endothelial cells.
Arthritis Rheum 2013; 65: 457—463.

27. Shimizu F, Schaller KL, Owens GP, Cotleur AC, Kellner D, Takeshita Y, et al.
Glucose-regulated protein 78 autoantibody associates with blood-brain barrier disruption in
neuromyelitis optica. Sci Transl Med 2017, 9: eaai9111.

28. Shimizu F, Nishihara H, Kanda T. Blood-brain barrier dysfunction in
- 18 -andom-mediated neurological diseases Immunol Med 2018; 41: 120-128.

29. Matsueda Y, Arinuma Y, Nagai T, Hirohata S. Elevation of serum anti-glucose-regulated
protein 78 antibodies in neuropsychiatric systemic lupus erythematosus. Lupus Sci Med
2018; 10; 5: ¢000281.

30. Hirohata S, Sakuma Y, Matsueda Y, Arinuma Y, Yanagida T. Role of serum
autoantibodies in blood brain barrier damages in neuropsychiatric systemic lupus
erythematosus. Clin Exp Rheumatol 2018; 36: 1003—1007.

31. Arinuma Y. What are the latest clinical findings regarding the association of neurotoxic
brain antibodies found in the cerebrospinal fluid in patients with autoimmune disorders?

Curr Opin Neurol 2020; 33: 347-352.

-18-



32. Arinuma Y, Yamaoka K. Developmental process in diffuse
psychological/neuropsychiatric manifestations of neuropsychiatric systemic lupus
erythematosus Immunol Med 2021; 44: 16-22.

33. Andersson M, Alvarez-Cermefio J, Bernardi G, Cogato I, Fredman P, Frederiksen J, et al.
(1994) Cerebrospinal fluid in the diagnosis of multiple sclerosis: a consensus report. J
Neurol Neurosurg Psychiatry 57, 897-902.

34. Castellazzi M, Morotti A, Tamborino C, Alessi F, Pilotto S, Baldi E, et al. (2020)
Increased age and male sex are independently associated with higher frequency of
blood-cerebrospinal fluid barrier dysfunction using the albumin quotient. Fluids Barriers
CNS 17, 14.

35. Hirohata S, Kikuchi H. Role of Serum IL-6 in Neuropsychiatric Systemic lupus
Erythematosus ACR Open Rheumatol 2021; 3: 42-49.

36. Yamamura T, Kleiter I, Fujihara K, Palace J, Greenberg B, Zakrzewska-Pniewska B, et al.
Trial of Satralizumab in Neuromyelitis Optica Spectrum Disorder. N Engl J Med 2019;
381:2114-2124.

37. Traboulsee A, Greenberg BM, Bennett JL, Szczechowski L, Fox E, Shkrobot S, et al.

Safety and efficacy of satralizumab monotherapy in neuromyelitis optica spectrum

-19-



disorder: a randomized, double-blind, multicentre, placebo-controlled phase 3 trial. Lancet

Neurol 2020; 19: 402-412.

.20.



Table 1. Baseline Patient Characteristics

NMOSD-like ~ CNS

lesions Diffuse NPSLE P value
(n=12) (n=12)
Patients Characteristics
Age [years, median (range)] 40.0 (18-57) 39.0 (17-51) 0.400
Gender (male: female) 0:12 1:11 >0.999
Disease duration [month, median
57.0 (0-327) 2.0 (0-231) 0.032
(range)]
Follow-up duration 32.5 111.0
0.015
[month, median (range)] (0-193) (40-161)
Clinical Characteristics
Flare of NPSLE 3 (25.0%) 0 (0.0%) 0.217
Fatal prognosis 3 (25.0%) 1 (8.3%) 0.590
SLEDAI [median (range)] 13 (0-24) 19.5 (8-30) 0.037
Symptoms
Fever 2 (16.7%) 6 (50.0%) 0.193
Skin rash 0 (0.0%) 5 (41.7%) 0.037
Arthritis 4 (33.3%) 3 (25.0%) >0.999
Pancytopenia 2 (16.7%) 5 (41.7%) 0.371
Pleuritis 1 (8.3%) 2 (16.7%) >0.999
Pericarditis 0 (0.0%) 1(8.3%) >0.999
Lupus nephritis 4 (33.3%) 5 (41.7%) >(.999
Sensory disturbance 9 (75.0%) 0 (0.0%) <0.001
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Muscle weakness 7 (58.3%) 0 (0.0%) 0.005

Bladder and rectal disturbance 4 (33.3%) 0(0.0%) 0.093
Hiccup 2 (16.7%) 0 (0.0%) 0.478
Optic neuritis 0 (0.0%) 0 (0.0%) >0.999
Delirium 1(8.3%) 1 (12.5%) 0.155
Psychosis 0 (0.0%) 5 (41.7%) 0.037
Seizure 0 (0.0%) 3 (25.0%) 0.217
Mood disorder 0 (0.0%) 2 (16.7%) 0.478
Cognitive dysfunction 0 (0.0%) 2(16.7%) 0.478

SLE, systemic lupus erythematosus; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index;

NMOSD, neuromyelitis optica spectrum disorder

-22.



