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Editorial on the Research Topic
Insights in multiple sclerosis and neuroimmunology: 2021

A total of 19 articles are published in the Frontiers Research Topic “Insights in multiple
sclerosis and neuroimmunology 2021.” These cover a wide aspect of multiple sclerosis (MS)-
related themes as well as themes in autoimmune encephalitis.

There is a need for consensus criteria about the identification of certain types of MS.
Meca-Lallana et al. show in their article “Consensus on early detection of disease progression
in patients with multiple sclerosis” that such consensus statements could help clinicians to
find early in the disease course patients with secondary progressive MS (SPMS). Such an
early identification is important to perform adequate therapeutic management. Standardized
clinical assessments are meaningful in MS care. In the article “Making every step count:
minute-by-minute characterization of step counts augments remote activity monitoring in
people with multiple sclerosis;” Block et al. used a model to predict disease progression over
the longer term (>2 years) based on obtained measurements. These findings will be used
to develop further descriptive metrics for activity. In their article “Current status and future
opportunities in modeling clinical characteristics of multiple sclerosis” Liu et al. suggest that
there is a strong need to develop validated models of MS clinical outcomes by using cellular
or/and molecular biomarkers. In the article titled “Models of care in multiple sclerosis: a
survey of Canadian health providers Marrie, Donkers et al. claim that the ideal MS service
is multidisciplinary in nature, ideally integrated, and with prompt access to care.

The myxovirus resistance protein A (MxA) has been long used as a marker for
exogenous interferon-beta efficacy in MS treatment. Coerver et al. show in the article
“The association between blood MxA mRNA and long-term disease activity in early
multiple sclerosis” that MxA mRNA is expressed in inflammatory pathology in MS
that is dependent on the endogenous type-1 interferon system and that this might
be a prognostic biomarker for long-term inflammatory disease activity in MS. In the
article “Genetic risk variants for multiple sclerosis are linked to differences in alternative
pre-mRNA splicing” by Putscher et al, the authors show that genetic variants from
MS risk loci affect pre-mRNA splicing. Amoriello et al. investigated soluble HLA-G
(sHLA-G) levels in MS in the article “Investigating serum sHLA-G cooperation with MRI
activity and disease-modifying treatment outcome in relapsing-remitting multiple sclerosis.”
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They found that the HLA-G genotype strongly influences
SHLA-G levels. Autoantibodies are of importance in various
neuroimmunological disorders, and their role and mechanism
of action are partly undefined. In the article “Peptidylarginine
deiminase 2 autoantibodies are linked to less severe disease in
multiple sclerosis and post-treatment Lyme disease;” Kim et al. make
the case that anti-peptidylarginine deiminase 2 (PAD2) antibodies
may attenuate inflammation. This effect is observable in tissues
with high expression of PAD2. The role of hemolysis was analyzed
in the article “Peripheral hemolysis in relation to iron rim presence
and brain volume in multiple sclerosis” by Krajnc et al. The authors
found an influence of hemolysis on the brain volume but not on the
presence of iron rim lesions in progressive MS. Investigations about
metabolomics in neuroimmunological disorders is of increasing
interest. In their study “Metabolomics of cerebrospinal fluid in
multiple sclerosis compared with healthy controls: a pilot study,
7id¢ et al. investigated cerebrospinal fluid (CSF) from MS patients
compared to controls regarding metabolomic profiles. They found
differences in amino and fatty acids in the CSF of newly diagnosed
patients with MS in comparison with controls. The most significant
changes were seen in levels of arginine, histidine, and palmitic
acid. They concluded that such a metabolomic profile may predict
inflammatory disease activity in MS. In the article “Effects of
vascular comorbidity on cognition in multiple sclerosis are partially
mediated by changes in brain structure] Marrie, Patel et al. showed
that vascular comorbidity leads to changes in brain macrostructure
and microstructure. In addition, this is associated with lower
cognitive function in patients with MS.

In “Bridging therapies with injectable immunomodulatory drugs
in the management of multiple sclerosis: a Delphi survey of an
Italian expert panel of neurologistsy Marfia et al. suggest that
the value of bridging therapy with injectable immunomodulatory
drugs in MS disease conditions is underscored. The article
focuses on patients with MS who plan to become pregnant
and patients with MS at risk for cancer recurrence. Ozanimod
is a selective sphingosine-1-phosphate (S1P)-receptor 1 (S1P1)
and SI1P5 modulator used for the treatment of active forms of
relapsing-remitting MS (RRMS). Ziemssen et al. present their real-
world and long-term study “OzEAN study to collect real-world
evidence of persistent use, effectiveness, and safety of ozanimod
over 5 years in patients with relapsing-remitting multiple sclerosis
in Germany.” The results of this study will add to the safety
profile and efficacy profile of ozanimod in the treatment of RRMS.
In the study “Safety, adherence and persistence in a real-world
cohort of German MS patients newly treated with ocrelizumab:
first insights from the CONFIDENCE study,” Weber et al. describe
the safety profile of ocrelizumab in the CONFIDENCE real-
world MS population study. The findings were consistent with the
findings in pivotal clinical trials for the anti-CD20 B cell-depleting
antibody ocrelizumab used for the treatment of patients with RRMS
and patients with primary progressive MS (PPMS). Importantly,
high treatment persistence and adherence were seen in this real-
world MS population study. Fathi et al. suggested in their article,
“Dynamic changes in kynurenine pathway metabolites in multiple
sclerosis: a systematic review, that quinolinic acid is a possible
player in the pathogenesis of MS. This conclusion is mainly based
on the finding that quinolinic acid levels in CSF were higher in
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patients with MS than in healthy controls. The value of disease
models induced in mice and rats on certain novel MS therapeutic
approaches is outlined by Jayaraman and Jayaraman in their article
“Impact of histone modifier-induced protection against autoimmune
encephalomyelitis on multiple sclerosis treatment” about histone
deacetylase (HDAC) inhibitors. HDAC inhibitors such as valproic
acid and hydroxamates as well as others are possible candidates for
future treatment of MS.

It has been shown that in paraneoplastic forms of autoimmune
encephalitis, the removal of the associated cancer entity is of
primary importance in long-term disease outcomes. For teratoma,
Zhang et al. show in their article “Long-term prognosis of
patients with anti-N-methyl-D-aspartate receptor encephalitis who
underwent teratoma removal: an observational study” that early
detection and removal of teratoma resulted in a favorable long-
term prognosis in patients with anti-NMDAR encephalitis. Case
studies can be of importance for defining potential new disease
entities and for the description of rare disease variants. In the case
study “Acute cerebellitis associated with anti-homer 3 antibodies:
a rare case report and literature review” by Miao et al, the
authors underscore the need for immune-mediated causes to
be considered in acute cerebellitis. Importantly, immunotherapy
can contribute to the improvement of cerebellar syndrome.
Neuropsychological assessment is important in phenotyping
and care of patients with neuroimmunological disorders and
especially autoimmune encephalitis. In the article by Chan et
al., “Cognitive and mood profiles among patients with stiff person
syndrome spectrum disorders;” it is clarified that neuropsychological
testing in stiff person syndrome should include testing of verbal
learning and recall, phonemic verbal fluency, attention, and
processing speed.

In conclusion, the Research Topic “Insights in multiple sclerosis
and neuroimmunology 2021” gives novel insight into current
research themes on MS and autoimmune encephalitis.
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Acute Cerebellitis Associated With
Anti-homer 3 Antibodies: A Rare
Case Report and Literature Review

Ailiang Miao ?*, Chuanyong Yu "2, Yulei Sun?, Lingling Wang "2, Jianqing Ge "? and
Xiaoshan Wang "2

" Department of Neurology, Affiliated Brain Hospital of Nanjing Medical University, Nanjing Medical University, Nanjing, China,
2 Department of Video-Electroencephalpgram, Affiliated Brain Hospital of Nanjing Medical University, Nanjing Medical
University, Nanjing, China, ° Department of Neurology, Affiliated Mingji Hospital of Nanjing Medical University, Nanjing Medical
University, Nanjing, China

Acute cerebellitis associated with Homer-3 antibodies is very rare. Here we present a
20-year-old woman who suffered from uncontrollable head shaking quickly from side to
side and an unsteady gait for 2 days after the cold. Antibodies were screened by cell-
based assays. The indirect immunofluorescence technique results revealed anti-Homer-3
antibody titers of 1:3.2 in the CSF and 1:100 in the serum. The woman was obviously
improved after antiviral and immunosuppression (immunoglobin, methylprednisolone
and mycophenolate mofetil) treatment. Our report indicated immune-mediated causes
should be considered in the acute cerebellitis. Immunotherapy can contribute to the
improvement of cerebellar syndrome.

Keywords: cerebellitis, anti-Homer 3 antibody, head shaking, cerebellar syndrome, immunotherapeutic treatment

INTRODUCTION

In 2013, Hoftberger et al. reported a 38-year-old man with anti-Homer 3 antibodies who presented
with symptoms of acute encephalopathy including headache, nausea, vomiting, and confusion,
and cerebellar syndrome (1). Furthermore, seven patients with subacute or insidious “idiopathic
cerebellar ataxia,” not acute cerebellitis, were reported (2, 3). Acute cerebellitis associated with anti-
Homer 3 antibodies is very rare. Here, we report a female with acute cerebellitis associated with
anti-Homer 3 antibodies.

CASE REPORT

A 20-year-old woman suffered from uncontrollable head shaking twice quickly from side to side
(Supplementary Video 1 and Figure 1A) for 2 days after the cold (Table 1). In other words, the
head swayed twice quickly and slightly from side to side. The unsteady gait was also observed
(Supplementary Video 2). The patient had a history of allergic rhinitis for 2 years. Neurological
examination demonstrated bilateral horizontal nystagmus, moderate limb dysmetria, Romberg sign
positivity and gait ataxia. The patient was admitted to Nanjing Brain Hospital. On day 1, brain
magnetic resonance imaging (MRI) showed an increased signal in the right cerebellar hemisphere
without enhancement (Figures 1B,C). On day 3, lumbar puncture was performed, and a pressure
of 180 mmH,0, a WBC count of 139 x 10 ® /L (Figure 2), and a protein level of 1.67 g/L
were observed. The oligoclonal band was positive. On day 5, the indirect immunofluorescence
technique (IIFT) results revealed anti-Homer-3 antibody titers of 1:3.2 in the CSF and 1:100 in the
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TABLE 1 | The symptoms and treatment in the patient according to timeline.

Symptoms and examination Time Treatment

Intermittent headache; fatigue; 2021-10-7 Without treatment

Intermittent headache, neck pain; fatigue 2021-11-1

Gait ataxia. 2021-11-16

Head shaking uncontrollably from side to side 2021-11-18

(Supplementary Video 1 and Figure 1A); Gait ataxia

(Supplementary Video 2).

The patient could not complete heel-knee-tibia test and finger-nose 2021-11-20 Ganciclovir for injection was administered and sustained by 0.375g

test stably, and presented moderate limb dysmetria, Romberg sign and
horizontal nystagmus. The patient also could not walk in a straight line.

Increased signal in the right cerebellar hemisphere without
enhancement

WBC count:139 x 10 © /L (Figure 2); protein level:1.67 g/L.

Gait ataxia, head shaking and horizontal nystagmus improved.
Gait ataxia, head shaking and horizontal nystagmus still improved.

The heel-knee-tibia test, finger-nose test and moderate limb dysmetria
improved.

Anti-Homer-3 antibody titers of 1:3.2 in the CSF and 1:100 in the
serum. WBC count: 55 x 10 8 /L; protein level: 0.91 g/L. Horizontal
nystagmus was not observed. Gait ataxia and head shaking was still
observed (Supplementary Video 2).

Head shaking disappeared.

The improvement of gait ataxia was not remarkable. The patient still
could not walk in a straight line.

Normal
WBC count: 29 x 10 8 /L; protein level: 0.75g/L.

Although the patient improved remarkably, mild gait ataxia and
unbalance during walking in a straight line were still observed
(Supplementary Video 2). The patient could complete both hands
alternating movement test, heel-knee-tibia test and finger-nose stably,
and did not present Romberg sign. Another lumbar puncture was not
received by the patient.

Hospitalization

2021-11-20
Brain magnetic
resonance
imaging (MRI)
2021-11-22
Lumbar puncture

2021-11-24

2021-11-24

2021-11-30
2021-12-3

2021-12-6

2021-12-9
Lumbar puncture

2021-12-15
2021-12-25

2022-1-5

Brain MRI
2022-1-13
Lumbar puncture
2022-1-25
Hospital discharge

twice a day.

Anti-Homer-3 antibody titers of 1:3.2 in the CSF and 1:100 in the
serum (Figure 1).

Methylprednisolone for injection was administered by 1,000 mg per
day, and reduced by half every three days. Immunoglobin was
administered by 25 g per day for 5 days (2 g per kilogram).

Mcophenolate mofetil was given and sustained by 0.5 g twice a day.
Methylprednisolone was administered by 120 mg per day for 3 days.

Prednison was given by 60mg per day, and reduced by 5mg every two
week.

Another immunoglobin was administered by 25 g per day for 5 days
(2 g per kilogram).

Ganciclovir and mcophenolate mofetil was administered and sustained.

Acyclovir tablets were given by 0.4 g three times a day for two weeks.
Mcophenolate mofetil was given and sustained by 0.5 g twice a day.
Prednison was given by 50 mg daily, and reduced by 5 mg every two
weeks.

serum (Figures 1D,E). The gynecological sonography was
normal. On day 4, mild diffuse waves were observed on
electroencephalography. After 66 days of antiviral and
immunosuppression (immunoglobin, methylprednisolone and
mycophenolate mofetil) treatment, the woman was obviously
improved (Supplementary Video 2, Table 1).

DISCUSSION

We described a rare case of cerebellitis associated with Homer-
3 antibodies. This patient was positive for the anti-Homer 3
antibody in the CSF and serum, but negative for anti-ATP1A3,

ARHGAP26, ITPR1, Hu, Yo, Ri, CV2, Ma2, amphiphysin,
Tr(DNER), Zic4, Mal, GAD65, PKCy, SOX1, NMDAR, AMPAL,
AMPA2, GABAB, LGl, CASPR2, DPPX, lolON5, mGluR5,
GlyRal, GABAARal, and GABAARB3.

The Homer family includes Homer-1, Homer-2, and
Homer-3, all of which have several isoforms as a result
of alternative splicing (4). Homer proteins can be divided
into the two structurally distinct groups of short and long
Homer proteins. Short Homers include Homer-1A, Homer-
2C, Homer-2D, Homer-3C and Homer-3D. Long Homer
proteins include Homer-1B, Homer-1C, Homer-2A, Homer-
2B, Homer-3Ayy and Homer-3By. The short~35 amino
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2021-11-24

2021-11-24

FIGURE 1 | (A) 2D picture associated with Supplementary Video 1 showing
uncontrollable and quick head shaking. (B,C) Increased signal in the right
cerebellar hemisphere without enhancement. (D) Antibody in cerebrospinal
fluid (CSF) recognizes Homer-3 antigens in fifixed HEK293 cells. Anti-Homer-3
antibody titers in CSF: 1:3.2. (E) Antibody in serum recognizes Homer-3
antigens in fifixed HEK293 cells. Anti-Homer-3 antibody titers in serum: 1:100.

acid residue long coiled-coiled domain in the Homer N-
terminals may be important for the folding of Homers
themselves or involved in interacting with proteins. This
short N-terminal coiled-coil domain is present in all Homer-
3 proteins except for the Homer-3B. The short domain in
Homer-3A is remarkable longer than that in Homer-3C and
Homer-3D (5). Homer-3 and mGluR1 (metabotropic glutamate
receptor) are expressed predominantly on Purkinje cell dendritic
spines (6). Homer-3 is the scaffold protein between mGluR1
and inositol 1,4,5 triphosphate receptors, which regulate
the post-synaptic calcium metabolism in Purkinje cells in
response to mGLuR1 stimulation (7). Thus, the anti-Homer
3 antibodies might bind Homer-3A, Homer-3C and Homer-
3D, especially Homer-3A disturbing the homer 3 function,
which could contribute to cerebellar ataxia (1-3, 5). Cerebellar
ataxia is also the most common symptom of anti-mGluR1
autoimmunity (8).

In 2007, Zuliani et al. reported a 65-year-old woman with
Homer-3 antibodies presenting with subacute cerebellar ataxia.

~. ’

FIGURE 2 | The first cerebrospinal fluid cytology from the patient showed that
most of inflammatory cells were lymphocyte.

Although the patient received steroids, the cerebellar syndrome
had not improved by the last follow-up (2). Guan et al. screened
the serum and CSF samples of 750 patients with ‘idiopathic’
cerebellar ataxia, and Homer-3 antibodies were detected in 6
patients. Interestingly, 2 patients had RBD, a hot cross bun
sign, and dysautonomia, which may be considered diagnostic
markers for multiple system atrophy of the cerebellar type (MSA-
C) (3). Given that there is no effective treatment for MSA-
C, immune-mediated cerebellar syndrome can be improved
by immunotherapy (3). Homer-3 antibodies are even more
rarer, and screening for antibodies in every patient with acute,
subacute and insidious cerebellar syndrome is unrealistic. An
interesting symptom, “head socking uncontrollably from side
to side (Supplementary Video 1 and Figure 1A),” was observed
in this patient with Homer-3 antibodies, which might be a
characteristic of cerebellar syndrome with Homer-3 antibodies,
and was not reported in the previous studies (1-3). Seasonable
immunotherapy can contribute to the improvement of cerebellar
syndrome, and delayed treatment might lead to unfavorable
outcomes in patients with cerebellar ataxia (3). Figure 1A was
depicted by a female patient with anti-N-methyl-d-aspartate
receptor encephalitis in our hospital (9). Immunotherapeutic
treatment was not delayed, and the patient had no residual
problems (9).

In summary, we report a rare patient with cerebellitis with
Homer-3 antibodies who improved after immunotherapeutic
treatment. The symptom “head shaking” might lead to cerebellar
syndrome associated with Homer-3 antibodies.
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Long-Term Prognosis of Patients
With Anti-N-Methyl-D-Aspartate
Receptor Encephalitis Who
Underwent Teratoma Removal: An
Observational Study

Hesheng Zhang, Weixi Xiong, Xu Liu, Wenyu Liu, Dong Zhou* and Xintong Wu*

Department of Neurology, West China Hospital of Sichuan University, Chengdu, China

Objective: This study aimed to evaluate the clinical characteristics and long-term
surgical outcomes of patients with anti-N-methyl-D-aspartate receptor (NMDAR)
encephalitis with teratoma.

Methods: Patients who were admitted to West China Hospital from June 2012 to June
2019 and diagnosed with anti-NMDAR encephalitis were enrolled in the study. Medical
records were reviewed prospectively to gather clinical characteristic data. Patients were
followed up at long-term every 3 months.

Results: This study included 192 patients, among whom 21 (10.9%) were detected with
having a teratoma. Patients included 20 women, with a mean age of 24.62 + 7.61 years.
Seizure and psychiatric symptoms were the most dominant symptoms in both groups,
followed by memory deficits. Central hypoventilation (52.4 vs. 17%, p < 0.001) and
decreased consciousness (71.4 vs. 31.3%, p = 0.002) were significantly more frequent
in patients with teratoma than in those without. Moreover, the anti-NMDAR antibody
titer was higher (p = 0.021) and the baseline modified Rankin scale score was lower
(o = 0.004) in patients with teratoma than in those without. First-line immunotherapy
was performed in 21 (100%) patients with teratoma and 167 (97.7%) patients without
teratoma. All patients with teratoma had the tumor removed. During follow-up, two (9.5%)
patients with teratoma and 11 (6.4%) patients without teratoma died, whereas 1 (4.8%)
patient with teratoma and 37 (21.6%) patients without teratoma had relapses. Overall,
19 (90.5%) patients with teratoma and 151 (88.3%) patients without teratoma achieved
favorable clinical outcomes at the final follow-up.

Conclusions: With early detection and removal of teratoma, most patients with
anti-NMDAR encephalitis and teratoma achieved a favorable long-term prognosis.

Keywords: anti-NMDAR encephalitis, teratoma, surgery, prognosis, relapse
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INTRODUCTION

Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis
is an autoimmune disease that is characterized by psychiatric
symptoms, seizures, memory deficits, speech impairment,
disorders, instability,  central
hypoventilation, and decreased consciousness (1-3). The
condition is primarily mediated by specific immunoglobulin
G (IgG) antibodies against the NR1 subunit of the NMDAR.
Tumors (mainly teratomas) containing nerve tissues can induce
the production of specific antibodies via molecular mimicry and
have been identified as a trigger of anti-NMDAR encephalitis
(3, 4). Previous studies have reported a prevalence of teratoma
at 20.2-45% in patients with anti-NMDAR encephalitis (5, 6).
Immunotherapy is the most crucial therapeutic method for
anti-NMDAR encephalitis. For patients with a tumor, surgery
is an important treatment strategy and is recommended to be
performed as soon as possible (3). In this study, we explored the
clinical characteristics and long-term prognoses of these patients,
following a surgery.

movement autonomic

METHODS

Study Design and Participants

The Outcome of anti-NMDAR Encephalitis Study in Western
China (ONE-WC) study was registered with the WHO
international clinical trial registry platform (registration number:
ChiCTR1800019762) and is described in more detail in our
previous publications (7-11). Patients were hospitalized patients
recruited from the Neurology Department of West China
Hospital from October 2011 to June 2019. Inclusion criteria were
as follows: (1) rapid onset of at least one of eight major groups
of symptoms (psychosis, memory deficits, speech disturbances,
seizures, movement disorders, disturbance of consciousness,
autonomic dysfunctions, and central hypoventilation) (1); (2)
positive for anti-NMDAR antibodies in the cerebrospinal
fluid (CSF).