Table 2. Laboratories in patients.

NMOSD-like ~ CNS
Patients with SLE with brainstem and/or  lesions Diffuse NPSLE P value
spinal cord lesions n=12) (n=12)
Laboratories
Serum
Hypocomplementemia 8 (66.7%) 10 (83.3%) 0.640
Anti-dsDNA 8 (66.7%) 9 (75.0%) >0.999
Anti-Sm 6 (50.0%) 10 (83.3%) 0.193
Antiphospholipid 7 (58.3%) 5 (41.7%) 0.684
Anti-ribosomal P 3 (33.3%) 6 (50.0%) 0.400
3 (27.3%) 8 (72.7%)
Anti-GluN2 0.086
(n=11) (n=11)
2 (18.2%)
Anti-AQP4 e -
n=11)
0 (0.0%)
Anti-MOG S >0.999
(n=8)
Pretreatment serum IL-6 4.6 (0-19.0) 3.9 (0.4-37.2)
>0.999
[pg/mL, median (range)] (n=9) (n=7)
Cerebrospinal fluid (n=11)
Cell number (0-5)
3.0 (0-154) 0.0 (0-45) 0.023
[cells/uL, median (range)]
TP (10-40)
77.0 (24-980) 41.5 (26-152) 0.164

[mg/mL, median (range)]
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MBP (<313) 135.1 (0-3230) 0.0 (0-114)

0.120
[pg/mL, median (range)] n=9) (n=06)
IgG index (<0.73) 0.77 (0.41-1.00) 0.60 (0.25-1.01)
0.982
[median (range)] (n=28) n=28)
3 (33.3%) 1 (25.0%)
Oligoclonal band positive >0.999
(n=9) (n=4)
11.5 (4.1-116.4) 30.6(5.6-32.2)
QAlb 0.464
m=9) (n=3)
Pretreatment CSF IL-6 29.1 10.0
>0.999
[pg/mL, median (range)] (1.9-15800) (3.6-611)
Posttreatment CSF IL-6 3.8 (1.9-65) 3.2 (1.2-5.9)
0.254
[pg/mL, median (range)] n=28)

SLE, systemic lupus erythematosus; NMOSD, neuromyelitis optica spectrum disorder; anti-dsDNA,
anti-double strand deoxyribonucleic acid antibody; anti-Sm, anti-Smith antibody; antiphospholipid,
antiphospholipid antibody; anti-ribosomal P, anti-ribosomal P antibody; anti-GluN2, anti-glutamate
receptor subunit 2 antibody; anti-AQP4, anti-Aquaporin4 antibody; anti-MOG,
Anti-myelin-oligodendrocyte glycoprotein antibody; CSF, cerebrospinal fluid; TP, total protein; MPB,
myelin basic protein; QAlb, CSF/serum albumin quotient x 1,000

% : No measurement because these were not case of NMOSD
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Table 3. Baseline Patient Characteristics in patients with NMOSD-like CNS lesions

Atypical NMOSD-like
NMOSD demyelination
n=273) (n=4) P value
Patients Characteristics
35.0 47.0
Age [years, median (range)] 0.097
(18-57) (40-52)
Gender (male: female) 0:8 0:4 >0.999
Disease duration [month, median (range)] 59.0 (0-280) 54.0 (115-327) 0.109
Follow-up duration
85.0 (0-160) 13.0 (10-56) 0.539
[month, median (range)]
Clinical Characteristics
Flare of NPSLE 3 (37.5%) 0 (0.0%) 0.491
Fatal prognosis 3 (37.5%) 0 (0.0%) 0.491
SLEDAI [median (range)] 14 (0-24) 8 (4-13) 0.301
Symptoms
Fever 2 (25.0%) 0 (0.0%) 0.515
Skin rash 0 (0.0%) 0 (0.0%) >0.999
Arthritis 4 (50.0%) 0 (0.0%) 0.208
Pancytopenia 1(12.5%) 1 (25.0%) >0.999
Pleuritis 1 (12.5%) 0 (0.0%) >0.999
Lupus nephritis 3 (37.5%) 1 (25.0%) >0.999
Sensory disturbance 7 (87.5%) 2 (50.0%) 0.236
Muscle weakness 5 (62.5%) 2 (50.0%) >0.999
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Bladder and rectal disturbance 4 (50.0%) 0 (0.0%) 0.208