Exclusion criteria ~were as follows: (1) human
immunodeficiency virus infection, meningitis, brain abscess,
prior diseases, cerebral malaria, brain tumor, or diagnosis
of a non-infectious central nervous system disease, such
as acute demyelinating encephalomyelitis; (2) patients with
laboratory evidence of infectious encephalitis; (3) patients
diagnosed with epilepsy, cerebral trauma, and/or other
nervous system diseases prior to the onset of encephalitis;
(4) patients with other coexisting positive autoimmune
or neurologic paraneoplastic antibodies, such as a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors-1 and—2,
contactin-associated protein-2, leucine-rich glioma-inactivated
protein-1, c-aminobutyric acid receptor B1/B2, anti-neuronal
nuclear antibody (ANNA)-1, ANNA-2, and Purkinje-cell
cytoplasmic autoantibody-1.

Clinical Management

A lumbar puncture was performed in suspected patients with
rapid onset of neurological or psychiatric disorders. Samples
were assessed using an indirect immunofluorescence assay
for the detection of autoimmune neurologic paraneoplastic

antibodies. Individuals with confirmed antibodies underwent
chest and abdomen CT or abdomen and reproductive system
ultrasound to search for potential tumors. Abnormalities were
reported by radiologists and reviewed by relevant specialists (e.g.,
gynecologists for a pelvic mass in women).

Treatments were administered by senior neurologists

of West China Hospital, Department of Neurology.
Immunotherapies  included  first-line  immunotherapy
(intravenous immunoglobulin [IVIg], methylprednisolone,

and plasma exchange) and second-line immunotherapies
(rituximab, cyclophosphamide, azathioprine, mycophenolate
mofetil, and tacrolimus). First-line immunotherapies were
administered as follows: .4 g/kg IVIg was administered daily for 5
days as one turn; 1,000 mg intravenous methylprednisolone
was administered daily for 3-5 days as one turn, then
replaced by daily prednisone. Repeated intravenous
immunotherapy was administered to patients with a poor
response. Other interventions included anti-epileptic drugs,
anti-psychotic drugs, sedative-hypnotic drugs, and other
symptomatic/supportive treatments.

Patients with a suspected tumor were evaluated by a
multi-disciplinary team to determine whether surgery was
recommended and its timing. Operations were performed
by surgeons of West China Hospital of West China Second
University Hospital. Patients were discharged following a
surgery or transferred to a neurological intensive care unit for
post-surgical immunotherapy depending on their neurological
symptoms. Pathological diagnoses were made, following

a surgery.

Data Collection and Definition

Patients’ clinical characteristics during hospitalization were
extracted from medical records and included epidemiologic data
(sex and age), clinical data (date of onset, date of admission,
and typical symptoms), biological data (CSF antibody titers, CSF
cell count, glucose/protein/IgG synthesis rates, and IgG index),
auxiliary examination (MRI/CT results, ultrasound results,
electroencephalography [EEG] results), and clinical management
data (treatment administered, date of immunotherapy, and
date of surgery). All data were collected by clinicians using
a standardized form. Follow-up visits were conducted by a
clinician every 3 months from clinical onset over the telephone.
Patients’ neurological and psychiatric sequelae were questioned,
and patients who reported worsening or new onset of the
eight major groups of symptoms were requested to attend the
neurological clinic to evaluate the possibility of relapse and
undergo further investigations if necessary.

Outcomes were assessed using the modified Rankin scale
(mRS) (12). Evaluations were carried out face-to-face by
neurologists during hospitalization and by patients’ or guardians’
responses over the telephone, following the discharge. Relapse
was defined as a worsening or new onset of previous symptoms,
occurring after at least 2 months of improvement or stabilization
and was confirmed by antibodies detected in the CSF. Clinical
improvement was defined as a decrease of 1 or more in mRS score
(2). A long-term favorable outcome was defined as an mRS score
<2(2).
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TABLE 1 | Clinical features of patients with and without teratoma.

Total, n (%) With teratoma, n (%) Without teratoma, n (%) P-value
Quantity 192 21 171 -
Age, years (mean =+ SD) 29.44 £ 13.01 24.62 £+ 7.61 30.03 £+ 13.46 0.009*
Sex (female) 107 (55.7) 20 (95.2) 87 (50.9) < 0.001*
Psychiatric symptoms 175 (91.1) 19 (90.5) 156 (91.2) 0.829*
Seizure 153 (79.7) 18 (85.7) 135 (78.9) 0.660*
Speech impairment 47 (24.5) 8(38.1) 39 (22.8) 0.124#
Dyskinesias/movement disorders 79 (41.1) 7 (33.9) 72 (42.1) 0.441*
Autonomic instability 92 (47.9) 13(61.9) 79 (46.2) 0.174%
Memory deficits 157 (81.8) 15 (71.4) 142 (83.0) 0.193f
Decreased consciousness 77 (40.1) 15(71.4) 62 (36.3) 0.002%
Cognitive disorder 126 (65.6) 13(61.9) 113 (66.1) 0.650"
Central hypoventilation 40 (20.8) 11 (52.4) 29 (17.0) < 0.001#
Baseline mRS score 4 (4.5) 5 (4.5) 4 (4.5) 0.004+
Abnormal MRI findings 74/181 (40.9) 7/21(33.3) 67/160 (41.9) 0.454%
Abnormal EEG findings 141/170 (82.9) 16/18 (88.9) 125/152 (88.2) 0.705*
Antibody titer in cerebrospinal fluid
1:1-1:10 44 1 43 0.021*
1:10-1:100 115 13 102
1:100-1:1000 33 7 26

"Student’s t-test.
#chi-squared or Fisher’s exact tests.
TWilcoxon’s test.

Statistical Analysis

For all statistical analyses, SPSS 20 (SPSS Inc., Chicago, IL, USA)
was used. Quantitative statistics are reported as means £ SDs
(normally distributed) or medians (interquartile ranges [IQR]).
Student’s t-tests were performed for comparisons of continuous
variables. Chi-squared tests or Fisher’s exact tests were performed
for comparisons of categorical variables. Wilcoxon’s test was
used to analyze rank variables. A two-tailed p < 0.05 was
considered significant.

Ethics

This study was approved by the West China Hospital of
the Sichuan University Research Ethics Committee. Informed
consent was obtained from all patients.

RESULTS

Clinical Characteristics

A total of 192 patients were included in this study, among whom
107 (55.7%) were women. The mean age of patients was 29.44 £+
13.01 years (range 9-78 years, IQR 19-37 years). Furthermore,
21 (10.9%) patients had teratoma, among whom 19 (90.5%) had
an ovarian teratoma and two (9.5%) had a mediastinal teratoma.
The prevalence of teratoma in women with anti-NMDAR
encephalitis was 18.7%. Pathologic subtypes included mature
teratoma in 18 (85.7%) patients, immature teratoma in two
(9.5%) patients, and mixed germ cell tumor in one (4.8%) patient.
The demographic and clinical characteristics are shown in

Table 1. Table 2 shows the clinical characteristic of the 21 patients
with teratoma.

The mean age of the teratoma cohort was younger than
that of patients without teratoma (24.62 vs. 30.03 years, p =
0.009). Psychiatric symptoms (91.1%), memory deficits (81.8%),
and seizures (79.7%) were the most dominant symptoms.
Central hypoventilation (52.4 vs. 17%, p < 0.001) and decreased
consciousness (71.4 vs. 31.3%, p = 0.002) were significantly
more frequent in patients with teratoma than in those without.
Gynecological symptoms were rare, wherein only one patient
complained of a prolonged intermenstrual period, which may
be related to the teratoma. One patient had a medical history of
teratoma removal, and relapsed teratoma was detected. Patients
with teratoma tended to score lower on the mRS during the
acute phase than did patients without teratoma (p = 0.004).
Approximately one-third of patients showed abnormal MRI
findings, and over 80% of patients showed abnormal EEG
findings. CSF findings suggested higher antibody titer in patients
with teratoma (p = 0.021).

In-Hospital Management

First-line immunotherapies were administered to all patients
with teratoma and 167 (97.7%) patients without teratoma.
Patients with teratoma tended to use more turns of first-
line immunotherapies (p = 0.013). The use of second-line
immunotherapies did not significantly differ between the two
groups. Among the 21 patients with teratoma, 17 (90%)
patients underwent surgery during the acute phase before
clinical improvement, and one patient underwent surgery
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TABLE 2 | Clinical features of patients with teratoma.

No. Sex Age Prodrome Initial symptoms Baseline mRS Pathology

score
Case 1 f 18 headache seizures mediastinal mature teratoma
Case 2 f 17 fever seizures ovarian mature teratoma
Case 3 m 25 headache/nausea psychiatric symptoms 5 mediastinal mixed germ cell tumor

(choriocarcinoma and teratoma)

Case 4 f 19 headache/fever psychiatric symptoms 5 ovarian mature teratoma
Case 5 f 22 - psychiatric symptoms 3 ovarian mature teratoma
Case 6 f 28 - psychiatric symptoms 5 ovarian mature teratoma
Case 7 f 31 headache/fever seizures 5 ovarian mature teratoma
Case 8 f 35 - psychiatric symptoms 5 ovarian immature teratoma (WHO |l)
Case 9 f 40 dizziness psychiatric symptoms 4 ovarian mature teratoma
Case 10 f 18 headache/fever seizures 5 ovarian mature teratoma
Case 11 f 20 headache psychiatric symptoms 5 ovarian mature teratoma
Case 12 f 20 finger numbness seizures 5 ovarian mature teratoma
Case 13 f 22 sleep disorder psychiatric symptoms 4 ovarian mature teratoma
Case 14 f 43 - seizures 4 ovarian immature teratoma (WHO |ll)
Case 15 f 17 sleep disorder psychiatric symptoms 4 ovarian mature teratoma
Case 16 f 29 headache/fever psychiatric symptoms 5 ovarian mature teratoma
Case 17 f 16 upper-respiratory-tract symptoms psychiatric symptoms 4 ovarian mature teratoma
Case 18 f 26 - psychiatric symptoms 3 ovarian mature teratoma
Case 19 f 26 headache/fever psychiatric symptoms 5 ovarian mature teratoma
Case 20 f 19 - seizures 5 ovarian mature teratoma
Case 21 f 26 - psychiatric symptoms 5 ovarian mature teratoma

before immunotherapy was administered. Table 3 shows the
management of teratoma patients.

Follow-Up and Outcome
The median follow-up period was 46 months (6-91 months).
During the follow-up period, two (9.5%) patients with teratoma
and 11 (6.4%) patients without teratoma died. Among the
two patients with teratoma who died, one died because of
pulmonary metastasis of the tumor (mixed germ cell tumor)
and secondary respiratory failure, and the other died because
of pancreatitis, pulmonary infection, septic shock, and multiple
organ dysfunction syndromes. In total, 19 (90.5%) teratoma
patients and 151 (88.3%) patients without teratoma achieved a
favorable clinical outcome at the final follow-up. The clinical
management and outcomes of patients are shown in Table 4.
During the follow-up period, 39 patients experienced 47
relapses. Only one (4.8%) patient with teratoma relapsed at 7
months after initial onset, with recurrent seizures and memory
deficits and CSF IgG titer of 1:100. Symptoms were controlled
swiftly following the administration of IVIg, and there was
no evidence of relapsed teratoma. Figure 1 shows the Kaplan-
Meier curves of anti-NMDAR encephalitis patients with and
without teratoma.

DISCUSSION

We found that most patients with teratoma recovered slowly.
However, favorable clinical outcomes were achieved over

long-term follow-up, although mild sequelae may last several
years. Immunotherapy was comparably ineffective in patients
with teratoma before surgery, but effectiveness improved
following removal surgery. Patients with teratoma presented
with a more acute onset, more severe neurological symptoms,
and higher IgG titer, than those without teratoma. Therefore,
earlier and more immunotherapy turns were recommended for
these patients.

The prevalence of teratoma in this study was comparably
lower than that in previous studies. Titulaer et al. reported a
prevalence of 211/577 patients, who were predominantly Asian
and African-American (2). On the other hand, Xu et al. reported
a prevalence of 42/143 women patients in a Chinese cohort (13).
In our study, the prevalence of teratoma was 21/192 patients
and was higher in younger individuals. This is consistent with
the findings of Titulaer et al. (2) in which teratoma primarily
affects individuals aged between 12 and 45 years, reccommending
more comprehensive inspections for teratoma in female youth.
Anti-NMDAR encephalitis triggered by extra-ovarian teratoma,
especially mediastinum teratoma, was detected in 2/21 patients
with teratoma in our cohort. Overlooked extra-ovarian teratoma
may result in delayed diagnosis in some cases (14). In addition,
the teratoma cohort presented with more severe neurological
sequelae, with greater disturbance of consciousness and central
hypoventilation, and higher anti-NMDAR antibody titer in
the CSE which is similar to the report by Gresa-Arribas et
al. (15). Accordingly, wider use of ventilators and intensive
care has also been reported in this patients group (16). MRI
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TABLE 3 | Management and outcomes of patients with teratoma.

No. Intravenous Intravenous Second-line Duration from Duration from mRS score at mRS score at final
immunoglobulin  methylprednisolone immunotherapy onset to onset to removal surgery follow-up
turns turns immuontherapy surgery (days)
(days)
Case 1 1 1 rituximab 15 165 2 0
Case 2 2 1 - 20 98 3 1
Case 3 2 - - 7 87 5 6
Case 4 3 1 - 7 50 5 2
Case 5 1 - - 21 272 0 0
Case 6 2 1 - 10 58 5 0
Case 7 3 3 - 15 221 0 0
Case 8 1 - - 20 27 5 1
Case 9 1 3 - 15 39 4 0
Case 10 2 - - 2 23 5 0
Case 11 3 1 - 14 42 5 2
Case 12 2 - - 20 38 5 0
Case 13 1 1 - 21 34 4 0
Case 14 1 - - 22 15 4 2
Case 15 2 1 - 10 19 4 0
Case 16 4 1 rituximab 20 125 5 1
Case 17 1 1 cyclophosphamide 5 32 4 1
Case 18 1 1 - 10 27 3 0
Case 19 2 2 rituximab 35 58 5 6
Case 20 2 - - 20 47 5 1
Case 21 1 2 - 7 22 5 1
TABLE 4 | Management and outcomes of patients with and without teratoma.
Total, With teratoma, Without teratoma, P-values
n (%) n (%) n (%)
Intravenous immunoglobulin 172 (89.6) 21 (100) 151 (88.3) 0.136*
Intravenous methylprednisolone 122 (63.5) 14 (66.7) 108 (63.2) 0.940*
Second-line immunotherapy 16 (8.9) 4(19) 12 (7) 0.143*
Intravenous first-line immunotherapy turns (median, IQR) 2(1-5) 2(1-4) 2(1-5 0.013*
mRS score at final follow up 0 (0-1) 1(0-1) 0 (0-1) 0.864+
Death 13 (6.8) 2 (9.5 11 (6.4) 0.943*
Relapse 38(19.8) 1(4.8) 37 (21.6) 0.123*

#chi-squared or Fisher’s exact tests.
*Wilcoxon’s test.

and EEG during the acute phase showed non-specific changes,
with limited significance for diagnoses. However, the evaluation
using positron emission tomography was recommended in
several cases.

Immunotherapy is a crucial element of autoimmune
encephalitis treatment. The combination of steroids, intravenous
immunoglobulins, and plasma exchange is recommended,
and second-line therapy should be administered as soon
as possible if first-line therapy is unsuccessful (17). In our
study, patients with teratoma responded more poorly to
immunotherapy and required more turns of immunotherapy
than patients without teratoma. Persistent germinal center

response in teratoma can produce NRI1-IgG continuously
(18). Single immunotherapy has a limited effect in patients
with teratoma. However, a high proportion of patients with
inadequate response to immunotherapy has been found to
improve, following a surgery as reflected in the control of
seizures and increased consciousness level. Dalmau et al
observed 105 anti-NMDAR encephalitis patients and reported
an 80% response rate to first-line immunotherapy plus surgery
in patients with teratoma, whereas the response rate in patients
without teratoma was 48% (19). Improvement can be dramatic
in some patients, and can even occur within a few days of
surgery (20).
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FIGURE 1 | Kaplan-Meier curves for anti-NMDAR encephalitis patients with and without teratoma.

60 80 100

Surgery during the acute phase is strongly recommended for a
good long-term prognosis. Lee et al. suggest that delayed surgery
is associated with poor improvement over time (21). Moreover,
Dalmau et al. reported that patients who do not undergo surgery
have a higher mortality rate (20). Furthermore, a previous study
found that patients who undergo tumor removal within 4 months
have milder neurological deficits than those who undergo a
delayed surgery (22). Although the safety of undergoing surgery
during the acute phase is a significant concern, consistent with a
previous study (16), there were no surgical complications during
the perioperative period in our cohort. Two of our patients
died because of multiple organ failure due to anti-NMDAR
encephalitis; however, there was no evidence to indicate that
surgery hastened death in these patients.

The detection of teratoma during the early phase is
important for medical management. CT and MRI have higher
sensitivity than ultrasound for teratoma screening and thus
are recommended for patients with anti-NMDAR encephalitis
(23). However, patients with anti-NMDAR encephalitis have
smaller teratoma with fewer teeth, less calcification, and a
smaller fat-occupied space, which makes the detection of
teratoma challenging (24). Indeed, Lee et al. reported that
diagnosis of teratoma was missed in 26.1% of patients during
initial pelvis CT, even when combined with MRI (21). Thus,
continual reassessment for teratoma in patients who show
no significant improvement with immunotherapy or those

who relapse repeatedly is recommended. Although delayed
surgery is criticized by many (21), our study indicated that
patients can benefit from surgery, even with a delay of over
6 months.

Patients with anti-NMDAR encephalitis along with teratoma
have benign prognoses, with a low relapse rate and mild
sequelae. The teratoma group had long-term prognoses similar
to patients without teratoma in terms of relapse, mortality,
and mRS score, regardless of more dreadful onset. However, a
lower relapse rate in patients with teratoma has been reported
previously (16). One study reported that relapsed or residual
teratoma can induce relapse (25), although we found no
evidence of relapsed teratoma in patients who relapsed in
this study.

Our study has several limitations. Firstly, our sample size of
the single-center study was small. A multicenter study would
increase the sample size and reduce selection bias. Secondly,
the evaluation of prognoses during the post-surgical follow-up
was based primarily on patients’ subjective descriptions, and
regular anti-NMDAR antibody tests and cranial MRI were not
performed for further analysis.

In conclusion, removal surgery to treat anti-NMDAR
encephalitis patients with teratoma is effective. Although
anti-NMDAR encephalitis patients with teratoma had more
serious medical conditions than patients without teratoma,
timely removal surgery enabled favorable long-term outcomes.
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Comprehensive assessments are required for early tumor
detection and timely management, especially in patients who
respond poorly to immunotherapy.
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Background: Real-world relapsing multiple sclerosis (RMS) and primary progressive MS
(PPMS) populations may be more diverse than in clinical trials. Here, we present a first
analysis of safety, adherence and persistence data from a real-world cohort of patients
newly treated with ocrelizumab.

Methods: CONFIDENCE (ML39632, EUPAS22951) is an ongoing multicenter,
non-interventional post authorization safety study assessing patients with RMS or PPMS
newly treated with ocrelizumab or other disease-modifying therapies for up to 10 years.
For this analysis, patients newly treated with ocrelizumab were analyzed in subgroups
by MS phenotype and age over a mean ~1 year of exposure totaling 2,329 patient
years [PY]).

Results: At data cutoff (14 October 2020), 1,702 patients with RMS and 398 patients
with PPMS were treated with >1 dose of ocrelizumab. At baseline, the mean ages
(SD) of patients with RMS and PPMS were 41.59 (11.24) and 50.95 (9.88) years and
the mean EDSS (Expanded Disability Status Scale) was 3.18 (1.87) and 4.41 (1.59),
respectively. The most common adverse events (AEs) and serious AEs across both
phenotypes were infections and infestations, with infection SAE rates of 2.8 events/100
PY and 1.5 events/100 PY in patients with RMS and PPMS, respectively. Across all
phenotypes, ocrelizumab persistence was 92% at 24 months; median time between
doses was ~6 months.
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Conclusions: The ocrelizumab safety profile observed in the CONFIDENCE real-world
MS population was consistent to the one observed in pivotal clinical trials. High treatment
persistence and adherence were observed.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic disease of the central
nervous system (CNS) with a complex immunopathogenesis of
inflammation and neurodegeneration with two major disease
phenotypes: relapsing MS (RMS) and primary progressive MS
(PPMS). MS often warrants long-term drug therapy. Thus, the
benefits of a disease-modifying therapy (DMT) must outweigh
its long-term risks (1).

Ocrelizumab (Ocrevus®) is a monoclonal antibody that
specifically binds to CD20, modulating the immunopathogenesis
of MS by depleting CD20" B-cells. As the first anti-CD20
monoclonal antibody approved for the treatment of RMS and
PPMS, ocrelizumab remains the only approved treatment for
PPMS to date (2, 3). Pivotal trial data shows that treatment
with ocrelizumab has significant effects on slowing disease
progression, annualized relapse rate and magnetic resonance
imagery outcomes, with no signal of a higher rate of serious
infections, compared with interferon in patients with RMS and
placebo in patients with PPMS (4, 5). Ocrelizumab efficacy was
sustained in the open-label extension phases of the pivotal trials,
where adverse events (AEs) were generally consistent with those
from the controlled periods and no new safety signals emerged
with prolonged treatment (6, 7).

Integrated safety analysis of the data from 11 clinical
trials and open-label extension periods (up to 7 years of
continuous ocrelizumab treatment) demonstrated a favorable
and manageable safety profile (8). There was no indication of
higher rates of malignancy compared with matched reference MS
and general populations over 8 years (8).

Real-world populations may be more diverse than those
included in randomized clinical trials (RCTs), comprising
patients with more prior MS-specific treatments, a longer
duration of disease, more physical disability, older age
(9) or more comorbidities that may affect safety of
treatment (10).

CONFIDENCE (ML39632, EUPAS22951) is a large, ongoing,
non-interventional post-authorization safety study (PASS) that
assesses the long-term safety and effectiveness of ocrelizumab and
other DMTs in a real-world MS population in Germany (11).
As the central study of the ocrelizumab post-marketing safety
program, safety data from CONFIDENCE is integrated into the
two multi-source, real-world studies VERISMO (EUPAS30752)
and MANUSCRIPT (EUPAS28619). Here, we present an analysis
of baseline characteristics, safety, adherence and persistence from
patients newly treated with ocrelizumab in CONFIDENCE over
a mean of ~1 year of exposure (max 2.5 years).

MATERIALS AND METHODS

Study Design

CONFIDENCE assesses the long-term safety and effectiveness of
patients newly treated with ocrelizumab or other selected DMTs
(i.e., alemtuzumab, cladribine, dimethyl fumarate, fingolimod,
natalizumab, or teriflunomide). Recruitment was initiated in
April 2018 with a target enrollment of 3,000 patients with RMS
(relapsing remitting MS or relapsing secondary progressive MS)
or PPMS newly treated with ocrelizumab and 767 patients with
RMS newly treated with other selected DMTs at ~185 centers in
Germany. Full details on the CONFIDENCE study design and
inclusion/exclusion have been previously published (11).

The decision to prescribe the treatment must be made prior
to and independent of participation in this study; patients are
to be treated according to local label. Key inclusion criteria are
>18 years of age at enrollment and treatment with ocrelizumab
or the respective DMT for the first time during the course of
MS therapy. Patients participating in an interventional study
examining a MS DMT and patients previously treated with
rituximab or any other anti-CD20 antibody for MS are excluded.

Overall, patients will be observed with regular ~6-month
follow-up visits for up to 10 years regardless of treatment
change. CONFIDENCE completion is expected in 2029. Data
are collected by site staff and entered into an electronic case
report form (eCRF) based on the MS management system 3D
(MSDS3D; MedicalSyn, Stuttgart, Germany) (12, 13). Patient
demographics and informed consent are collected at screening.
Other baseline characteristics such as MS disease and treatment
history, general medical history and comorbidities (previous and
current diseases and disorders in the patient’s medical history),
pregnancy status and history, malignancy risk factors, cancer
screening and MS disease activity are documented at the baseline
visit (first ocrelizumab administration).

Here, we present a first analysis of safety, adherence and
persistence of patients treated with ocrelizumab (data cutoff 14
October 2020). Other DMT cohorts were not included in this
analysis due to insufficient patient numbers.

Safety Endpoints

AEs and serious AEs (SAEs) were recorded according to
system organ class (SOC) and preferred term (PT) of the
Medical Dictionary for Regulatory Activities (MedDRA; version
23.1). As of a protocol amendment in July 2019, infusion-
related reactions (IRRs) were only to be recorded if judged as
serious or life-threatening. Malignancies were identified using
the SOC “Neoplasms benign, malignant and unspecified (incl.
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cysts and polyps)” and further defined using the standardized
MedDRA queries (SMQ) “Malignant tumor (narrow)”. Reasons
for discontinuations were reported by the investigator from
multiple choices. No specific details were collected for reasons
such as “patient wish” or “insufficient efficacy”. Adjunct data
from the Roche safety database was used to consummate
patient narratives.

Trial Registration and Ethics Statement

This study was registered on 06 March 2018 in the EU
PAS Register (http://www.encepp.eu/encepp/studiesDatabase.
jsp) under the EU PAS Register Number EUPAS22951. The
independent ethics committee at the Technical University
Dresden has given the first professional advice for this
observational study (Ethikkommission an der Technischen
Universitdt Dresden, Germany; 12 February 2018 and 10 April
2019; reference EK 62022018). Obtaining further ethics approvals
was the individual responsibility of the participating physicians.

Statistical Analysis

This analysis was based on data prior to the cutoff. Patients
who received at least one dose of ocrelizumab were included for
analysis of all safety endpoints (safety analysis set). Persistence
and adherence endpoints were analyzed in patients in the
safety analysis set with at least one documentation after start
of the therapy (full analysis set). Persistence was estimated
by Kaplan-Meier time-to-treatment discontinuation, in which
patients without discontinuation were censored with their last
assessment visit date recorded. Adherence was evaluated by
median time interval (interquartile range) between dosing. All
outcomes were assessed using descriptive statistics. Analysis of
patients with PPMS >55 years old at baseline was prespecified in
the statistical analysis plan; patients with RMS > 55 years old were
assessed in a post-hoc analysis.

RESULTS

Patient Population and Treatment

Exposure

As of the data cutoff, 1,702 patients with RMS and 398 patients
with PPMS have been treated with >1 dose of ocrelizumab and
were included in the safety analysis. The mean exposure time
(standard deviation, SD) to ocrelizumab was 1.03 (0.70) years for
patients with RMS (range 0.0-2.5 years; totaling 1,877 patient-
years [PY]) and 1.06 (0.68) years for patients with PPMS (range
0.0-2.5 years; totaling 452 PY).

Mean age (SD) of patients with RMS was 41.59 (11.24) years,
66.9% were females and 82.7% had >1 MS-specific prior therapy.
The mean (SD) baseline EDSS (Expanded Disability Status Scale)
of patients with RMS was 3.18 (1.87) in the total cohort, and
4.54 (1.64) in patients >55 years old. At baseline, 66.0% of
ocrelizumab-treated patients with RMS had comorbidities. The
most common comorbidities (PT) of patients with RMS were
vitamin D deficiency, hypertension and depression (Table 1). In
patients with RMS >55 years old, 80.5% had comorbidities, with
the most common (PT) being hypertension (Table 1).

TABLE 1 | Baseline characteristics (safety set).

Characteristic Total RMS RMS >55 Total PPMS >55
(n=1,702) years PPMS years
(n=200) (n=398) (n=143)
Age, mean (SD), years 41.59 59.9 (4.12) 50.95 (9.88) 60.90 (4.80)
(11.24)
Sex, n (%)
Female 1,139 (66.9) 118 (59.0) 208 (52.3) 82 (57.3)
Number of prior MS
therapies, n (%)
Treatment-naive 294 (17.3)  41(20.5) 268 (67.3) 102 (71.3)
1 410 (24.1) 45 (22.5) 71(17.8) 22 (15.4)
2 411 (24.1) 49 (24.5) 32 (8.0) 8(5.6)
>3 587 (34.5) 65 (32.5) 27 (6.8) 1(7.7)
Therapy prior to
ocrelizumab, n (%)
Fingolimod 339 (19.9) 38(19.0) 11 (2.9) 1(0.7)
Interferon or GA 274 (16.1) 34 (17) 51(12.8) 13(9.1)
Natalizumab 246 (14.5) 11 (5.5) 8(2.0) 4(2.8)
Dimethyl fumarate 222 (13.0) 17 (8.5) 19 (4.8) 5(3.5)
Other/none 621(36.5) 100 (50.0) 309 (77.6) 120 (83.9)
EDSS, mean (SD) 3.18(1.87) 4.54 (1.64) 4.41(1.59) 4.73(1.48)
Duration to baseline since*:
First symptoms, mean ~ 10.79 (8.69) 17.95 8.66 (7.62) 10.63 (9.26)
(SD), years (11.71)
Diagnosis, mean (SD), 8.95 (7.81) 14.12 5.60 (6.75) 6.90 (8.39)
years (10.05)
Common comorbidities
SOC, n (%)
>1 1,123 (66.0) 161 (80.5) 296 (74.4) 123 (86.0)
Metabolism and nutrition 430 (25.3) 62 (31.0) 108 (27.1) 41 (28.7)
disorders
Nervous system 367 (21.6) 59 (29.5) 90 (22.6) 41 (28.7)
disorders
Psychiatric disorders 326 (19.2) 49 (24.5) 71(17.8) 32 (22.4)
Vascular disorders 235(13.8) 71(35.5) 106 (26.6) 56(39.2)
Endocrine disorders 196 (11.5) 31 (15.5) 46 (11.6) 19 (13.9)
Common comorbidities, PT,
n (%)
Vitamin D deficiency 305(17.9) 33(16.5) 57 (14.3) 23 (16.1)
Hypertension 209 (12.3) 59 (29.5) 96 (24.1) 51(35.7)
Depression 197 (11.6) 30 (15) 40 (10.1) 21 (14.7)

*Data collected retrospectively.

GA, glatiramer acetate; PPMS, primary progressive multiple sclerosis; RMS, relapsing MS;
SD, standard deviation; PT, preferred term; SOC, system organ class. Data were analyzed
in the safety set, which included all enrolled patients with at least one dose of ocrelizumab.
Common comorbidities listed are those in >10% of patients with RMS.

Patients with PPMS were mean (SD) 50.95 (9.88) years
old, 52.3% female, and 32.6% had >1 MS-specific prior
therapy (Table1). Patients with PPMS had a mean (SD)
baseline EDSS of 4.41 (1.59) and 4.73 (1.48) in patients
>55 years old. At baseline, 74.4% of patients with PPMS
had comorbidities, most commonly (PT) hypertension and
vitamin D deficiency. In patients with PPMS > 55 years,
86.0% had comorbidities with the most common (PT) being
hypertension (Table 1).
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TABLE 2 | Adverse events (AEs), serious AEs, malignancies, infections and serious infections observed in patients treated with ocrelizumab.

Total RMS RMS >55 years Total PPMS PPMS >55 years
(n=1,702) (n = 200) (n = 398) (n =143)

Exposure in PY 1,877 242 452 162

Total AEs SAEs Total AEs SAEs Total AEs SAEs Total AEs SAEs

E* R** E* R** E* R** E* R** E* R** E* R** E* R** E* R**
Any AE 2,186 116 250 13.3 263 109 55 22.7 380 84 37 8.2 169 104 19 1.7
Fatal events 3 0.2 3 0.2 - - - - 2 0.4 2 0.4 2 1.2 2 1.2
Malignancies™* 9 0.5 9 0.5 - - - - 3 0.7 3 0.7 1 0.6 1 0.6
Infections
Nasopharyngitis 155 8.3 - - 12 5.0 - - 26 5.8 - - 11 6.8 - -
Urinary tract infection 116 6.2 13 0.7 20 8.3 3 1.2 22 4.9 2 0.4 8 4.9 - -
Upper respiratory 35 1.9 1 0.05 4 1.7 3 0.7 - - 1.2 - -
tract infection
Respiratory tract infection 26 1.4 - - 3 1.2 - - 2 0.4 - - 1 0.6 - -
Bronchitis 23 1.2 1 0.05 4 1.7 B - 2 0.4 = = 2 1.2 - -
Sinusitis 22 1.2 3 0.2 3 1.2 1 0.4 2 0.4 - - - - B —
Gastrointestinal infection 20 11 - - - - - - 4 0.9 - - 2 1.2 - -
Oral herpes 15 0.8 - - 1 0.4 - - 2 0.4 - - - - - -
Herpes zoster 12 0.6 1 0.05 2 0.8 - - 3 0.7 - - 2 1.2 - -
Pneumonia 9 0.5 6 0.3 1 0.4 - - 2 0.4 2 0.4 - - - -
COVID-19**** 6 0.3 2 0.1 - - - - - - - - - - - -
PML 1 0.05 1 0.05

*Total events. **Rate, AEs/100 PY, calculated by dividing total AEs by exposure in 100 PY. ***Malignant tumor (narrow); a full list of the MedDRA SOC “Neoplasms benign, malignant
and unspecified (incl cysts and polyps)” is included in Supplementary Table 3. ****Includes COVID-19 and COVID-19 pneumonia.

PML, Progressive multifocal leukoencephalopathy. E, Total number of events; PY, patient years, R, rate of events by PY. Infections and serious infections according to MedDRA SOC
“Infections and infestations”. A list of all “Infections and infestations” is included in Supplementary Table 2. Data were analyzed in the safety set, which included all enrolled patients with
at least one dose of ocrelizumab; AEs were classified according to MedDRA version 23.1. Table data includes all infections >0.5 events/100 PY in patients with RMS while COVID-19

and PML were included as infections of interest.

Adverse Events
In this analysis, 721 (42.4%) ocrelizumab-treated patients
with RMS experienced 2,182 AEs [116.2 events/100 PY],
most commonly categorized as infections and infestations [32
events/100 PY]. The most common AEs were nasopharyngitis
[8.3 events/100 PY], urinary tract infections [6.2 events/100
PY] and infusion-related reactions [5.4 events/100PY] (for
a list of all SOCs and the three most common AEs,
please see Supplementary Table 1). Overall, 146 (8.6%) patients
experienced 250 SAEs [13.3 events/100 PY], the most common
being categorized as infections and infestations (Table 2). The
most common SAE was urinary tract infection [0.7 events/100
PY]. Of patients with RMS >55 years old (n = 200), 86 patients
experienced >1 AE, [108.7 events/100 PY], most commonly
categorized as infections and infestations [29.3 events/100 PY].
The most common AEs were urinary tract infection [8.3
events/100 PY] and infusion-related reactions [5.4 events/100
PY]. Twenty-three (11.5%) RMS patients >55 years experienced
55 total SAEs [22.7 events/100 PY], most commonly categorized
as injury, poisoning and procedural complication [4.1 events/100
PY]. The most common SAEs were urinary tract infection, fall
and trigeminal neuralgia [all 1.2 events/100 PY].

Opverall, 147 (36.9%) ocrelizumab-treated patients with PPMS
experienced 380 AEs [84.1 events/100 PY], which were most

often categorized as infections and infestations [19.7 events/100
PY] (Table 2). The most common AEs were nasopharyngitis
[5.8 events/100 PY] and urinary tract infection [4.9 events/100
PY]. There were 37 SAEs in 26 (6.5%) patients with PPMS
[8.2 events/100 PY]. SAEs were most often categorized in the
SOC infections and infestations [1.5 events/100 PY]. The most
common SAEs were muscle spasticity (3 patients) and fall (3
patients). Of patients with PPMS >55 years old (n 143),
39.9% experienced 169 AEs [104 events/100 PY], most commonly
categorized as infections and infestations [21.6 events/100 PY].
The most common AEs were nasopharyngitis [6.8 events/100
PY] and urinary tract infections [4.9 events/100 PY]. Thirteen
(9.1%) >55 year-old patients with PPMS experienced 19 SAEs
[11.7 events/100 PY]; no additional patterns in reported SAEs
were observed.

Infections and Infestations

Overall, 21.0% of patients with RMS experienced infections
[32.2 events/100 PY]. The most common infections were
nasopharyngitis [8.3 events/100 PY], urinary tract infections
[6.2 events/100 PY] and respiratory tract infections (for a list
of all infections, please see Supplementary Table 2). Serious
infections were experienced by 2.5% of patients with RMS [2.8
events/100 PY] (Table 2), including 13 events of serious urinary
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tract infections [0.7 events/100 PY; 12 recovered/recovering and
one unknown outcome] and six events of serious pneumonia [0.3
events/100 PY; all recovered/recovering] (Table 2).

A single case of suspected carry-over progressive multifocal
leukoencephalopathy (PML), associated with prior natalizumab
therapy, was reported in 2018. The case was assessed by
an independent panel of PML experts and was classed as
suspected rather than confirmed carry-over PML. The patient
had magnetic resonance imaging findings suggestive of PML,
but the cerebrospinal fluid was negative for JC virus DNA
and no clinical symptoms consistent with PML were reported,
therefore, the case did not meet the American Association of
Neurology criteria for confirmed PML (14). No further cases of
PML have been reported in this study. COVID-19 was recorded
for 6 patients with RMS [0.3 events/100 PY], 2 of which were
considered SAEs [0.1 events/100 PY]. One 44-year-old female
was hospitalized due to COVID-19, and one case of serious
COVID-19 was of ‘moderate’ severity. Both patients recovered.
Mini-narratives of SAE infections of interest such as herpes
zoster, neuroborreliosis, meningitis, endocarditis, suspected PML
and COVID-19 are included in the Supplementary Material.

Five patients with RMS who experienced seven serious
infections were >55 years old [2.9 events/100 PY]; these included
urinary tract infection (3, all recovered/recovering); urosepsis (2,
recovered and unknown outcome); sinusitis (1, recovered); and
viral pharyngitis (1, recovered).

Overall, 15.8% of patients with PPMS experienced infections
[19.7 events/100 PY], including nasopharyngitis [5.8 events/100
PY] and urinary tract infections [4.9 events/100 PY]. Seven
patients with PPMS [1.5 events/100 PY] had serious infections
and infestations, (2 pneumonia, recovered and recovered with
sequelae; 2 urinary tract infections, recovered and unknown
outcome; 1 diverticulitis, recovered; 1 encephalitis, recovered;
and 1 urosepsis, recovered). Among patients with PPMS and
>55 years old, one case of diverticulitis and one case of
encephalitis occurred [1.2 events/100 PY] (for further details see
Supplementary Table 4).

Fatal Events

Three patients with RMS [0.2%; 0.2 events/100 PY; <55 years
old] and 2 patients with PPMS [0.5%; 0.4 events/100 PY; >55
years old] died. Among the patients with RMS, one event was
reported as “death” with no specific cause given; one patient—
who had a history of tobacco use—died of bronchial carcinoma,
and one patient died of myocarditis. In patients with PPMS, one
event was reported as “death” (not further specified), and one
patient with PPMS completed suicide (for further details see the
Supplementary Material).

Malignancies

Seven patients with RMS experienced malignancies, defined
as standardized MedDRA queries (SMQ) “Malignant tumor
(narrow)” [0.4%; 0.5 events/100 PY; all <55 years old].
These included female breast cancer (two cases, 54 and
53 years old at baseline), malignant melanoma (two cases;
one including metastases to the mediastinum; 38 and

TABLE 3 | Reasons for discontinuation of ocrelizumab as reported by the
investigator.

Reason for Total RMS RMS >55 Total PPMS Total PPMS
discontinuation*, n (%) (n =1,702) years (n=398) >55years
(n = 200) (n =143)

Total discontinuation 80 (4.7) 14 (7.0) 19 (4.8) 10 (7.0)
Reasons for discontinuation

Patient wish 37 (2.2 (3.5) 9(2.9 (2.8)

Adverse event 13(0.8) (1. 4(1

Insufficient efficacy™ 12(0.7) (1. 1

Pregnancy wish 6 (0.4) -

Pregnancy 4(0.2) - -

Other 8(0.5) 1(0.5) 3(0.8) 1(0.7)

Data were analyzed in the safety set, which included all enrolled patients with at least one
dose of ocrelizumab.

*Only one reason was given per patient. " Insufficient efficacy as reported by the
investigator, not further specified.

45 vyears) and one case each of bronchial carcinoma (54
years), thyroid cancer (52 years) and basal cell carcinoma
(42 years). Six of seven patients with a malignancy
were female.

Three patients with PPMS experienced a malignancy [0.8%;
0.7 events/100 PY], including malignant melanoma (55 years old
at baseline), squamous cell carcinoma of the skin (60 years) and
basal cell carcinoma (44 years). Two patients were female, and
one was male. Further information on patient history and risk
factors can be found in the Supplementary Material.

Discontinuation, Persistence, and

Adherence

Of patients with RMS, 80 (4.7%) discontinued ocrelizumab;
the most common reasons were “patient wish” (37), AE (13)
and “insufficient efficacy” (12). Fourteen patients >55 years old
(7.0%) discontinued, most commonly due to “patient wish” (7),
AE (3) and “insufficient efficacy” (3) (Table 3).

Of patients with PPMS, 19 (4.8%) discontinued ocrelizumab;
the most common reasons were “patient wish” (9), AE (4) and
“insufficient efficacy” (3). Ten patients >55 years old (7.0%)
discontinued, most commonly due to “patient wish” (4), AE (3)
and “insufficient efficacy” (2) (Table 3). Known AEs that led to
discontinuation are listed in Supplementary Table 5.