Hiccup 2 (25.0%) 0 (0.0%) 0.515
Optic neuritis 0 (0.0%) 0 (0.0%) >0.999
Delirium 1(12.5%) 0 (0.0%) >0.999

SLE, systemic lupus erythematosus; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index;

NMOSD, neuromyelitis optica spectrum disorder
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Table 4. Laboratories in patients with brainstem and/or spinal lesions in patients with

NMOSD-like CNS lesions

Atypical NMOSD-like
Patients with SLE with brainstem and/or NMOSD demyelination
spinal cord lesions n=28) n=4) P value
Laboratories
Serum
Hypocomplementemia 6 (75.0%) 2 (50.0%) >0.999
Anti-dsDNA 5 (62.5%) 3 (75.0%) 0.548
Anti-Sm 5 (62.5%) 1 (25.0%) 0.546
Antiphospholipid 4 (50.0%) 3 (75.0%) 0.576
Anti-ribosomal P 2 (25.0%) 1 (25.0%) >0.999
1 (16.7%)
Anti-GluN2 (n = 10) 1 (25.0%) >0.999
(n=0)
2 (28.6%)
Anti-AQP4 0 (0.0%) 0.515
m=7)
0 (0.0%) 0 (0.0%)
Anti-MOG >0.999
(n=06) (n=2)
Pretreatment serum IL-6 2.5 (0-19) 5.3(2.9-6.1)
0.730
[pg/mL, median (range)] (n=5) (n=4)
Cerebrospinal fluid (n=11) n="7) n=4)
Cell number (0-5)
4.0 (0-154) 2.5 (0-6) 0.242

[cells/pL, median (range)]

TP (10-40) [mg/mL, median (range)]

104.0 (30-980)

.27_

61.0 (24-77) 0.164



MBP (<313) [pg/mL, median (range)] 135.1 (0-3230)  62.2 (0-573)

0.929
n=9) (n=06) (n=3)
IgG index (<0.73) [median (range)] 0.84 (0.41-1.00) 0.64 (0.55-0.94)
0.686
(n=28) (m=4)
2 (40.0%) 1 (25.0%)
Oligoclonal band positive (n =9) >0.999
(n=5)
16.7 (4.9-116.4) 7.65 (4.1-11.5)
Q-albumin (n=9) 0.127

(n=5)

Pretreatment CSF IL-6
8.3 (1.9-15800) 34.1(3-377) 0.412
[pg/mL, median (range)]

Posttreatment CSF IL-6 5.9 (2-65) 2 (1.9-5)
0.161
[pg/mL, median (range)] (n = 8) (n=15) (n=23)

SLE, systemic lupus erythematosus; NMOSD, neuromyelitis optica spectrum disorder; anti-dsDNA,
anti-double strand deoxyribonucleic acid antibody; anti-Sm, anti-Smith antibody; antiphospholipid,
antiphospholipid antibody; anti-ribosomal P, anti-ribosomal P antibody; anti-GluN2, anti-glutamate
receptor subunit 2 antibody; anti-AQP4, anti-Aquaporin4 antibody; anti-MOG,
Anti-myelin-oligodendrocyte glycoprotein antibody; CSF, cerebrospinal fluid; TP, total protein; MPB,

myelin basic protein; Q-albumin, CSF/serum albumin quotient x 1,000
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Figure 1. Changes of MRI findings in patients with NMOSD-like CNS lesions
(T2-weighted imaging).

The images are representative and each number refers to Supplementary table 3. (a)
High-intensity area observed in the medullary cone on THI11 level. (b) Case 3, Multiple
high-intensity area observed in brain stem and cervical spinal cord. Both cases showed that
high-intensity area was reduced and paler with treatment.

NMOSD, neuromyelitis optica spectrum disorder.

Figure 2. Change in CSF IL-6 levels in patients with NPSLE.

In twelve patients with NMOSD-like CNS lesions where we could perform follow-up tests,
the CSF IL-6 levels before treatment significantly decreased (P=0.008) after treatment (a). In
twelve patients with diffuse NPSLE also showed a significant decrease in CSF IL-6 before
and after treatment (P=0.001) (b). These data are analyzed using Wilcoxon’s signed-rank test.
CSF, cerebrospinal fluid; IL-6, interleukin-6; NMOSD, neuromyelitis optica spectrum
disorder. CNS, central nervous system; NMOSD-like CNS lesions, patients with SLE who
had optic neuritis, brainstem or spinal cord lesions regardless of NMOSD classification

criteria; the diffuse NPSLE without remarkable MRI abnormality.