Persistence and adherence were examined in the full analysis
set (all patients in the safety set with at least one documentation
after start of the therapy; RMS n = 1,510; PPMS n =
363). Kaplan-Meier analysis showed that patients treated with
ocrelizumab achieved 96% and 92% persistence at 12 and 24
months, regardless of MS phenotype (Figures 1A,B). Patients
>55 years old (n = 184) achieved a 95% and 87% persistence
at 12 and 24 months. Patients >55 years with PPMS (n = 143)
achieved a 95% and 86% persistence at 12 and 24 months.

The median time between infusions was ~6 months,
regardless of age group or MS phenotype; and infusion intervals
remained stable throughout the treatment duration (Table 4).
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FIGURE 1 | Kaplan-Meier estimates of persistence over 24-months of treatment with ocrelizumab (full analysis set). (A) RMS total + >55 years; (B) PPMS total +
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TABLE 4 | Median time interval between ocrelizumab dosing.

Dose interval Total RMS RMS >55 years Total PPMS PPMS >55 years
(n =1,510) (n =184) (n =363) (n =143)
n Median, mo Median, mo n Median, mo Median, mo
(25Q; 75Q) (25Q; 75Q) (25Q; 75Q) (25Q; 75Q)
2nd—3rd 1361 5.95 163 5.98 330 5.95 119 5.88
(5.59; 6.18) (5.70; 6.21) (5.59; 6.18) (5.55; 6.18)
3rd—4th 1001 5.98 127 5.98 246 5.98 84 5.98
(5.78; 6.21) (5.77; 6.21) (5.75; 6.21) (5.78; 6.21)
4th—5th 622 5.98 86 5.98 149 5.98 53 6.01
(5.75; 6.21) (5.75; 6.21 (5.91; 6.21) (5.98; 6.21)
5th—6th 295 5.98 38 5.96 67 5.98 21 5.88
(5.72; 6.11) (5.75; 6.01) (6.75; 6.01) (5.62; 5.98)
Mo, months.

Data were analyzed in the full analysis set (all enrolled patients who received at least one dose of ocrelizumab with at least one documentation after start of the therapy). Q, quartile.

DISCUSSION

Real-world studies provide data to further evaluate the
risk/benefit profiles described for new therapies in RCTs. To
mitigate potential confounding factors, RCTs include selected
patient populations. Real-world studies include diverse patient
populations, reflecting features of daily clinical practice. This
analysis of the CONFIDENCE study represents a real-world
cohort of patients with comorbidities and no limits regarding
maximum age or EDSS. According to the later onset of disease,
patients with PPMS were on average slightly older and had
a higher EDSS than patients with RMS. As ocrelizumab is
the only treatment currently available for PPMS, a higher
proportion of patients with PPMS were treatment-naive.
Irrespective of MS phenotype, patients >55 years had a higher
average baseline EDSS (RMS 4.54; PPMS 4.73) and more
comorbidities (RMS 80.5%; PPMS 86.0%) than their respective
total phenotypic cohorts.

Although there were no restrictions on the disability status of
enrolled patients, average baseline EDSS scores were similar to
pivotal trials (4, 5). However, patients in CONFIDENCE were
on average older than in pivotal trials, with ~12% of patients
with RMS and ~36% of patients with PPMS >55 years (a
population excluded from pivotal trials). In addition, patients
had longer times since diagnosis, and a greater proportion of
patients with RMS had prior MS therapy (~83 vs ~27% in pivotal
trials) (4). Moreover, this study includes patients with comorbid
conditions who were excluded from RCTs, such as patients with a
history of malignancy or congestive heart failure (4, 5). Comorbid
conditions often observed in real-world MS populations such as
cardiovascular disorders and mood disorders (15) were also seen
in CONFIDENCE.

To date, real-world data from large ocrelizumab cohorts that
may reflect treatment patterns are rare. CONFIDENCE is a
German study and baseline characteristics are largely comparable
to another German real-world cohort of ocrelizumab treated
patients (16). Compared to a recent smaller US cohort (17),
patients with RMS in CONFIDENCE had similar mean EDSS

and fewer patients in CONFIDENCE were treated with first-
line ocrelizumab. With respect to ocrelizumab treated patients
documented in the global MSBase registry (2), CONFIDENCE
populations had similar age profiles. Patients with RMS tended
to have a higher EDSS and proportions of patients without prior
therapy were similar. However, patients with PPMS had a lower
EDSS and were more often treatment-naive.

In alignment with populations reported in large real-
world studies examining other highly effective DMTs, the
CONFIDENCE population was largely similar regarding age,
types of comorbidities, baseline EDSS scores, and the majority
of patients had been treated with >1 prior MS therapy (3, 18).

No new safety signals were identified in this analysis, where
many patients had comorbidities and many RMS patients had
multiple previous therapies (~35% had >3). Patients with PPMS
in CONFIDENCE experienced numerically lower rates of both
AEs and SAEs than patients with RMS. Patients with PPMS >55
years experienced SAEs at approximately half the rate (SAE/100
PY) of patients with RMS >55 years. Nevertheless, patients with
PPMS comprised a smaller population, and patients with PPMS
>55 years were less likely to have previous/multiple previous
therapies and had shorter disease durations since diagnosis. As
expected, patients >55 years (irrespective of MS phenotype) had
higher SAE rates than their respective total cohorts.

Compared with the general population, patients with MS
experience infections and hospitalizations due to infections at
higher rates (19). Accordingly infections were among the most
common AEs reported in CONFIDENCE. However, rates of
serious infections remained low. Patients with PPMS had a
numerically lower rate of infections and serious infections than
patients with RMS. Patients >55 years, however, experienced
similar rates of serious infections to that of their overall
respective populations. Overall, infections most often reported
in CONFIDENCE (respiratory infections and urinary tract
infections) were consistent with the described ocrelizumab safety
profile (8) and the general MS population (19). The single case
of suspected PML in a patient with RMS was considered a
carry-over from previous natalizumab treatment.
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During this analysis (data cutoft 14/Oct/2020), six patients
were reported to have COVID-19 or COVID-19 pneumonia (all
with RMS). Two cases were considered serious with only one
requiring hospitalization. All patients with known COVID-19
outcomes recovered.

Presented data on COVID-19 are from an early time
(pre vaccination era) in the COVID-19 pandemic. A recent
analysis (May 2021) using the ocrelizumab post-marketing safety
database and clinical trial data show that COVID-19 infections in
patients treated with ocrelizumab were mostly mild to moderate,
and risk factors known to be associated with severe disease
course in the general population were associated with severity
in ocrelizumab-treated (20). However, a number of real-world
studies (21-24) suggest an increased risk of severe COVID-19
in patients with MS treated with anti-CD20 treatments although
subject to potential limitations, including biases, confounding,
sample size and data completeness (25). Further analyses are
required to understand the risk and severity of COVID-19 in
ocrelizumab treated patients.

Another important question will be to determine the clinical
protection conferred by SARS-CoV-2 vaccines against severe
forms of COVID-19. Attenuated humoral immune response
has been associated with ocrelizumab treatment to non-live
vaccines (26). However, the development of a protective immune
response after vaccination involves a variety of mechanisms,
of which T and B cells are variably involved (27). In the
context of COVID-19, whether antibody production is the
appropriate or sole immune correlate of protection is currently
unknown and the role of T or B cell-mediated immunity for
effective clinical protection requires additional investigations.
Available data report impaired humoral response to SARS-CoV-
2 infection or vaccines in ocrelizumab treated patients, but
induced robust cellular response (28-35), significantly boosted
after a third vaccine dose (36), or preserved against SARS-
CoV-2 Delta or Omicron variants (37). Despite the impaired
humoral immune response to SARS-CoV2 infection or vaccine,
no known correlation with clinical severity has been established,
as compensatory cellular-mediated immune response could
provide protection against serious complications from COVID-
19 infection.

Immunoglobulins and B-cell levels are not routinely checked
for in clinical practice and neither the assessment nor the
collection of corresponding data are mandatory in this real-world
study. Available data collected on immunoglobulins and B-cell
levels as part of the CONFIDENCE study are limited in time
and potentially biased by lack of systematic data collection across
participating centers, therefore they do not allow to assess the
association between serious infections, duration of treatment and
respective laboratory values.

There was no indication of increased malignancy rates in
analyses of the overall ocrelizumab clinical program and post-
marketing data compared with matched reference MS and
general populations (8, 38). In this analysis of CONFIDENCE,
rates of malignancy resembled previously published data from
RCTs including open-label extension phases, which were within
the expected epidemiological ranges (8, 39).

Persistence and adherence to an effective DMT are associated
with lower relapse rates, better clinical outcomes, and reductions
in the cost of patient care (40, 41) and can be related to
treatment satisfaction and safety (42). Data in CONFIDENCE
were consistent with US claims data (43), which show that
ocrelizumab has a high persistence. Persistence remained high
in patients >55 years across all MS phenotypes. Because
there were few discontinuations, no major reasons could be
identified. Furthermore, discontinuations due to AEs were rare.
Adherence was consistent across MS phenotypes and age groups,
with median intervals of ~6 months in between ocrelizumab
infusions, in accordance with the regulatory label.

CONFIDENCE is a real-world study and is thus susceptible
to the limitations of non-interventional studies (e.g., potential
enrollment and channeling biases between cohorts). Efforts
to mitigate limitations and biases associated with long-term
real-world cohort studies (such as healthy user bias and
depletion of susceptibles) included only enrolling patients
newly treated with ocrelizumab or selected DMTs. All study
sites underwent standardized training and used standardized
documentation for the completion of eCRFs at enrollment
and for each follow-up assessment, specifically for collecting
exposure and outcome variable information. Due to the
observational nature of the CONFIDENCE study and
spontaneous reporting of AEs, a bias in the reporting of
AEs cannot be excluded (e.g., underreporting of non-serious
AEs and overrepresentation of SAEs) and information on fatal
cases and laboratory values (e.g., Immunoglobulins, B-cell levels)
is limited.

Overall, CONFIDENCE represents the use of ocrelizumab in
clinical practice and includes patients with physical disability,
with comorbid conditions, and patients >55 years. No new safety
signals were detected in this analysis, confirming the tolerability
and safety of ocrelizumab treatment in a real-world population
over a mean of ~1 year of exposure (max 2.5 years). High
adherence and persistence to ocrelizumab were observed in
patients with RMS or PPMS, and discontinuations were rare due
to AE. Further analyses of this large, real-world study will be
conducted on a regular basis to provide continuing safety and
effectiveness data for the treatment of patients with ocrelizumab
for up to 10 years.
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Objective: Little work has evaluated integrated models of care in multiple sclerosis (MS)
and the composition of MS care teams across Canada is largely unknown. We aimed to
gather information regarding existing models of MS care across Canada, and to assess
the perceptions of health care providers (HCPs) regarding the models of care required to
fully meet the needs of the person with MS.

Methods: We conducted an anonymous online survey targeting Canadian HCPs
working in MS Clinics, and neurologists delivering MS care whether or not they were
based in an MS Clinic. We queried the types of HCPs delivering care within formal MS
Clinics, wait times for HCPs, the perceived importance of different types of HCPs for
good quality care, assessments conducted, and whether clinic databases were used.
We summarized survey responses using descriptive statistics.

Results: Of the 716 HCPs to whom the survey was distributed, 100 (13.9%) people
responded. Of the 100 respondents, 85 (85%) indicated that their clinical practice
included people with MS and responded to specific questions about clinical care. The
most common types of providers within MS Clinics with integrated models of care
were neurologists and MS nurses. Of 23 responding MS Clinics, 10 (43.5%) indicated
that there were not enough neurologists, and 16 (69.6%) indicated that there were
not enough non-neurologist HCPs to provide adequate care. More than 50% of clinics
reported wait times exceeding 3 months for physiatrists, physiotherapists, psychiatrists,
psychologists, neuropsychologists and urologists; in some clinics wait times for these
providers exceeded 1 year. Multiple disciplines were identified as important or very
important for delivering good quality MS care. Over 90% of respondents thought it
was important for neurologists, nurse practitioners, MS nurses and psychiatrists to be
co-located within MS Clinics.
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Conclusion: Canadian HCPs viewed the ideal MS service as being multidisciplinary in
nature and ideally integrated. Efforts are needed to improve timely access to specialized
MS care in Canada, and to evaluate how outcomes are influenced by access to care.

Keywords: multiple sclerosis, models of care, multidisciplinary, Canada, survey

INTRODUCTION

Multiple sclerosis (MS) is a chronic, immuno-inflammatory
disease of the central nervous system affecting over 90,000
Canadians, and more than 2.8 million persons worldwide (1, 2).
MS is a complex chronic disease characterized by relapses and
progression of physical and cognitive impairment over time.
Comorbid conditions such as depression and anxiety disorders
are also common. MS has a negative effect on employment status
(3), health-related quality of life (4-7), and the ability to perform
personal and instrumental activities of daily living (ADL).

Comprehensive management of MS typically involves
treatment of acute relapses, disease-modifying therapy (DMT)
to modify the course of the disease by reducing relapses and
disability progression, chronic symptom management, supports
in regards to coping and function, and education. The National
Collaborating Centre for Chronic Conditions at the Royal
College of Physicians (United Kingdom, UK) developed a
national clinical guideline for diagnosis and management of
multiple sclerosis in primary and secondary care (8). These
guidelines included a recommendation that people with MS
have access to specialist rehabilitation services to assess complex
problems which cannot be evaluated by a single team member
and to provide an integrated program of rehabilitation, to
monitor change, and to advise other members of the health care
team. Integral components of the team were a physician, nurse,
physiotherapist, occupational therapist, social worker, speech
and language therapist, and clinical psychologists, consistent with
recommendations for an MS Care Unit proposed by Sorensen
et al. (9). A recent review suggested that multidisciplinary
rehabilitation improves activity, participation and quality of
life (10).

Multiple models of care exist for the management of
chronic diseases such as MS. These include shared care models,
primary-care specialist referral models, and specialized multi-
disciplinary team-based models. Integrated models of care
are those in which multiple health care providers are co-
located and collaboratively manage patients, but relatively little
work has evaluated integrated models of care in MS (11). In
Canada, government-funded, specialized MS Clinics exist in
most provinces, in part because government-funded access to
MS-specific DMTs often requires assessment by a neurologist
with specific expertise in MS. The composition of MS care
teams across Canada is largely unknown, including whether the
teams involve an integrated care model, and what disciplines are
involved. Access to those teams, as assessed using the wait times
are for each discipline, are also unknown. This information is
important to inform policy development and resource allocations
aimed at improving access to care and disease outcomes.

We aimed to gather information regarding existing models of
MS care across Canada, and to assess the perceptions of health
care providers regarding the models of care required to fully
meet the needs of the person with MS. We hypothesized that
models of MS care would vary with respect to their components
(that is, what health care disciplines are considered to be part
of the MS team), and structure (that is, whether team members
and services are fully integrated and co-localized, integrated
but not co-localized, not integrated or co-localized). We further
hypothesized that MS health care providers (HCP) would identify
a broad range of disciplines as being needed to support high
quality care for persons with MS.

METHODS

We report the design and findings of this study according to
the Consensus-Based Checklist for Reporting of Survey Studies
(CROSS) (12).

Setting

This study was conducted in Canada, a country with a population
of >38 million, distributed over 10 provinces and 3 territories.
Health care in Canada is universal, and publicly funded for
essential services, including hospitalizations and physician visits.
Because health care is organized and delivered at the provincial
level, variation exists in the services available and in how they
are delivered. Thus, care from non-physician providers such as
psychologists and physical therapists is often not covered except
through specific disease-oriented programs, such as MS Clinics.
Private health insurance plans may be used to obtain coverage for
services not paid for by the universal health system.

Design and Population

This was a cross-sectional study utilizing an anonymous online
survey. We targeted two populations, both comprised of HCPs
practicing in Canada who were currently delivering MS care. The
first population was neurologists, whether or not they practiced
in the setting of an MS Clinic, given their critical role in diagnosis
of MS and their role in access to DMTs. The second population
was providers of all disciplines working within MS Clinics. To
create the survey distribution list for neurologists, we collated
names of health care professionals in Canada from multiple
sources including Medical Directors of provincial MS Clinics,
the Canadian Network of MS Clinics (a national network of
academic and community-based clinics for MS care), provincial
college of physician listings, and the American Academy of
Neurology member directory. We used the provincial college
listings, and the American Academy of Neurology member
directory to enhance identification of neurologists practicing in
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Canada who might deliver MS care outside formally labeled
MS Clinics. Medical Directors of MS Clinics assisted with
identification of non-neurologist HCPs working in MS Clinics.
The University of Manitoba Health Research Ethics Board
and Shared Health approved the study. The survey included
a consent statement indicating that completion of the survey
implied consent.

Survey

We adapted an existing questionnaire that assessed models of
care in inflammatory bowel disease (IBD), another chronic
immune-mediated disease that often requires multidisciplinary
care (13). The survey assessed characteristics of the respondent,
their work settings, types of HCPs delivering care within
formal MS Clinics, the perceived importance of different
types of HCPs for good quality care, clinic databases and
assessments conducted. Supplementary Appendix I includes the
full questionnaire. The questionnaire was pilot tested by two
individuals who were not involved in survey development prior
to distribution.

Respondent Characteristics

Respondent characteristics queried included age, gender,
discipline, whether they had a particular interest in
MS, if they had fellowship training in MS and whether
their clinical practice included people living with MS.

Disciplines included neurologist, physiatrist, MS Nurse,
nurse practitioner, physician assistant, physiotherapist,
occupational  therapist,  social =~ worker,  psychologist,

psychiatrist/neuropsychiatrist, neuroradiologist/radiologist,
dietician, urologist/urogynecologist, general ophthalmologist,
neuro-ophthalmologist, speech-language pathologist,
pharmacist, neuropsychologist, and other. We did not include
primary care providers as they are not integrated within MS
Clinics in Canada. Respondents who indicated that their clinical
practice did not include people living with MS were not asked any
further questions, and were excluded from the primary analysis.

Work Setting

The remaining respondents were asked to provide details
regarding their MS-related work including their training, length
of time working in the MS field, the setting of their MS practice,
what percentage of their clinical work concerns MS, practice size,
whether they treated adults or children with MS, whether they
worked within a formally labeled MS Clinic (and if so, which
one); and whether they considered their MS service to apply an
integrated model of care.

Composition of MS Clinics and Timeliness of Care

To limit response burden, questions regarding services available
within formally labeled MS Clinics were answered by a single
respondent who had been designated to do so in advance of that
survey through contact with the Medical Director of the clinic.
We asked whether the MS Clinic used an integrated model of
care (model in which several HCPs are located at the same site
and manage patients collaboratively), and which types of HCPs
worked in the clinic. For each provider indicated as working in

the clinic, respondents indicated the wait time for a new referral
(0-3, 4-6, 7-12, >12 months), as well as the total number of
HCPs and total full-time equivalents (FTE) for each type of
HCP? For all MS services, whether or not they were formally
labeled or integrated, we asked respondents to indicate which
publicly funded types of HCPs were accessible outside their MS
service, as well as the wait times for a new referral. Respondents
also indicated whether the number of neurologists (FTEs), and
non-neurologist HCPs at the MS Clinic allowed for provision of
optimal care.

Clinical Assessments and Referral Patterns

Given the high prevalence of mood and anxiety disorders
among people with MS, we asked if providers routinely asked
about stress, anxiety, or depression during their encounters
with patients (yes/no). If yes, they were asked if this was by
verbally asking questions, using a questionnaire or other means.
We also asked about the use of standardized assessments not
related to mental health, focusing on those which are widely
recognized, accessible and validated for use in MS, including
the Timed 25 Foot Walk, Nine Hole Peg Test, a measure
of processing speed including the Symbol Digit Modalities
Test, the Expanded Disability Status Scale (EDSS) score, a
measure of quality of life (specify), and screening measures
for depression and anxiety disorders including the Patient
Health Questionnaire-9, Hospital Anxiety and Depression Scale,
Clinical Epidemiology Studies Depression scale, Beck Depression
Inventory, Generalized Anxiety Disorder-7, OASIS, PROMIS
Depression and PROMIS Anxiety measures. An “other” option
was provided for respondents to specify other assessment
measures used.

Respondents reported the approximate percentage of
their MS patients they referred to the following health
professionals: physiotherapist, occupational therapist, social
worker, psychologist, psychiatrist, neuropsychologist, and
dietitian. These providers were selected based on the high
prevalence of comorbid mental health disorders in people with
MS (14), the benefits of multi-disciplinary rehabilitation in MS
(10), and recommendations for MS care in the UK (8).

Database Information

Quality improvement requires the ability to measure processes
and outcomes. Therefore, we asked the designated responder
within MS Clinics “Does your clinic currently collect the
following data electronically (clinic database or administrative
data) to allow determination of outcomes?”, including date of
symptom onset, date of first neurologist encounter, date of each
MRI after symptom onset, date of first MS Clinic visit, date
of first DMT discussion, date of first DMT initiation, date of
diagnosis, date DMT insurance effective, dates of each visit, date
of each EDSS, dates of each care provider encounter and who
provided care, dates of each DMT started and stopped, reason for
DMT switch, dates and scores of each cognitive test (and which
test), dates of each relapse, referral to MS Clinic date, reason
for referral, whether the referral was internal to the institution
or external, and the health professional who referred. For each
item we asked if the information was collected at the clinical
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level or for each physician. If an item was collected, we asked the
completeness and accuracy of the information using visual analog
scales marked low/medium/high.

Perceived Ideal Models of Care

Respondents indicated “How important are these types of health
professionals for good quality MS care?” on Likert-type response
scale (not at all important, unimportant, neither important nor
unimportant, important, very important). If a health professional
was identified as important or very important a follow-up
question asked how important it was to good quality care that
they work within the MS Clinic using the same Likert-type
response scale. The survey closed with two open-ended questions
asked respondents to (i) Describe the ideal MS service; and (ii)
What resources would be most helpful in improving MS care at
your clinic.

Survey Administration

The survey was developed and managed using REDCap
electronic data capture tools hosted at the University of
Manitoba. REDCap (Research Electronic Data Capture) is a
secure, web-based software platform designed to support data
capture for research studies (15). The survey was distributed
beginning in mid-September 2021 and closed January 31, 2022.
Prior to questionnaire distribution, members of the Canadian
Network of MS Clinics were advised via email that the survey was
going to be distributed. Initially, the individual survey links were
distributed directly using the REDCap survey distribution tools.
However, it became apparent that email invitations issued via
the REDCap server were sometimes being treated as junk/spam
emails. To address this problem reminders were manually
generated and sent from the institutional email address of a study
coordinator at least three times. Two general reminders were also
issued through the Canadian Network of MS Clinics listserv.

Analysis
We summarized the responses to survey questions using
descriptive statistics including mean [standard deviation (SD)],
median [interquartile range (IQR)], and frequency (percent).
Missing data were not imputed. Bivariate analyses tested the
association between respondent characteristics and models of
care using chi-square tests, Fisher’s exact tests, and non-
parametric measures of association as appropriate. Formal
qualitative analysis of the responses to the open-ended questions
will be reported separately.

The analysis was conducted using SAS V9.4.2 (SAS Institute
Inc., Cary, NC).

RESULTS

Participant Characteristics

Opverall, of 716 to whom the survey was distributed, 100 (13.9%)
people responded. Of the 100 respondents, 85 (85%) indicated
that their clinical practice included people with MS and were
presented with specific questions about MS care (Table 1). The
demographic characteristics of respondents were similar for
those whose practices did and did not include people with MS.

TABLE 1 | Characteristics of respondents, stratified according to whether practice
includes people with multiple sclerosis.

Practice includes MS

Characteristic No Yes P-value*
N=13) (N = 85)
Age (yrs), mean (SD) 51.4(13.8) 47.6(11.4) 0.28
Gender, n (%)
Male 6 (46.2) 34 (40.0) 0.86
Female 7 (563.8) 50 (58.8)
Prefer not to answer 0(0) 1(1.2)
Discipline, n (%)
Neurologist 12(92.31) 57 (67.06) 0.76
Physiatrist 0(0) 2(2.35)
MS nurse 0(0) 7 (8.24)
Nurse practitioner 0(0) 4(4.71)
Physician assistant 00 1(1.18)
Physiotherapist 0(0) 3(3.53)
Occupational therapist 0(0) 3(3.53)
Social worker 0(0) 3(3.53)
Psychologist 0(0) 1(1.18)
Neuropsychiatrist 0(0) 2(2.35)
Neuropsychologist 00 1(1.18)
Other (MS educator, administrator) 1(7.69) 1(1.18)
Particular interest in MS, n (%) 3(23.08) 78 (91.76) <0.001
Fellowship Training in MS, n (%) - 39 (50.0) 0.089
No. years following training involved in MS 13 (5-20)
Care, median (p25-p75)
Province, n (%)
British Columbia - 12 (14.29)
Alberta 14 (16.67)
Saskatchewan 4 (4.76)
Manitoba 21 (25.0)
Ontario 22 (26.19)
Quebec 6(7.14)
New Brunswick 2(2.38)
Nova Scotia 3(3.57)
Work setting®, n (%)
General hospital 19 (22.9)
University hospital 57 (68.7)
Solo private practice 4 (4.8)
Group private practice 3(3.6)
Work in formally labeled MS Clinic?, n (%) 63 (5.0)
Age of MS population treated, n (%)
Adults - 5 (89.29)
Children (<16 years) - 2 (32.14)
Percentage of clinical work that concerns 0 (30-90)
MS, median (p25—p5)
No. MS patients per week, median 20 (6-30)
(P25-p5)
No. MS patients in practice, median 400 (50-950)
(P25-p5)

amissing; Pindicated other but did not specify. Bold indicates statistical significance.
*Comparing No vs. Yes.
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TABLE 2 | Availability of health care providers to multiple sclerosis (MS) Clinics.

Type of provider Non-integrated (n = 4%)

Integrated (n = 21)**

Outside MS Clinic

Within MS Clinic # within MS Clinic # FTEs within MS Clinic

Neurologist 4 (100) 12 (60.0)
MS nurse 4 (100) 3(15.0)
Nurse practitioner 1(25.0) 5(25.0)
Physician assistant 0(0) 1(5.9)

Physiotherapist 2 (50.0) 13 (68.4)
Occupational therapist* 2 (50.0) 11 (57.9)
Social worker* 2 (50.0) 7 (36.4)
Psychologist 1(25.0) 9 (47.4)
Psychiatrist* 2 (50.0) 10 (562.6)
Radiologist* 2 (50.0) 8 (40.0)
Dietitian 2 (50.0) 9 (47.4)
Urologist 2 (50.0) 12 (63.2)
General ophthalmologist 2 (50.0) 16 (84.2)
Neuro-ophthalmologist 2 (50.0) 10 (52.6)
Speech language pathologist 2 (50.0) 13 (68.4)
Physiatrist 2 (50.0) 11 (57.9)
Pharmacist 2 (50.0) 10 (55.6)
Neuropsychologist 2 (50.0) 8(42.1)
Orthotist 2 (50.0) 13(68.4)

20 (95.2) 4(3.5-5.5) 2.5 (2.0-3.0)
20 (95.2) 3(1-4) 2.0 (1.2-2.5)
10 (47.6) 1 (1-1) 1(1-1)
4(19.1) 4(1-7) 1(1-1)
14 (66.7) 1(1-2) 1(0.5-1.1)
12 (60.0) 1(1-2) 1(0.5-2.2)
5 (25.0) 1(1-2) 1(0.5-2.2)
5 (25.0) 2 (1-4) 0.80 (0.45-1.5)
14 (70.0) 1(1-2) 0.2 (0.1-1.0)
13 (61.9) 3(4-6) 2.5 (0.8-5.0)
6 (38.6) 1(1-2) 0.5 (0.3-2.0)
8(38.1) 2 (1-9) 2.0 (0.2-3.0)
2(9.5) 2.5 (2-3) 1.1 (0.2-2.0)
11 (52.4) 2 (2-3) 1.5 (0.4-3.0)
6 (28.6) 1(1-2) 0.2 (0.2-0.5)
15 (71.4) 2 (1-2) 0.4 (0.2-1.9)
6 (28.6) 1(1-1) 1(1-1)
9 (42.9) 1(1-2) 0.75 (0.15-1)
3(14.9) 2.5 (2-3) 2 (1-9)

*n = 1 missing; **Within MS Clinic indicates provider is located within the integrated MS Clinic. Outside MS Clinic indicates provider is not integrated within the MS Clinic but available

by referral.

Respondents whose practice included people with MS constitute
the study sample used for the remaining analyses.

Among the 85 respondents, most were neurologists (n =
57), followed by MS nurses (n = 7); slightly over half were
female. All other types of HCPs had <3 respondents. Eight
out of the ten Canadian provinces were represented, and we
received responses from 26 (76.5%) of the 34 formally labeled
MS Clinics.

Work Setting

Overall, the median (IQR) practice size was 400 (50-950) people
with MS, but this varied by discipline. Among neurologists,
median (IQR) practice size was 425 (75-800), whereas it was
much larger for MS nurses [1,600 (500-4,000), p = 0.016] and
similar for nurse practitioners [300 (40-500), p = 0.44]. The
number of respondents for other disciplines limited inference
about practice size.

Composition of MS Clinics and Timeliness

of Care

Although 63 respondents who reported working in an MS
clinic, only 26 (1 per site) were designated respondents for
this group of questions. Of these 26, 21 (80.8%) respondents
reported that they worked within an integrated model of care,
and 1 respondent did not indicate the model of care. The most
common types of providers within MS Clinics with integrated
models of care were neurologists and MS nurses, with 20 of
21MS Clinics reporting that they had both types of HCPs.

One clinic reported having neither neurologists nor MS nurses.
After neurologists and MS nurses, physiatrists, psychologists,
and physiotherapists and occupational therapists were the most
common HCPs (Table 2).

The most common types of providers available outside
those clinics by referral were general ophthalmologists,
physiotherapists, orthotists, and speech language pathologists.
In MS Clinics without integrated models of care, the most
common types of providers that comprised those clinics were
neurologists and MS nurses (100%). Availability of all other
HCPs (outside those clinics) except nurse practitioners was 50%.
Of the 19/21 MS Clinics with integrated models of care who
responded to this question, 13/19 (68.4%) reported that they
hold multi-disciplinary team meetings, whereas only 1/4 (25.0%)
of the non-integrated clinics did so.

Of 23 responses, 10 (43.5%) indicated that there were
not enough neurologists to provide adequate care, and
16 (69.6%) indicated that there were not enough non-
neurologist HCPs to provide adequate care. Wait times for
providers within MS Clinics were variable (Figure1). More
than 50% of clinics reported wait times exceeding 3 months
for physiatrists, physiotherapists, psychiatrists, psychologists,
neuropsychologists and urologists; in some clinics wait times
for these providers exceeded 1 year. The only providers
who were uniformly accessible within 3 months of referral
were orthotists, pharmacists, general ophthalmologists, and MS
nurses. Generally, wait times were longer for providers located
outside MS Clinics (Figure 2).
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FIGURE 1 | Wait times for providers within multiple sclerosis clinics.
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Research and Database-Related Questions
With respect to research, all but one MS Clinic (with an
integrated model of care) reported participating in research
including 15 (57.69%) clinics reported that they participate in
research lead by their team members, and 16 (61.54%) that
they participated in research lead by others. Of the 23/26
clinics who responded, 19 (82.6%) indicated that they had
a database. The information captured varied across clinics
(Supplementary Appendix II). The most commonly captured
information was the date of the first clinic visit, dates of other
clinic visits, and dates related to initiation and switching of DMT.
The least commonly captured information was whether referrals
to the MS Clinic were internal or external to the institution and
dates DMT coverage became effective. Reported completeness
and data accuracy for most data elements captured exceeded 80%,
but was lower for dates of DMT coverage, dates of each relapse,
and dates of each EDSS.

Clinical Assessments and Referral Patterns
All respondents provided information regarding referral
patterns, clinical assessments and ideal models of care. Overall,
HCPs most often referred to physiotherapists, followed by
occupational therapists (Figure 3). Although the findings
should be interpreted with caution due to small numbers
for HCPs other than neurologists, physiatrists (n = 2) were
more likely to refer to physiotherapy (85 vs. 50%, p = 0.11)
and occupational therapists (71.5 vs. 40.5%, p = 0.035) than
neurologists. Occupational therapists (n = 3) were similarly

more likely to refer to physiotherapists (71%, p = 0.051) as well
as social workers (67%, p = 0.043) than neurologists.

The most common routinely performed assessment was
the EDSS whether care was provided within or external to a
formally labeled MS Clinic (Table 3), followed by the timed
25-foot walk and the nine hole peg test. Assessment with
a timed 25-foot walk or nine-hole peg test was statistically
significantly more common within an MS Clinic. When we
restricted the analysis to neurologists, the differences with
respect to the timed 25-foot walk or nine-hole peg test were
larger, and screening of cognition with a processing speed test
of some kind was more common within MS Clinics. Two
providers (neurologist, occupational therapist) reported that
they used the Montreal Cognitive Assessment when applicable.
Other assessments reported included the BERG Balance Scale
(physiotherapist, n = 1), grip strength (physiotherapist, n = 1),
Modified Fatigue Impact Scale (occupational therapist, n = 1),
Adolescent Adult Sensory Profile (occupational therapist, n =
1), measures of visual function (neurologist, n = 1), the Godin
Leisure Time Activity Questionnaire (neurologist, n = 1), and a
locally developed questionnaire (neurologist, # = 1). Assessment
of quality of life was uncommon. Instruments used to assess
quality of life included the Health Utilities Index Mark-3 (n =
2), the PEDS-QoL (n = 2), and MS-specific instruments (n = 2).

Overall, 91.0% (71/78) of respondents indicated that they
routinely asked about stress, anxiety or depression. This
proportion was higher among respondents working within
MS Clinics (57/59, 96.6%) than among those who did not
(14/19, 73.7%, p = 0.0082). When we restricted the analysis to
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TABLE 3 | Percentage of assessments routinely performed stratified by whether
the health care provider is in an integrated multiple sclerosis clinic or not.

Assessment Integrated clinic? P-value
No (n = 21) Yes (n = 63)
All providers including neurologists
Nine hole peg test 1(4.8) 23 (36.5) 0.0048
Timed 25-foot walk 6 (28.6) 40 (63.5) 0.0056
SDMT or PST 6 (28.6) 30 (47.6) 0.13
EDSS 1(4.8) 9(14.3) 0.44
HRQOL 2(9.5 6 (9.5) 1
Depression questionnaire 5(23.8) 13 (20.6) 0.76
Anxiety questionnaire 2(9.5) 7(11.1) 1
Neurologists n=16 n =40
Nine hole peg test 0(0) 12 (30.0) 0.012
Timed 25-foot walk 4(25.0) 26 (65.0) 0.0087
SDMT or PST 3(18.8) 18 (45.0) 0.078
EDSS 11 (68.8) 5(90.0) 0.1
HRQOL 1(6.3) 4 (10.0) 1
Depression questionnaire 3(18.8) 8 (20.0) 1
Anxiety questionnaire 1(6.3) 4 (10.0) 1

SDMT, Symbol Digit Modalities Test; PST, processing speed test; EDSS, Expanded
Disability Status Scale score; HRQOL, health-related quality of life; a-85 respondents to
the question regarding assessments but one did not report whether s/he worked in an
integrated clinic.

neurologists, this difference was larger (MS Clinic: 100%, non-MS
Clinic: 0%, p = 0.0008).

Ideal Models of Care

Multiple disciplines were identified as important or very
important for delivering good quality MS care (Figure4).
Only speech language pathologists (71.8%), orthotists (69.2%)
and pharmacists (66.7%) were considered important or very
important by fewer than 80% of respondents. Responses to
the follow-up question indicated that it was important or very
important for most types of HCPs queried to be working within
an MS Clinic (Figure 5). Specifically, over 90% of respondents
thought it was important for neurologists, nurse practitioners,
MS nurses and psychiatrists to work within MS Clinics, and
75-89% thought it was important for occupational therapists,
physiotherapists and social workers. In contrast, fewer than
one-third of respondents thought that general ophthalmologists,
urologists or orthotists needed to work within an MS Clinic. We
did not identify any differences in responses across disciplines (all
p > 0.05).

DISCUSSION

In this cross-sectional study we surveyed health care
professionals, primarily neurologists, caring for people with
MS across Canada. Over 40% of MS Clinics reported that
they did not have enough neurologists to provide adequate
care and nearly 70% of clinics reported that they did not have
enough non-neurologist professionals to provide adequate care.

More than half of MS Clinics reported wait times longer than
3 months for multiple types of providers including physiatrists,
physiotherapists, psychiatrists, psychologists, neuropsychologists
and urologists. However, multiple disciplines were perceived
as important or very important for delivering good quality
care. The ideal MS service was described as multidisciplinary,
adequately staffed without time constraints for patient care,
and systematic assessments of patient outcomes. Routinely
performed assessments most often included the EDSS and
screening for symptoms of stress, depression and anxiety.
Although 81% of the MS Clinics represented reported practicing
in an integrated model of care, and nearly all integrated clinics
had neurologists and MS nurses, the remaining complement of
HCPs was not consistent across clinics.

Individuals living with MS may suffer from a plethora of
symptoms including weakness, sensory symptoms, bowel and
bladder dysfunction, fatigue, spasticity, pain, and cognitive
impairment. This was reflected in the widespread agreement that
health care professionals from multiple disciplines are needed to
provide good quality care for people living with MS. However,
our survey suggests substantial variability with respect to the
types of providers that are readily accessible to people living with
MS, whether internal to or external to formal MS Clinics. Nearly
all MS Clinics had access to neurologists and MS nurses but
timely access to providers, as defined by wait times for referrals
of <3 months, was more limited including for neurologists. The
2021 Atlas of MS reported that unmet needs for rehabilitation
and symptom management were high (16), but was unable to
discriminate between availability of providers vs. ability to access
them in a timely fashion. Our findings suggest that in a Canadian
context, both availability and timely access are a concern. Further,
the 2021 Atlas of MS reported that availability of therapy for
impaired mobility and spasticity was greater than for fatigue
and cognitive impairment, mirroring the more limited access to
occupational therapy and neuropsychology that we observed.

A European colloquium did not reach agreement regarding
the structural organization of MS care teams and whether they
needed to be co-localized (17). The ECTRIMS-EAN guidelines
similarly recommend that the full spectrum of DMTs be provided
only in centres (e.g., specialized MS Clinics) with adequate
expertise and resources to provide appropriate assessments,
monitoring and the ability to address adverse effects (18). Our
findings demonstrate that there is no standard model of care
across Canada, and also highlight a gap between current practice
models and perspectives of ideal care models. Respondents
indicated that the ideal MS service would be adequately
staffed, and multidisciplinary, involving neurologists, nurses,
psychiatrists, social workers, physiotherapists and occupational
therapists, to provide timely integrated comprehensive care.
Routine assessments at regular visits, and adequate time to spend
with patients were also described as key components of an
ideal MS service. In 2019, Sorensen et al. promoted the need
for comprehensive “MS Care Units” to ensure early diagnosis,
provide timely access to the full spectrum of interventions
for care, including DMT, support shared decision-making,
and provide appropriate monitoring and risk mitigation (9).
The core of these MS Care Units was proposed to be MS
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neurologists and nurses, at least three of neuropsychologists,
clinical psychologists, physiotherapists, occupational therapists,
speech therapists, social workers as well as specialist services
related to diet, management of spasticity, incontinence and pain.

Findings in this survey regarding the ideal MS service, and
poor access to the full range of providers expressed by HCPs are
concordant with concerns expressed by people living with MS in
other studies. A survey of 324 Canadians with MS found that two-
thirds reported that their neurologist was their main source of MS
care, but had difficulty accessing their neurologist as often as they
wished (19). Occupational therapists, mental health providers
and physiotherapists were the top HCPs whom participants
needed to see but could not access. Encountering providers who
lacked knowledge about MS and understood their situations was
also a significant concern (19), echoed in a related qualitative
study (20) and in a second qualitative study among moderately
to severely affected individuals with MS in Germany (21). A
recent survey of 1,190 persons, 75% of whom had MS, identified
the influence of multidisciplinary teams on health outcomes and
experiences as one of the top five research priorities (22). A study
involving 707 patients from 81 centers in Italy found that patient
satisfaction was lower in larger centres, and higher when a centre
provided access to psychotherapy, suggesting a widespread need
for mental health supports (23).

Our findings should be interpreted in light of limitations. We
did not include a random sample of all clinicians delivering care

to persons with MS. Further, the response rate was low despite
the use of multiple reminders as recommended (24), potentially
causing selection bias. The low response was likely influenced by
several factors. First, response rates to electronic surveys have
declined over time (25). Second, physicians who constituted
the largest proportion of professionals in the sampling frame
are known to have low response rates. We intentionally tried
to capture neurologists who might deliver MS care outside
MS clinics to gather a range of perspectives but found that
very few neurologists who did not deliver MS care responded
to the survey. This is consistent with prior observations that
potential respondents are more likely to complete a survey
when it is of high interest to them (24). Third, the survey was
distributed during a period when a wave of the COVID-19
pandemic was placing substantial demands on Canadian health
care professionals, some of whom who were assigned additional
or alternative clinical responsibilities, which may have further
reduced response rates. Third, we learned that some institutional
spam filters were classifying the invitations as junk or blocking
them altogether; it is not known how many invitations were
adversely affected by this issue. We sought to mitigate this issue
by subsequently issuing each email reminder manually (26).
However, the response rate for MS Clinics regarding their models
of care, including composition of clinics, timelines of care, and
database practices was 80.8%. It is unknown if our findings
would generalize to other health systems. We investigated the
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FIGURE 5 | Percentage of respondents indicating it is important or very important that the provider be located within a multiple sclerosis clinic.

existence of multidisciplinary models of care, but did not assess
the existence of integrated care pathways, which are designed to
provide a clear pathway for timely delivery of multidisciplinary
care for a specific symptom or condition. Responses regarding
wait times were informed by available wait time data in some
but not all MS clinics, which may have affected accuracy of
those responses. Comparisons between integrated and non-
integrated clinics should be viewed cautiously, given the small
number of non-integrated clinics/services that responded. We
captured the perspectives of HCPs regarding the ideal MS
service which may be influenced by the types of providers
and models of care to which they have been exposed. Our
list of potential providers within MS services did not include
all possible providers, such as those offering palliative care.
In 2020, the European Academy of Neurology proposed that
home-based palliative care be offered to individuals living
with severe progressive MS, although the quality of evidence
supporting this statement was weak (27). In the United States
inpatient palliative care remains uncommon, with only 6.1% of
hospitalized people with MS receiving it in 2014 (28). A relatively
low proportion of Canadians (<15%) receive palliative care in
their last year of life, even among those receiving long-term
care (22%) (29). Future studies should evaluate the role and
integration of palliative care providers in MS Clinics. We also
did not address the role of primary care providers because they
are not usually integrated within MS Clinics, but they are key

members of the larger care team. Finally, we did not capture the
perspectives of people living with MS or their caregivers who
report unmet needs (30), but prior studies in the Canadian setting
are available.