Figure 3. Changes in CSF IL-6 levels in patients with NMOSD-like CNS lesions.
Follow-up study was performed in 8 patients, including 5 patients with atypical NMOSD and
3 patients with NMOSD-like demyelination. Comparison of the CSF IL-6 levels before and
after treatment in patients with atypical NMOSD (a) and in patients with NMOSD-like

demyelination (b) by Wilcoxon’s signed-rank test.
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CSF, cerebrospinal fluid; IL-6, interleukin-6; NMOSD, neuromyelitis optica spectrum
disorder. Atypical NMOSD: patients with SLE who had LETMs and/or brainstem lesions,
which fulfilled the international criteria for definite NMOSD. NMOSD-like demyelination:

patients who had brainstem and/or spinal lesions without NMOSD.

Figure 4. Correlations between serum IL-6 and serum anti-dsDNA, anti-Sm, QAlb, and
pretreatment CSF IL-6 in patients with NMOSD-like CNS lesions.

These data were calculated using Spearman’s rank correlation coefficient. There was no
correlation between serum IL-6 and autoantibodies or CSF findings.

Anti-dsDNA, anti-double strand deoxyribonucleic acid antibody; anti-Sm, anti-Smith
antibody; QAlb, CSF/serum albumin ratio; CSF, cerebrospinal fluid; IL-6, interleukin-6;

NMOSD, neuromyelitis optica spectrum disorder; CNS, central nervous system.

Figure 5. Correlations between pretreatment CSF IL-6 and serum anti-dsDNA, anti-Sm,
and QAIDb in patients with NMOSD-like CNS lesions.

These data were calculated using Spearman’s rank correlation coefficient. Serum anti-dsDNA
correlated with pretreatment CSF IL-6 (a). No correlation was found between anti-Sm and
pretreatment CSF IL-6 (b). Anti-dsDNA did not correlate with QAIb (c). A correlation
between serum anti-Sm and QAlb was observed (d).

Ab, antibody; CSF, cerebrospinal fluid; IL-6, interleukin-6; NMOSD, neuromyelitis optica
spectrum disorder; CNS, central nervous system; anti-dsDNA, anti-double strand
deoxyribonucleic acid antibody; anti-Sm, anti-Smith antibody; QAlb, CSF/serum albumin

ratio.
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Figure 6. Correlations between pretreatment CSF IL-6 and serum anti-dsDNA, anti-Sm,
and QAIb in patients with atypical NMOSD.

These data were calculated using Spearman’s rank correlation coefficient. Anti-dsDNA
seemed to be correlated with CSF IL-6 and QAID (a, ¢); however, this correlation was not
statistically significant. A correlation between serum anti-Sm and pretreatment CSF IL-6 and
QAIb was observed (b, d). For CSF IL-6 and QALb, only pretreatment CSF IL-6 was
correlated (e).

Ab, antibody; CSF, cerebrospinal fluid; IL-6, interleukin-6; NMOSD, neuromyelitis optica
spectrum disorder; anti-dsDNA, anti-double strand deoxyribonucleic acid antibody; anti-Sm,
anti-Smith antibody; QAlb, CSF/serum albumin ratio; Atypical NMOSD: patients with SLE
who had LETMs and/or brainstem lesions, which fulfilled the international criteria for

definite NMOSD.

Figure 7. Correlations between serum IL-6 and other markers. Correration of serum
IL-6 and serum anti-dsDNA

(@), anti-Sm (b), Q-albumin (c), and pretreatment CSF IL-6 (d) in patients with atypical
NMOSD by Spearman’s rank correlation coefficient. Anti-dsDNA, anti-double strand
deoxyribonucleic acid antibody; anti-Sm, anti-Smith antibody; Q-albumin, CSF/serum

albumin quotient x 1,000.
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Figure 3.
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Figure 5.
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Figure 7.

5
r=0.237
0.733

P

n=

S o
]

=

5
r=0.516
0.350

P

n

S ®» &
[uw/6d] 9-71 wniag

e e w3
[w/6d] 9-1) wnieg

0 20 40 60 80 100

10 15
Anti-dsDNA [U/mL]

5

0

Anti-Sm [U/mL]

—
T
-

—_—

()

~

5

n
I

0.154
P=0.833

o
N

n=4

[w/Bd] 9-7] wniag

0.667

r=0.316

P

o
N - -
[wyBd] 9-1] winidg

0

o

30 40

20
CSF IL-6 [pg/mL]

10

0

30

10 20
Q-albumin

38