CONCLUSION

Canadian HCPs viewed the ideal MS service as being
multidisciplinary in nature, ideally integrated, with timely
access to care. This is concordant with needs identified by people
living with MS, which highlights the importance and urgency
of ensuring availability of these models of care. Substantial
variability existed in the types of providers situated within MS
Clinics, and in the types of providers who are accessible outside
MS Clinics. Wait times for were also highly variable but exceeded
3 months in many centres for multiple types of providers. Efforts
are needed to improve access to specialized MS care in Canada,
and to evaluate how outcomes are influenced by access to care.
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California, San Francisco, San Francisco, CA, United States, ° Department of Medicine, University of California,

San Francisco, San Francisco, CA, United States, * Department of Radiology, University of California, San Francisco,

San Francisco, CA, United States

Background: Ambulatory disability is common in people with multiple sclerosis (MS).
Remote monitoring using average daily step count (STEPS) can assess physical activity
(activity) and disability in MS. STEPS correlates with conventional metrics such as the
expanded disability status scale (Expanded Disability Status Scale; EDSS), Timed-25
Foot walk (T25FW) and timed up and go (TUG). However, while STEPS as a summative
measure characterizes the number of steps taken over a day, it does not reflect variability
and intensity of activity.

Objectives: Novel analytical methods were developed to describe how individuals
spends time in various activity levels (e.g., continuous low versus short bouts of high)
and the proportion of time spent at each activity level.

Methods: 94 people with MS spanning the range of ambulatory impairment (unaffected
to requiring bilateral assistance) were recruited into FITMS study and asked to wear a
Fitbit continuously for 1-year. Parametric distributions were fit to minute-by-minute step
data. Adjusted R? values for regressions between distributional fit parameters and STEPS
with EDSS, TUG, T25FW and the patient-reported 12-item MS Walking scale (MSWS-12)
were calculated over the first 4-weeks, adjusting for sex, age and disease duration.

Results:  Distributional fits determined that the best statistically-valid model
across all subjects was a 3-compartment Gaussian Mixture Model (GMM) that
characterizes the step behavior within 3 levels of activity: high, moderate and low.
The correlation of GMM parameters for baseline step count measures with clinical
assessments was improved when compared with STEPS (adjusted R? values GMM
vs. STEPS: TUG: 0.536 vs. 0.419, T25FW: 0.489 vs. 0.402, MSWS-12: 0.383
vs. 0.378, EDSS: 0.557 vs. 0.465). The GMM correlated more strongly (Kruskal-
Wallis: p = 0.0001) than STEPS and gave further information not included in STEPS.
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Making Every Step Count

Conclusions: Individuals’ step distributions follow a 3-compartment GMM that better
correlates with clinic-based performance measures compared with STEPS. These
data support the existence of high-moderate-low levels of activity. GMM provides an
interpretable framework to better understand the association between different levels of
activity and clinical metrics and allows further analysis of walking behavior that takes step
distribution and proportion of time at three levels of intensity into account.

Keywords: multiple sclerosis, Fitbit, remote monitoring, activity level, accelerometry, minute-by-minute steps

INTRODUCTION

Ambulatory disability is one of the most common, bothersome
and limiting symptoms for people living with multiple sclerosis
(MS) and greatly decreasing quality of life (1, 2). Walking capacity
is measured in the clinic using a variety of validated outcomes
(e.g. Timed 25-Foot Walk [T25FW] test), however, measurement
and evaluation of walking performance (i.e. what they actually do
in daily life) may be more important to the patient and reflect
actual function (3, 4).

Efforts by several groups focused on remote (real-world)
monitoring of ambulatory function mostly using average
daily step count (STEPS), obtained from research-based and
commercially available accelerometers (5-12). In the Fitbit
remote monitoring in MS (FITriMS) study, daily step counts
were collected continuously for over 1-year (5, 6). The STEPS
averaged over the first 30 days correlated with disability
(Expanded Disability Status Score [EDSS]), clinic-based metrics
(T25FW, Timed-Up and Go Test [TUG], 2-min walk test
[2MWT]) and patient reported outcomes (i.e. 12-item MS
Walking Scale [MSWS-12]) (5) Longitudinal analysis over 1
year demonstrated a change in STEPS over time, even when
conventional measures remained stable (6). These findings
suggest remote physical activity monitoring provides additional
sensitivity when capturing change in performance in people
with MS.

Physical activity (activity) is quantified in different ways.
The STEPS summarizes the total number of steps taken during
an allotted epoch (usually 1 day) but does not reflect how
different ambulatory behavior results in unique or distinctive step
distributions, nor does it provide information or understanding
of variability and intensity of the activity. Minute-by-minute (M-
M) step count data can provide more granular information on the
intensity, duration and frequency of ambulatory behavior. The
aims for this analysis were to: determine the best probabilistic
model using M-M step data to characterize activity distribution in
people with MS with a range of ambulatory disability, evaluate the
statistical validity of this new outcome, and compare with STEPS
and conventional disability correlates at baseline.

METHODS

Study Procedures

The FITriMS study methods were described previously (5,
6). Briefly, adults (>18 years old) with either progressive or
relapsing MS (13) were prospectively recruited from a single MS

Center (University of California San Francisco; UCSF) into the
FITriMS study between July 2015 and April 2016. For inclusion,
participants were able walk continuously for at least 2 min, had
WiFi access, experienced no relapse for the last 30 days, and were
free from any musculoskeletal or cardiovascular comorbidities
affecting ambulatory function (in the opinion of the study
physical therapist). A range of ambulatory disability levels were
block recruited to ensure a wide representation of ambulatory
participants. MS disability was evaluated at study entry in the
clinic using the EDSS (14), walking speed via the T25FW, (15),
mobility and balance via the TUG (15), and endurance via a
2MWT (16, 17). Patient-reported impact of MS on walking,
MSWS-12 questionnaires, was completed online using secure
REDCap email link at study entry (18). Study personnel provided
training on the maintenance and use of a Fitbit Flex for
each participant. Participants were asked to wear the Fitbit
as much as possible on their non-dominant wrist. Aggregated

TABLE 1 | Demographic and clinical characteristics.

Mean (SD) Min Max IQR

Age (years) 55.5(13.7) 28 80 24.3
Number of Valid Days (Out of 28) 25.0 (5.46) 5 28 3
Step Counts (per minute) 26.5 (25.1) 1 293 25
Disease Duration (years) 19.6 (11.9) 5 55 16
TUG (seconds) 11.9 (11.3) 4.3 88.7 5.9
T25FW (seconds) 4 (5.6) 2.8 44.2 2.9

2MWT (meters) 133.5 (50.2) 16.5 237.6 78.1

Median Min Max IQR

EDSS 4.0 0.0 6.5 3.5

MSWS-12 (score 12-60) 4 12 60 255
Sex N (%) - - -
Male 36 (23.7) - - -
Female 58 (76.3) - - -
MS subtype N (%) - - -
Relapsing 59 (62.8) - - -
Progressive 35(37.2) - - -

EDSS, Expanded Disability Status Score; TUG, Timed-Up-and Go Test (Greater times
indicate worse balance and walking ability, and higher fall risk); T25FW, Timed-25 Foot
Walk test (Greater times indicate slower walking speed and greater disability); 2MWT,
2-min Walk Test (Shorter distances indicate less endurance); MSWS-12, 12-item MS
Walking Scale (higher scores reflect greater self-reported impact of MS on walking). MS,
multiple sclerosis; Step count, After cleaning the data; this is the average Step count per
minute during active time (>0 steps/ min on valid days) - averaged over 4 weeks.
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daily, and granular M-M, step count data from the Fitbit were
uploaded and stored on the UCSF Eureka platform (https://info.
eurekaplatform.org/). In this data set, “physical activity” refers to
outcome derived from step count (daily or minute-by-minute).
The study protocol was approved by the institutional review
board at UCSE, and all participants provided informed consent.

Quality Control (QC) and Data Cleaning

From the date of study entry, the first 4 week (or 28 days
= “baseline”) of M-M step count data were gathered for each
individual. The “baseline” was chosen for comparison with
previous STEPS analysis (5). To ensure only valid days were
analyzed, any day that had a total sum of < 128 steps/day
was removed. In M-M data, data points with > 300 steps per
minute were excluded. Days with fewer than 128 steps were
previously reported as non-valid, non-wear days (5) Weeks with
< 3 valid days were also excluded. Data cleaning was based on
MS literature and our previous work on this data set where: 1)
no clear pattern of reactivity (i.e., temporary increase in activity
after initial donning -due to the knowledge of being monitored
- followed by a drop in activity when novelty wears off) was
observed, 2) higher correlation was found using 13 days or more
of monitoring, and 3) lower reliability with monitoring epochs
of 3 days (5, 19). Night-time sleep data from Fitbit has not been
validated in people MS and the majority of our patients only

wore the device during the day. Long epochs of zero data were
indicative of non-use or sleep, therefore only non-zero M-M data
was used for subsequent analysis.

Analysis

After quality control, the cohort data were combined to include
all valid participants. To determine the best probabilistic model
and statistical validation, multiple statistical distributions were
fit to the data and evaluated on an individual and group level.
(Supplementary Table 1).

Previous visual observation of the step distribution revealed
distinct ‘clustering’ of steps; therefore, mixture distributions
(Gaussians) were included.

A single Gaussian distribution is characterized by two
parameters, i (the mean) and o (the variance) that control
the location and spread of the distribution, respectively. In
a 3-component Gaussian Mixture Model (GMM), consists of
several Gaussian distributions where each Gaussian is assigned a
proportion (7r) parameter, a mean () parameter and a variance
(o) parameter. The proportion () describes how much each
Gaussian contributes to the overall model.

Linear regression was used to compare the chosen model
with clinical and patient-reported outcomes. The inverse of TUG
and T25FW was used to transform the data and allow for
normally distributed residuals for the linear regressions. Next,
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FIGURE 1 | Histogram showing individual example of minute-by-minute step count distribution with the GMM model fit. X axis = Expanded Disability Status Score
(EDSS) scores. Y axis = Number of subjects in each EDSS level.
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FIGURE 2 | (A) Example of a participant who spends most of the time in low levels of physical activity. GMM: X axis = count of steps per minute over 1 month.
Example of a participant who spend most of their time in low levels of physical activity (10-30 steps/min). (B) Example of a participant who performs some higher
physical activity. GMM: X axis = count of steps per minute over 1 month. Example of a participant who do some level of higher physical activity (bump around the
100-130 steps/min).
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TABLE 2 | Comparison of GMM model and STEPS with conventional clinic-based and patient-reported outcomes.

Adjusted R?2 EDSS TUG T25FW 2MWT MSWS-12
GMM 0.557 0.536 0.489 0.560 0.383
STEPS 0.465 0.419 0.402 0.432 0.378
GMM + STEPS 0.631 0.541 0.503 0.542 0.446
GMM (Adjusted) 0.675 0.587 0.546 0.538 0.512
STEPS (Adjusted) 0.569 0.525 0.453 0.439 0.461
GMM + STEPS (Adjusted) 0.710 0.583 0.544 0.548 0.5633

EDSS, Expanded Disability Status Score; TUG, Timed-Up-and Go Test; T25FW, Timed-25 Foot Walk test; 2MWT, 2-min Walk Test; MSWS-12, 12-item MS Walking Scale. GMM -
Normal 3 Mixture; STEPS, Average daily step count over the first 4 weeks (or 28 days). (Adjusted for = sex; age, and disease duration into the model).

linear regression on the same Gaussian parameters including age,
sex, MS subtype and STEPS with clinical and patient-reported
metrics was performed. JMP, version Pro 16 (20) was used for
the analysis and figure generation.

RESULTS

From the 104 patients recruited into FITriMS, 10 did not have
M-M data - due to sporadic syncing resulting in only daily step
count data rather than M-M which requires weekly syncing. Of
94 participants used for this analysis, 63.5% carried a relapsing
MS diagnosis (the remaining had progressive forms of MS) and
more than two-thirds (76.3%) were women. The mean (SD)
age was 55.5 years (13.7), median disease duration was 19.6
(IQR: 16) years, and median EDSS 4.0 (IQR: 3.5). All participant
characteristics are summarized in Table 1 and EDSS distribution
in Figure 1.

The GMM was found to be the best fit for individual
subject data (see Supplemental Table1 for full comparison
of distributions). GMM fits a greater variability in activity
distribution and provides more flexibility in generalizable
representation of MS activity. For example, Figure 2A shows
a participant who spend most of their time in low levels of
activity and Figure 2B depicts the GMM fit for a participant
who perform some higher activity over the day (100-130 steps
per min).

All Gaussian parameters (|1, o, and 1) except for 73 (since 7 1,
72 and 773 are perfectly collinear [ 1 4+ 72 + 73 = 1]) correlated
with clinical metrics (EDSS, TUG, MSWS12, 2MWT, T25FW).
Using individual participant data, GMM was fit to M-M step data.

We propose that the 3 Gaussians correspond to 3 activity
levels for each patient (low activity, medium activity, high activity
— as ordered by their p [means]): each p represents the average
step count we would expect from each step activity level, as
characterized by its corresponding Gaussian; each o represents
the variability we would expect for each activity level; and each 7
represents the proportion of activities we would expect from each
activity region.

Linear regression was used to show moderate to high
correlation between GMM acquired over the study’s baseline
first 4 weeks of monitoring, and both clinic-based and
patient-reported outcome measures. The results using GMM
were consistently stronger than results obtained using only
STEPS. Adding STEPS to GMM (GMM + STEPS) consistently

outperforms either measure its own. Adjusting for sex, age and
disease duration improved all models (Table 2).

Table 3A shows the centers for each Gaussian for different
EDSS groupings. EDSS groups with lower levels of disability
had consistently higher Gaussian centers. Further, Gaussians
at higher activity levels had higher variances than those at
lower levels.

DISCUSSION

These results provide preliminary evidence for the use of a
GMM probabilistic model to characterize activity distribution
using granular M-M step count in people with MS. This model
performs better (stronger correlations and adjusted R?) than
previous methods using crude STEPS.

The GMM model was able to generalize over a range of
activity profiles. More specifically, it was able to capture the step
distributions of those in the cohort where a significant percentage
of steps come from high activity levels. Previous work from
our group illustrated the wide variability in activity levels in
people with MS, within and between all ambulatory disability
levels (5). Therefore, the ability to generalize M-M modeling
to highly variable distributions using the 3 compartment GMM
has clinical appeal. In addition, the GMM dovetails well with
existing literature regarding activity levels classified into three
levels: low, moderate/moderate to vigorous, and high physical
activity (21-23).

The GMM representation of activity outperforms other
statistical models and performs better than STEPS as compared
to conventional disability correlates (5). The GMM may provide
an interpretable framework to better understand the association
between different levels of activity and clinical metrics. It also
allows further analysis of walking performance and behavior by
taking step distribution and proportion of time at each intensity
into account. GMM and STEPS are complimentary; STEPS
provides a mean, whereas GMM presents information regarding
intensity, variance, and proportional step distribution. The model
including STEPS and GMM generated high correlation with
the conventional outcomes, suggesting that the overall mean
(STEPS) is a useful metric in combination with the more
descriptive GMM.

This analysis has important limitations. Although this cohort
was well-phenotyped, larger studies in more heterogeneous
populations are needed to provide additional evidence of
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TABLE 3A | Mean physical activity level distribution per disability (EDSS) group (distribution of ).

EDSS group [N] Disability level Low activity i1 (SD) Moderate activity 2 (SD) High activity p3 (SD)
0.0-3.5 [36] No “walking” disability 10.96 (1.22) 32.70 (5.52) 82.37 (21.59)
4.0-5.5 [26] Walking disability present 10.46 (1.74) 30.10 (7.65) 75.63 (27.56)
6.0 [18] Needs a cane to ambulate 9.68 (1.20) 24.89 (4.28) 58.17 (12.94)
6.5 [14] Needs 2 canes or a walker to ambulate 8.44 (0.94) 20.52 (2.98) 53.28 (11.51)

FEach participant was fit individually, and the mean physical activity was extracted for the group distribution. People with lower levels of disability (i.e. EDSS = 0.0-3.5) tended to have
greater mean physical activity in each level (low: w4, moderate: o and high: n3).

TABLE 3B | Variance of physical activity level distribution per disability (EDSS) group (distribution of o).

EDSS group [N] Disability level Low variance o1 (SD) Moderate variance o, (SD) High variance o3 (SD)
0.0-3.5[36] No “walking” disability 27.18 (9.99) 178.74 (78.72) 394.38 (191.20)
4.0-5.5 [26] Walking disability present 23.67 (13.06) 152.10 (122.27) 487.65 (772.72)
6.0 [18] Needs a cane to ambulate 17.31 (8.25) 83.20 (43.58) 362.86 (159.58)
6.5 [14] Needs 2 canes or a walker to ambulate 10.47 (4.26) 58.32 (21.10) 294.96 (196.31)

Each participant was fit individually, and the variance of each physical activity type was extracted for the group distribution. Greater levels of disability demonstrated smaller variance
when compared with people characterized with lower disability scores.

generalizability and replicability. Due to the limited availability of
M-M, longitudinal (>7 days) datasets in people with MS, we were
not able to perform a replication analysis. In addition, analysis
of larger datasets collected in randomly recruited cohorts (rather =~ EDSS group  Disability level Lowr;  Moderate High rs

TABLE 3C | Proportion of physical activity level distribution per disability (EDSS)
group (distribution of ).

than block enrolled) will be required. Data processed with the [V (SD) 72 (SD) (SD)
same granularity (minute—by—minute steps) from hea}lthy e 4 a5 3] No “walking” disabilty 047 037 015
matched controls would provide a better understanding about 0.07) (0.04) 0.06)
the proportions of time spent in each activity level. 4.0-5.5 [26] Walking disabilty 0.51 0.36 013

A GMM based model is also relatively inflexible when present (0.05) (0.03) (0.05)
approximating activity distributions that are not Gaussian in  gg[ig Needs a cane to 0.55 0.34 0.11
nature. A possible solution to overcome this representational ambulate (0.05) (0.04) (0.04)
limitation is to use an autoencoder (24), a type of neural network, 6.5 [14] Needs 2 canes or a 0.61 0.31 0.09
to compress the distribution into a flexible lower dimensional walker to ambulate (0.06) (0.07) (0.03)

repreéentatlon with gr eater generahzab1hty. . Each participant was fit individually, and the proportion of physical activity was extracted
Without access to a platform that automatically pulls the  for the group distribution. The greater the level of disability (i.e. EDSS = 6.5) the higher

M-M data, retrieving these detailed metrics would be more proportion of lower levels of physical activity (m+) recorded, and the lower disability (i.e.

. . . EDSS = 0.0-3.5) the greater proportion of moderate (r») and high physical activity (x3)
rdensome than simpl nloadin il nt from th
burdensome than s ply download & da Y step count from the levels recorded (Kruskal-Wallis Test: p = 0.0001).

Fitbit.com website. Although we were fortunate to be able to  gpss, Expanded Disabilty Status Score; N, sample size in each group; SD, standard
use an in-house platform (Eureka: https://info.eurekaplatform. deviation; .1, mean steps - low physical activity; w2, mean steps - moderate physical
org/), there are fee-based companies that offer such services. jcifvzy; w3, m:j’;] Isfisn :’7”'9”" (’e’a”"eL’y) Vf’”i’s"car’f I?if’V’ft%hLo‘/f" "/af’axte‘” :"Ze;aie
In addition’ the M-M data and GMM model provide improved pfoZoftz: zzafaphys/ga/ af:tiav/‘t;irzal;/g;’przptﬁtgioo;h;sffja/y ;ccti/ftay,c e mece
correlations with conventional measures and provide insight into
how a patient spends their time in different activity levels. For
instance, a larger “u3” represents greater average step count; a  low levels of activity or sedentarism). On the other hand, people
smaller “0'1” denotes less variability; and “x2” denotes greater ~ with lower disability (EDSS = 0.0-3.5) presented with a greater
proportion of activities in the moderate range. These granular ~ proportion in m; and w3 (corresponding with more moderate
information combined with the level of disability (Tables 3A-C),  and higher activity levels). Therefore, it may be more clinically
provide a potential avenue for predictive algorithms and later,  useful to evaluate 71, and 73 (the time spent in low levels and
individualized rehabilitation plans. very high levels of activity) when assessing an individual patient’s
Moderate-to-Vigorous activity equates with our 72, and has  activity level and subsequent risk factors or rehabilitation needs.
frequently been cited as the benchmark for determining optimal ~ For example, understanding fluctuations in activity over the day
physical activity in MS and the general population. People  to better personalize when to focus rehabilitation interventions
needing double support to ambulate (EDSS = 6.5) tended to  and on what (intensity and duration of activity). Research
spend a larger proportion their activity in 7y (corresponding to  awareness already shifted toward investigating the effect of
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sedentary time on health and disease (25-27). Higher physical
activity has been associated with beneficial changes in the brain
and spinal cord, as well with decreased levels of disability (28,
29). However, this area of investigation is in its infancy and
the underlying mechanism of action is not yet understood.
Methods presented in this paper could build on and support these
lines of investigation — with aims at promoting greater overall
wellness, and potentially delay disease progression in people with
MS (29-32).

This model will be used as a framework to predict
disease progression over the longer term (>2 years) and
to develop further descriptive metrics for activity. How
time spent at various activity levels is associated with MS
disability over time - i.e., temporal validation of the Gaussian
parameters for prediction on disability progression - remains
to be determined. Models including associations of fall-
risk prediction in people with MS would also be highly
clinically valuable.

CONCLUSION

Results from this analysis favor a 3 compartment GMM
as the best probabilistic model to characterize dynamic
ambulatory activity in people with MS with a wide
range of disability. As compared to STEPS as a sole
outcome, this method demonstrated stronger associations
with  conventional clinic-based and  patient-reported
outcomes. To unearth the full potential of this method,

additional longitudinal exploration of predictive value
is required.
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Objective: Vascular comorbidities are associated with reduced cognitive performance
and with changes in brain structure in people with multiple sclerosis (MS). Understanding
causal pathways is necessary to support the design of interventions to mitigate
the impacts of comorbidities, and to monitor their effectiveness. We assessed the
inter-relationships among vascular comorbidity, cognition and brain structure in people
with MS.

Methods: Adults with neurologist-confirmed MS reported comorbidities, and underwent
assessment of their blood pressure, HoA1c, and cognitive functioning (i.e., Symbol Digit
Modalities Test, California Verbal Learning Test, Brief Visuospatial Memory Test-Revised,
and verbal fluency). Test scores were converted to age-, sex-, and education-adjusted
z-scores. Whole brain magnetic resonance imaging (MRI) was completed, from which
measures of thalamic and hippocampal volumes, and mean diffusivity of gray matter
and normal-appearing white matter were converted to age and sex-adjusted z-scores.
Canonical correlation analysis was used to identify linear combinations of cognitive
measures (cognitive variate) and MRI measures (MR variate) that accounted for the most
correlation between the cognitive and MRI measures. Regression analyses were used to
test whether MRI measures mediated the relationships between the number of vascular
comorbidities and cognition measures.

Results: Of 105 participants, most were women (84.8%) with a mean (SD) age of
51.8 (12.8) years and age of symptom onset of 29.4 (10.5) years. Vascular comorbidity
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was common, with 35.2% of participants reporting one, 15.2% reporting two, and 8.6%
reporting three or more. Canonical correlation analysis of the cognitive and MRI variables
identified one pair of variates (Pillai’'s trace = 0.45, p = 0.0035). The biggest contributors
to the cognitive variate were the SDMT and CVLT-Il, and to the MRI variate were gray
matter MD and thalamic volume. The correlation between cognitive and MRI variates
was 0.50; these variates were used in regression analyses. On regression analysis,
vascular comorbidity was associated with the MRI variate, and with the cognitive variate.
After adjusting for the MRI variate, vascular comorbidity was not associated with the
cognitive variate.

Conclusion: Vascular comorbidity is associated with lower cognitive function in people
with MS and this association is partially mediated via changes in brain macrostructure
and microstructure.

Keywords: multiple sclerosis, MRI, cognition, diabetes, hypertension

INTRODUCTION

Multiple sclerosis (MS) is a central nervous system disease
characterized by multiple signs and symptoms, including
cognitive impairment. Over 40% of individuals with MS struggle
with cognitive impairment (1, 2) and its adverse effects on
daily function (3). MS is characterized by demyelination and
axonal injury, therefore it is associated with macrostructural
changes in the brain such as atrophy, as well as microstructural
changes in normal appearing white matter (NAWM). Lower
whole brain and regional gray matter volumes, particularly
thalamic volumes (4) are associated with cognitive dysfunction
(5-7). Microstructural abnormalities, as measured using
diffusion tensor imaging (DTI) appear to provide even stronger
prediction of cognitive impairment than macrostructural
abnormalities (8-10).

Comorbid conditions are highly prevalent among individuals
with MS (11). The vascular comorbidities of hypertension and
hyperlipidemia are among the most common comorbidities with
MS, and increase in prevalence with age. They are associated
with outcomes such as relapses, disability progression and
lower quality of life (12, 13). More recent studies suggest that
hypertension and diabetes are also associated with reduced
cognitive function in domains such as processing speed, verbal
learning and visual memory for persons with MS (14-16).
However, findings have varied across studies, possibly reflecting
differences in study populations, comorbidity measurement and
cognitive tests employed. Although findings are inconsistent as
to the magnitude of the effect and the specific comorbidities
involved (14, 17-19), vascular comorbidities have been associated
with macrostructural brain changes such as lower brain volumes
in people with MS. In the general population widespread
changes in white matter microstructure are known to be
associated with vascular risk factors; mean diffusivity (MD)
appears to be more sensitive to these effects than FA or
mean kurtosis (20, 21). The association of vascular comorbidity
and brain microstructure has not been explored in people
with MS.

Depression and anxiety disorders are other common
comorbidities associated with lower cognitive performance in
people with MS (22). Depression has also been associated with
lower brain volumes, specifically affecting the temporal lobes
and hippocampus (23-25), and has also been associated with
altered microstructure in the form of higher MD in NAWM
and gray matter in the left temporal lobe in persons with MS
(26). Therefore these comorbidities need to be accounted for
when the effects of vascular comorbidities on brain structure and
cognition are assessed.

Better understanding of the relationships among
comorbidities, brain structural changes, and outcomes such
as cognitive functioning is needed for persons with MS.
Understanding causal pathways is necessary to support the
design of interventions to mitigate the impacts of comorbidities,
and to monitor their effectiveness. For example, if the effects of
vascular comorbidity on cognition were mediated by changes in
brain structure, intervention studies aimed at treating vascular
comorbidity to improve cognition could use MRI measures as
intermediate outcomes to enable shorter, smaller studies. We
aimed to extend our prior work examining relations between
comorbidity and cognition (15) and hypothesized that the effects
of vascular comorbidity on cognition would be mediated by
changes in brain structure in people with MS.

METHODS
Study Population

As described previously (15), our study sample was drawn
from a subgroup of adults with MS participating in a
longitudinal study regarding psychiatric comorbidity in
immune-mediated inflammatory diseases (the “IMID” study).
This subgroup included persons aged >18 years with definite
MS (27), as confirmed by a neurologist and medical records
review. Exclusion criteria included comorbid brain tumors,
neurodegenerative disorders, or contraindications to MRI. We
did not exclude any other comorbidities because comorbidities
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(predominantly vascular and psychiatric) were the focus of
the sub-study.

We also enrolled healthy controls who have been described
in detail elsewhere (28). Briefly, healthy controls were aged
18 years or older. Exclusion criteria for this group included
any chronic medical condition including vascular comorbidities,
cognitive impairment, a positive response to the Structured
Clinical Interview for DSM-IV (SCID-1V) screening questions
for depressive or anxiety disorders, head injury associated with
loss of consciousness or amnesia, or chronic medication use (29).
Hypertension, as measured during the study visit, was also an
exclusion criterion. For this analysis, they predominantly served
to allow us to develop regression-based norms for cognitive and
MRI measures.

All participants in the sub-study underwent standardized
assessments of physical, cognitive, and mental health
functioning, which they completed the same day. They also
had a brain MRI, which was completed within a maximum
of 4 weeks of the study visit in which they completed their
standardized assessments (30). All participants provided written
informed consent. The University of Manitoba Health Research
Ethics Board approved the study. Study data were collected
and managed using REDCap electronic data capture tools (31)
hosted at the University of Manitoba.

Sociodemographic Information

Participants reported gender, date of birth, race and ethnicity,
highest level of education attained, annual household income,
and marital status using self-administered questionnaires. Race
and ethnicity were assessed using response options from
Statistics Canada; race was categorized as white vs. non-white
because the number of non-white participants was too small
to further subdivide. We categorized level of education as high
school or less, vs. more than high school (including college,
university, technical/trade).

Clinical Characteristics

Age at MS symptom onset, clinical course (relapsing remitting,
secondary progressive, primary progressive), relapses in the last
12 months, and current disease-modifying therapy (DMT) were
determined based on patient report and medical records review.
The Expanded Disability Status Scale (EDSS) was assessed by a
certified neurologist (RAM/JJM) (32).

Comorbidity and Health Behaviors

Participants reported their lifetime history of comorbidities
(including hypertension, diabetes, hyperlipidemia, and heart
disease) using a validated questionnaire (33), including the
year of diagnosis and whether the condition was currently
treated. This information was complemented by medical records
review and other assessments (15). During the study visit,
we recorded blood pressure in the seated position using an
automatic blood pressure machine. Participants were classified
as currently having hypertension if they reported physician-
diagnosed hypertension, or had an elevated blood pressure of at
least 140/90 mm Hg, and/or used anti-hypertensive medications.
Participants were classified as currently having diabetes if they

self-reported physician-diagnosed diabetes, used medications for
diabetes and/or had a hemoglobin Alc measured at the study
visit >6.5% (34). We did not discriminate between type 1 and
type 2 diabetes. Participants were classified as currently having
heart disease if they self-reported physician-diagnosed heart
disease. We classified current smoking status as yes/no. We
calculated body mass index (BMI, kg/m?) based on measured
height and weight.

Given prior findings in the literature indicating that
psychiatric comorbidity affects cognition in MS including our
prior work (22, 35), current major depression and anxiety
disorders were assessed for inclusion as covariates using the
Structured Clinical Interview for DSM-IV (SCID-1V) (36), which
was administered by trained study staff, as described elsewhere
(30). We classified each condition as present or absent.

Cognitive Function

As delineated elsewhere, we chose validated neuropsychological
assessments included in the Brief International Cognitive
Assessment for Multiple Sclerosis (BICAMS) (37), and which
tested most cognitive domains addressed via the Minimal
Assessment of Cognitive Function in MS (MACFIMS) (38).
BICAMS uses the Symbol Digit Modalities Test (SDMT) (39),
the California Verbal Learning Test (CVLT-II; Trial 1-5 total
recall score) (40), and the Brief Visuospatial Memory Test-
Revised (BVMT-R; summed recall score for all three learning
trials) (41). The MACFIMS includes all of the tests from
BICAMS, the Controlled Oral Word Association Test (fluency)
as well as the Paced Auditory Serial Addition Test (processing
speed and working memory), Delis-Kaplan Executive Function
System Sorting Test (executive function), and Judgement of Line
Orientation Test (spatial processing). Specifically, we used the
SDMT (39) to assess information processing speed, the CVLT-
II; Trial 1-5 total recall score (40) to assess verbal learning
and memory, the BVMT-R (summed recall score for all three
learning trials) (41) to assess visual learning and memory, and
tests of verbal fluency (letter and animal categories) (42) to
assess language and executive abilities. We converted raw test
scores to age-, sex- and education-adjusted z-scores using local
regression-based norms because we previously demonstrated
that these performed better in our population than other
published regression-based norms (28). Z-scores of <-1.5 were
classified as impaired. To characterize the sample we also
included the Wechsler Test of Adult Reading (WTAR) (43) that
provided an age-, sex-, education-, and ethnicity-adjusted Full
Scale IQ estimate of premorbid intelligence. Test administration
was completed by trained study staff, overseen by a registered
clinical neuropsychologist.

Magnetic Resonance Imaging

Acquisition

As described previously (18), all participants underwent a 3
Tesla brain MRI (Siemens TIM Trio, software version VB17a,
Siemens Healthcare, Erlangen, Germany; Siemens 32-channel
receive-only head coil), within 4 weeks of their study visit.
The images acquired included a high-resolution T1-weighted
(T1w) whole brain 3D magnetization prepared rapid gradient
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echo (MPRAGE), dual-echo proton density-weighted (PDw),
T2-weighted (T2w), fluid attenuated inversion recovery (FLAIR)
images, and two 55-direction high angular resolution diffusion
imaging (HARDI) scans that had phase encoding in opposite
directions (see Supplementary Table el for scan parameters).
Gadolinium was not administered. A radiologist reviewed the
MRIs to screen for any clinically relevant findings unrelated to
MS. All images were visually reviewed to assess for bulk motion
or other artifacts.

T1-Weighted Images

We used FSLs FLIRT, and FNIRT (https:/fsl.fmrib.ox.ac.uk/
fsl/fslwiki/FLIRT) to linearly and non-linearly warp the Tlw
brain images to the MNI152 template (44, 45). We created
lesion masks from FLAIR and Tlw images using the Lesion
Segmentation Tool (LST) for SPM (46), and FSLs automated
Brain Intensity AbNormality Classification Algorithm (BIANCA;
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BIANCA) (47). We created
final lesion masks for each participant as a binary cluster overlap
of the BIANCA and LST maps, as we have found that LST is
more specific but less sensitive and BIANCA is more sensitive but
less specific. This allowed us to eliminate spurious small clusters
identified by only one technique, reducing false positives. Lesions
were filled using the lesion filling command in FSL by inputting
each participant’s: (1) cluster-overlapped T1w_final_lesion_map,
(2) binary WM tissue map, and (3) bias-corrected T1w_brain
(48). We estimated whole brain volume and gray matter volume
from lesion-filled T1w images using FSLs SIENA (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/SIENA) (49, 50). Volume estimates for
the thalamus (total of right and left) and hippocampus (total of
right and left) were obtained using FSL FIRST (https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/FIRST). All volumes were normalized relative
to intracranial volume for each participant.

Diffusion-Weighted Images

Artifact Correction

Diffusion-weighted images were processed using SPM12 Artifact
Correction in Diffusion MRI Toolbox (ACID; version beta
02; http://diffusiontools.com). This included simultaneous
motion and eddy current correction (51), and EPI distortion
correction based on the opposite polarity DWI images using
the Hyperelastic Susceptibility artifact Correction (HySCo)
algorithm (52, 53).

Tensor Model Fitting

We used the Fit Diftusion Tensor module to generate fractional
anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD)
and axial diffusivity (AD) maps. The robust least-squares fitting
algorithm was used to down-weight potential outliers in the
diffusion signal (54).

Registration

We non-linearly warped each participants high resolution,
lesion-filled T1lw image to the MNI52 Template (using the
geodesic shooting method in the Computational Anatomy
Toolbox for SPM12 (CAT12 version r1318; http://www.neuro.
uni-jena.de/cat/)), then co-registered each of the diffusion

maps to the participants Tlw image (by co-registering the
b0 image and applying the same transformations). Then we
spatially normalized the diffusion maps to the MNI152_T1_Imm
template using subject-specific deformation fields generated
previously using CAT12. We extracted mean values of these
four DTI metrics for whole brain white matter (WM) as well
as gray matter (GM) using each participants CAT12 tissue
segmentations, and calculated mean values for NAWM by
removing voxels within each participant’s lesion mask from their
CAT12 WM segmentation.

Choice of Diffusion Metric

It is increasingly recognized that a large proportion of white
matter fiber tracts have complex architecture including crossing
fibers such that variations in DTI measures do not necessarily
reflect variations in structural integrity of myelin or axons (55,
56). Of the four DTI measures, FA, AD, and RD are most affected
by this and therefore we focused our analyses on MD (57).

Regression-Based Norms

Using a healthy control population which was enrolled
concurrently and underwent the same study procedures, we
developed regression-based norms for each MRI measure that
incorporated age and gender, similar to the approach used
to develop norms for cognitive tests in this population (28).
This allowed us to convert each MRI measure to a z-score,
enhancing their comparability despite the differences in their
value ranges, and normalizing them for subsequent regression
analyses. Because this was a healthy control population this
means that negative z-scores for a brain volume, for example,
indicated that the brain volume is lower than in a healthy person.

Analyses
Descriptive
We described the study population using means (standard
deviation [SD]), medians (interquartile range [IQR]),

and frequencies (percent). We observed strong Spearman
correlations  between of the MRI measures
(Supplementary Figure el and Supplementary Table e2).

several

Summarizing MRI Measures

We selected 4 measures for our analyses which captured brain
macrostructure and microstructure [thalamic and hippocampal
volumes, MD of NAWM and of gray matter (GM)] based
on as their established associations with cognition in the MS
literature. These measures also met the statistical criteria of no
multicollinearity amongst them (Supplementary Table e3), and
met the assumption of multivariate normality required for our
subsequent analyses (Supplementary Table e4).

Summarizing Vascular Comorbidity

Given the high degree of overlap between vascular comorbidities,
and our limited sample size, we summarized the four vascular
comorbidities (diabetes, hypertension, hyperlipidemia, heart
disease) as a count (0, 1, 2, 34). We used an unweighted count
for consistency with a prior study showing a dose-response
association between an unweighted vascular comorbidity count
and brain volumes, and with performance-based measures
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FIGURE 1 | Hypothesized pathways between comorbidity and cognitive function.

Cognitive function

including a cognitive test of processing speed (17). Moreover,
comorbidity counts are readily understood measures that have
been associated with multiple outcomes in MS (58, 59). The
prior study did not include smoking or BMI in the vascular
comorbidity count. Although we included smoking in the
vascular count in a complementary analysis as described further
below, we did not include higher BMI (i.e., being overweight
or obese) in the count. Seventy-five percent of the cohort
was overweight or obese. We had previously observed that
higher BMI was associated with better cognitive performance
(15), an effect opposite to those anticipated for other vascular
comorbidities of interest on cognition, and an effect opposite
to that expected on MRI outcomes. Studies in the general
population suggest that higher BMI may be protective of
cognition (60-62) and that this effect may be non-linear. The
assumption of using an unweighted comorbidity count is that
the effects of comorbidities are additive with the effects in the
same direction.

Primary Analyses

Our goal was to understand the relationship between vascular
comorbidity and cognition, and whether this was mediated
via brain structure (Figure 1). First, a multivariate approach
was used, due to the large number of variables assessing
each of cognition and MRI, the size of our sample, and
to minimize the number of comparisons made. Specifically,
our primary analysis began with canonical correlation analysis
to model the association between cognition and MRI; (63)
vascular comorbidity was not evaluated in this step. Canonical
correlation analysis has been used in other studies of cognition
in MS (64). In this situation we view the cognitive variables as
assessing a common underlying latent construct, and the MRI
variables as assessing the underlying latent construct of brain
structural integrity. In canonical correlation analysis, weighted
linear combinations of variables (“variates”) are created within
each dataset that account for the most correlation between the
two datasets. The first pair of variates has the highest possible
correlation, and successive pairs of variates are orthogonal
and independent of other variates. Variable loadings measure
the correlation between the original variable and the variate,
indicating the relative contribution of the variable to the variate.
This analytic approach is more powerful and reduces the number
of comparisons. We assessed the assumptions of multicollinearity

using correlations, multivariate normality using the Doornik-
Hansen test, and linearity (Supplementary Figures el, e2). We
report the redundancy index (amount of variance explained).

Second, we constructed a series of linear regression models.
In the first model, we tested the association between the count
of vascular comorbidities and the cognitive variate (dependent
variable). In the second model we changed the dependent
variable to the MRI variate. In the third model, we tested the
association between the count of vascular comorbidities and the
cognitive variate (dependent variable), adjusting for the MRI
variate. The count of vascular comorbidities was included as
indicator variables. These regression analyses did not include
age or gender since these were captured in the z-scores for the
cognitive and MRI measures. In all models, covariates included
current depressive disorder, current anxiety disorder and use of
disease-modifying therapy (yes/no). We included use of disease-
modifying therapy as a covariate because of literature suggesting
that vascular comorbidity is associated with initiation (or not) of
disease-modifying therapy (65), and the association of disease-
modifying therapy with cognition (66). Regression analyses were
bootstrapped 1,000 times, and we report bias-corrected 95%
confidence intervals (95%CI). We assessed the proportion of the
direct effect of comorbidity on cognition mediated by MRI as
described for multi-level categorical variables (67).

Secondary Analyses

Third, we performed exploratory secondary analyses using
multivariate regression models. These analyses aimed to provide
insight into the relationships between vascular comorbidity,
cognitive and MRI measures at a more granular level.
However, these analyses need to be interpreted cautiously
given the number of comparisons (68). We used the same
three model approach as described using the canonical
variates but we included the z-scores for each of the
cognitive measures as dependent variables rather than the
single cognitive variate, and included all of the z-scores
for the MRI measures as independent variables rather than
the single MRI variate. If a statistically significant global
association was identified between an independent variable of
interest and cognition, we explored this further using linear
models which included only one cognitive z-score as the
dependent variable. Non-significant global associations were not
examined further.
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Complementary Analyses
We performed complementary analyses to test the sensitivity
of our findings to changes in sub-population or inclusion
of other variables. First, we limited the primary analyses to
women. Second, we included a history of ever smoking in the
count of vascular comorbidities, and repeated the regression
analyses that tested the association between the count of
vascular comorbidities and the cognitive variate (dependent
variable), adjusting for current depressive disorder, current
anxiety disorder and use of disease-modifying therapy (yes/no)
and for the MRI variate. Third, we repeated the primary
analyses after limiting the study population to participants
who were overweight or obese since the overlap between
overweight/obesity and vascular comorbidity was too substantial
to include it as a covariate.

Statistical analyses used SAS V9.4 (SAS Institute Inc., Cary,
NC) and STATA 17.0 (Statacorp LLC, College Station, TX).

RESULTS

We included 105 participants. Most participants were women,
and most had a moderate level of disability (Table 1). Vascular
comorbidity was common, affecting 62 (59.0%). Just over half
of participants had hypertension (50.5%), whereas only 11.4%
had diabetes. Overlap between comorbidities was common. All
12 participants with diabetes had hypertension, while 10 (90.9%)
were overweight or obese and 9 (75%) had hyperlipidemia.
Twelve of the 53 participants with hypertension had diabetes
(22.6%), while 47 (90.4%) were overweight or obese. Of six
participants with heart disease, 5 (83.3%) had hypertension, and
one-third had diabetes. Nearly 10% of participants currently
had an anxiety disorder, of whom 8 (80%) were currently
using a psychotropic medication. Fifteen percent of participants
currently had a depressive disorder, of whom 13 (81.2%) were
currently using a psychotropic medication. Based on average
(standard error) z-scores determined using regression-based
norms, cognitive performance was lowest for the SDMT (—0.76
[0.12]), followed by verbal fluency (animals, —0.61 [0.11]), verbal
fluency (letter, —0.25 [0.10]), BVMT-R (—0.064 [0.11]), and the
CVLT-II (0.031 [0.12]). Overall, 28 (26.7%) participants were
classified as cognitively impaired based on the SDMT. In contrast,
11 (10.5%) were impaired on the CVLT-II, 13 (12.4%) on the
BVMT-R, 12 (11.4%) on verbal fluency (averaging fluency for
animals and letters).

The number of vascular comorbidities correlated with MD of
NAWM (r = —0.27; 95%CIL: —0.44, —0.086) but not with MD
of GM (0.18; —0.014, 0.36), nor with thalamic (—0.084; 95%CI:
—0.27, 0.11) or hippocampal (r = 0.001; —0.19, 0.19) volumes.
Age at MS symptom onset was not correlated with the number of
vascular comorbidities after accounting for age at assessment (r
= 0.12, p = 0.21). Similarly, disease duration was not correlated
with the number of vascular comorbidities after accounting for
age at assessment (r = —0.12, p =0.21).

Canonical Correlation Analysis
The canonical correlation analysis identified one statistically
significant pair of variates (Pillai’s trace = 0.45, p = 0.0035),

TABLE 1 | Cohort demographic and clinical characteristics.

Characteristic Value
N 105
Age, year mean (SD) 51.8(12.8)
Female gender, n (%) 89 (84.8)
Education, n (%)
<High School/GED 33(32.0)
Post-secondary 70 (68.0)
MS characteristics
Age at MS onset, years, mean (SD) 29.4 (10.5)
Age at MS diagnosis, years, mean (SD) 35.1(10.2)
Disease duration, years, mean (SD) 22.4(12.9)
Current course, n (%)
Relapsing remitting 85 (81.7)
Secondary progressive 13 (12.5)
Primary progressive 6(5.8)
EDSS, median (p25-p75) 3.5 (3.0-5.0)
Any relapses in last 12 months, n (%) 3(2.9
Any disease-modifying therapy, n (%) 58 (65.2)
Any psychotropic medication, n (%) 65 (61.9)
Comorbidity & health behaviors
SCID Current anxiety disorder, n (%) 10 (9.5)
SCID Current depressive disorder, n (%) 16 (15.2)
Hypertension (self-reported physician diagnosis), n (%) 28 (26.7)
Hypertension (self-reported physician diagnosis, 53 (50.5)
measured blood pressure and medication use), n (%)
Hyperlipidemia (self-reported physician diagnosis), n (%) 24 (22.9)
Hyperlipidemia (self-reported physician diagnosis and 25 (23.8)
medications), n (%)
Diabetes (self-reported physician diagnosis), n (%) 11 (10.5)
Diabetes (self-reported physician diagnosis, medications 12 (11.4)
and HbA1c¢), n (%)
Heart disease (self-reported physician diagnosis), n (%) 6(56.7)
No. vascular comorbidities, n (%)
0 43 (41.0)
1 37 (35.2)
2 16 (15.2)
34 9(8.6)
Ever smoker, n (%) 62 (59.1)
Current smoker, n (%) 15 (14.9)
BMI (kg/m?), mean (SD) 29.1 (6.4)

EDSS, Expanded Disability Status Scale.

which had a correlation of 0.50 (Supplementary Figure e3).
Based on variable loadings, the biggest contributor to the
cognitive variate was the SDMT (0.88), followed by verbal fluency
(letter, 0.76), visual memory (0.52), verbal fluency (animals,
0.49); the CVLT-II verbal learning score was the smallest
contributor (0.20) (Supplementary Figure e4). The biggest
contributors to the MRI variate were gray matter MD (—0.79)
and thalamic volume (0.63), followed by hippocampal volume
(0.26) and NAWM MD (0.20) (Supplementary Figure e5).
The canonical redundancy index for the cognitive variate
(i.e., the total fraction of variance accounted for by the
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MRI variables) was 9.7%. The canonical redundancy index
for the MRI variate was 7.2%. Age at MS symptom onset
was not correlated with the cognitive variate (r = —0.13,
p=0.20).

TABLE 2 | Association of comorbidity with cognitive variate and magnetic
resonance imaging (MRI) variate.

MRI variate Cognitive variate® Cognitive variate®
B (95% CI)* B (SE)* B (SE)*
Vascular comorbidity?
1 —0.54 (-0.94, —0.057) —0.38 (-0.87,0.11) —0.096 (—0.58, 0.37)
p =0.015 p=0.12 p =0.68
2 —0.76 (—1.35, —0.18) —0.65 (—1.19, —0.32 (-0.84, 0.17)
—0.040)
p =0.013 p = 0.025 p=0.23
>3 —1.24 (-1.88, —0.50) —0.91 (—1.52, —0.24) —0.38 (—1.10, 0.38)
p = 0.0001 p = 0.05 p=0.32
Anxiety 0.036 (—0.56, 0.68), 0.48(-0.17,1.21)  0.43(-0.18, 1.21)
p=0.91 p=0.16 p=0.21
Depression 0.60 (0.091, 1.18) 0.14 (-0.561,0.77) —0.12(-0.73, 0.41)
p =0.03 p =0.66 p =0.67
Disease- —0.082 (-0.45, 0.29) —0.050 (—0.47, 0.34) —0.029 (—0.40, 0.34)
modifying
therapy
p=0.68 p =0.80 p=0.88
MRI variate 0.46 (0.28, 0.64)
p = 0.0001
Adjusted R? 0.12 0.045 0.23

*Based on 1,000 bootstrap replications; a-reference group = 0; b-without adjustment for
MRI variate; c-with adjustment for MRI variate. Bold indicates p < 0.05.

After adjusting for disease-modifying therapy, vascular
comorbidity was associated with the MRI variate (Table 2, global
test x2 = 16.88, p = 0.0007). We observed that the higher the
number of vascular comorbidities, the lower the value of (i.e., the
more abnormal) the MRI variate. Similarly, vascular comorbidity
was associated with the cognitive variate (Table 2, global test x2
=9.78, p = 0.021) and we observed that the higher the number
of vascular comorbidities the lower the value of the cognitive
variate. After we added the MRI variate to the model, vascular
comorbidity was no longer associated with the cognitive variate
(global test 2 = 2.0, p = 0.57) but the MRI variate was associated
with the cognitive variate (x2 = 22.98, p = <0.0001). Over
one-third (37%) of the effect of vascular comorbidities on the
cognitive variate was mediated by the MRI variate.

Multivariate Regression Analyses

In the multivariate regression analysis which included all
cognitive variables as dependent variables, vascular comorbidity
remained associated with cognition in the global test (x> =
26.9, p = 0.03). In the follow-up individual regression analyses,
vascular comorbidity was associated with lower performance on
the SDMT, CVLT-II, and verbal fluency (animal) (Table 3).

In the multivariate regression analysis which included all
MRI variables as dependent variables, the number of vascular
comorbidities was associated with the MRI variables overall (2
= 39.7, p = 0.0001). In the follow-up individual regression
analyses, the number of vascular comorbidities was associated
was not associated with individual MRI measures (Table 4),
indicating it was important to consider them in aggregate.

Therefore, subsequent analyses focused on the association
of vascular comorbidity with the SDMT, CVLI-II, and verbal
(animal) fluency. After addition of the MRI variables to the
model, vascular comorbidity was no longer associated with the

TABLE 3 | Association of vascular comorbidity with individual cognitive tests.

SDMT CVLT-II BVMTR COWAT-FAS COWAT- Animals
B (SE)* B (SE)* B (SE)* B (SE)* B (SE)*
Vascular comorbidity?
1 ~0.48(~1.02,0.080)  —0.63 (—1.13, ~0.11) ~0.38 (—0.90, 0.14) ~0.30 (—0.82, 0.24) ~0.73(—1.18, —0.29)
p =0.079 p =0.018 p=0.15 p=0.26 p = 0.001
2 ~0.61(1-0.33, 0.13) ~0.52 (—1.23, 0.26) ~0.80 (=1.45, —0.11)  —0.47 (—1.06,0.098)  —0.94 (—1.64, —0.35)
p=0.119 p=0.20 p = 0.026 p=0.12 p = 0.004
>3 ~0.94 (—1.74, —0.12) ~0.39 (—1.57, 0.51) ~0.55 (—1.45, 0.22) ~0.77 (~1.62,0.087)  —0.87 (—1.65, 0.0055)
p =0.023 p =0.45 P=0.20 p=0078 p =0.037
Global test vascular comorbidity x2 =20.3, p =0.042 x2 =229 p=0.018 x2 =19.5,p=0.052 2 =19.6,p = 0.051 x2=222,p=0.023
Anxiety 0.45 (—0.42, 1.37) 0.071 (~1.05, 1.04) 0.43(~0.73, 1.42) 0.049 (~0.69, 0.69) (0.51,1.78)
p = 0.99 p = 0.90 P =044 p = 0.89 p <0.0001
Depression ~0.13(~1.13, 0.76) 0.052 (~0.91, 0.81) 0.33(~0.55, 1.23) 0.38 (—0.16, 0.88) 0.032 (~0.58, 0.17)
p =079 p =090 P =046 p=0.16 p =091
Disease-modifying therapy -0.11 (-0.61, 0.32) —0.27 (—0.032, 0.98) —0.063 (—0.49, 0.46) —0.12 (—0.683, 0.32) —0.037 (-0.46, 0.35)
p =065 p =0.29 P =0.80 p =063 p =085

*Based on 1,000 bootstrap replications; a- reference group = 0; SDMT, Symbol Digit Modalities Test; CVLT-Il, California Verbal Learning Test-Il; BVMT-R, Brief Visuospatial Memory

Test-Revised;, COWAT, Controlled Oral Word Association Test.
Bold indicates p < 0.05.
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TABLE 4 | Association of vascular comorbidity with individual magnetic resonance
imaging measures.

Thalamic  Hippocampal GM MD NAWM MD
volume volume
B (SE)* B (SE)* B (SE)* B (SE)*
Vascular
comorbidity?
1 —0.32(0.39) 0.089(0.27) 0.49(0.32) —0.48(0.43)
p = 0.41 p=0.74 p=0.13 p =026
2 —0.52 (0.61) 0.23(0.50) 0.70(0.41) —0.56 (0.60)
p =0.39 p =0.65 p =0.087 p=0.35
>3 —0.91(0.59) -0.28(0.54) 0.86(0.66) —1.71(0.70)
p=0.12 P =0.60 p=0.19 p =0.015
Global test vascular 1.15 0.64 0.49 3.34,
comorbidity p = 0.56 p=0.72 p =078 p=0.19
Anxiety —0.50 (0.43) —0.23(0.39) 0.049 (0.52) 0.53(0.47)
P =024 P=0.78 p =0.92 p=0.27
Depression 0.20 (0.50) —0.013 —0.45 (0.44) 0.89 (0.57)
(0.40)
0.69 P =0.98 p=0.31 p=0.27
Disease-modifying —0.75 (0.36) —0.079 0.35(0.28)  0.99 (0.37)
therapy (0.299)
P =0.039 0.78 p=0.21 p = 0.007

*Based on 1,000 bootstrap replications; a- reference group = 0; GM, gray matter; MD,
mean diffusivity;, NAWM, normal-appearing white matter.
Bold indicates p < 0.05.

cognitive variate in the global test (x2 = 18.9, p = 0.22), nor with
the individual cognitive variables SDMT (x? = 12.0, p = 0.36),
CVLI-II (x? = 144, p = 0.21) or animal fluency (x? = 13.5,
p = 0.26). Collectively, the MRI variables were associated with
cognition in a global test (x% = 45.4, p = 0.001), and specifically
with the SDMT (x? = 45.4, p = 0.001), the CVLT-II (x2 = 28.5,
p = 0.028) and animal fluency (x? = 28.3, p = 0.029).

Complementary Analyses

After we limited our primary analyses to women, our findings
were similar. Vascular comorbidity was associated with the
cognitive variate in the model that did not include the MRI
variate (x2 = 18.8, p = 0.0003) but not when the MRI variate
was added to the model (x> = 1.15, p = 0.76). After we
included ever smoking in the count of vascular comorbidities,
and repeated the primary analyses our findings were similar
(Supplementary Table e5). When we limited the analysis to
participants who were overweight or obese, our findings were
similar (Supplementary Table e6).

DISCUSSION

In this cross-sectional study we assessed the inter-relationships
between vascular comorbidity, brain structure as measured by
MRI, and cognition among 105 individuals with MS enrolled
from a population-based MS Clinic. We found that a higher
number of vascular comorbidities was associated with lower
cognitive function overall, and specifically with measures of

processing speed, verbal learning and memory, and oral fluency.
These associations were fully attenuated after we accounted
for MRI measures of thalamic and hippocampal volume, and
mean diffusivity of gray matter and NAWM, consistent with
our hypothesis that the impacts of vascular comorbidity on
cognition in people with MS are mediated by differences
in brain structure (as depicted in Figurel). This suggests
that future intervention studies targeted at treating vascular
comorbidity to improve cognition could use MRI measures
as intermediate outcomes. It also highlights the complexity
of relationships between comorbidity and outcomes in MS.
Impacts of vascular comorbidity on brain health, including
brain structure and cognition, may reflect increased peripheral
inflammation, endothelial injury, and alterations in blood vessel
function, cerebral blood flow and metabolism (69-72).

Some prior studies have reported an association between
vascular comorbidities and brain volumes in persons with MS.
The largest cross-sectional study to date, which included 6,409
from the MS-PATHS study, found that the presence of two or
more vascular comorbidities was associated with lower whole
brain and gray matter volumes (17). However, another MS-
PATHS study including some of these participants, but based at
a single center, found that while depression was associated with
lower whole brain and gray matter volumes, hyperlipidemia was
associated with higher whole brain volumes for unclear reasons
(14). In the general population vascular comorbidities are also
reportedly associated with differences in brain structure. A recent
study including 9,722 participants from the UK Biobank found
that the higher the total number of vascular risk factors the
lower the brain volume and the greater the changes in brain
microstructure (73). To our knowledge, prior studies in the MS
population have not examined the association between vascular
comorbidity and DTI measures. In the general population,
vascular comorbidity is associated with differences in FA and
MD in the NAWM. Higher systolic blood pressure and higher
glucose in midlife are reportedly associated with worse white
matter microstructure as measured using FA and MD (20, 74).

A handful of studies have examined the association between
vascular comorbidity and cognition in people with MS. A study
involving 11,506 individuals in the MS-PATHS study found
that those with two or more vascular comorbidities, including
diabetes, hypertension and hyperlipidemia, had lower correct
scores on a test of processing speed, though no other cognitive
domains were examined (17). A retrospective study involving
69 persons with MS found that a one-point increase in the
Framingham risk score was associated with lower CVLT-II
scores, and this appeared to be driven by male sex and higher
lipid levels, though they did not observe any associations with the
SDMT and BVMT-R (16). Even without overt cerebrovascular
disease, hypertension, hypercholesterolemia, and diabetes are
associated with cognitive impairment, an increased risk of
dementia (75-77). However, a systematic review of several
studies that included individuals without dementia reported
that diabetes and hypertension were associated with reduced
cognitive function (78). A 10-point increment in diastolic blood
pressure (BP) is associated with increased odds of cognitive
impairment (7%; 1-14%) in a North American sample even after
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controlling for numerous other factors (79). Thus, the findings
reported for studies of MS samples appear consistent with these
adverse impacts of vascular comorbidity, including diabetes and
hypertension, on cognition in the general population.
Limitations to our study include our modest sample size,
though we were careful to take several steps to reduce the
number of variables examined and the number of comparisons
performed in our primary analysis. Nonetheless, our findings
should be replicated in other, larger populations. Most of our
participants were women, consistent with the general female
predominance of MS, thus our findings may not generalize
as well to men with MS. While we did not comprehensively
measure all cognitive domains, we assessed those most often
affected in people with MS, those included in the BICAMS,
and those affected by the comorbidities investigated here. Like
other studies to date we were unable to account for the
severity of vascular and other comorbidities or their treatments,
and could not discriminate the effects of individual vascular
comorbidities or behavioral factors such as smoking; this
warrants further investigation. Prior studies have reported that
depression and anxiety disorders are associated with lower
cognitive performance and alterations in brain structure, and
we did incorporate these variables into all of our regression
models as covariates (80-82). Use of psychotropic medications
may adversely influence cognition, however, their use overlapped
substantially with the depression and anxiety disorders in our
cohort, precluding an assessment of their effects (including
whether they were mediated by changes in brain structure as
illustrated in Figurel or via other pathways). Psychotropic
medications may improve cognition as the psychiatric disorder
remits, or worsen cognition (83). These effects on cognitive
function may vary by drug class and possibly by specific
agent, mandating the use of large samples to elucidate their
effects. However, though we used the gold standard structured
interview to identify these conditions, the small number of
individuals affected precluded more detailed analysis. Our
MRI protocol did not include gadolinium so it is possible
that we included participants with focal inflammatory activity,
which might have affected cognitive performance (84, 85).
Other studies have suggested that vascular comorbidities,
such as hyperlipidemia, are associated with an increase in
gadolinium-enhancing lesions. Therefore, it is possible that
a larger proportion of cognitive performance might have
been mediated by MRI measures if we had been able to
capture gadolinium-enhancing lesions. However, the proportion
of participants with a relapse in the prior year was quite
low. We used a small number of MRI measures to address
multicollinearity and meet assumptions of our analyses. We
focused on a subset of readily available MRI measures. Use
of more advanced imaging measures, and incorporating other
measures such as lesion volume might have increased the
proportion of the vascular comorbidity effect on cognition
mediated by MRI measures. That is, using a more limited
set of measures may have biased our findings toward the
null. Moreover, targeting more focal hypotheses may provide
greater insight into the mechanisms evaluated herein. Although
our study suggests that changes in MRI measures mediate

the effects of vascular comorbidity on cognition, we cannot
determine whether the changes in MRI measures solely reflect
vascular effects similar to those in the general population, or
whether the vascular comorbidities lead to increases in MS-
specific pathologic changes. Finally, the cross-sectional nature
of the study design limits causal inference. Nonetheless, cross-
sectional studies that use mediation analyses can provide
strong theoretical frameworks to guide future research, and
more appropriately account for variables that lie in the same
causal pathway than other approaches, as illustrated in the
chronic pain literature (86). Future studies should examine these
relationships longitudinally.

Our findings demonstrate that vascular comorbidity is
associated with lower cognitive function in people with MS and
this association is mediated, at least in part, via measurable
changes in brain macrostructure and microstructure. This
underscores the importance of preventing and treating vascular
comorbidity effectively in persons with MS to mitigate their
impacts on cognition and brain structure. Our findings highlight
the importance of ensuring that etiologies other than MS,
such as vascular comorbidity, are considered when evaluating
individuals experiencing cognitive impairment. Our findings
also suggest that additional MRI measures, such as DTI, may
be considered useful methods of assessing the efficacy of
interventions aimed at vascular comorbidities affecting persons
with MS in the future, potentially warranting future consensus
efforts (87).
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Relapsing-remitting multiple sclerosis (RRMS) is a demyelinating disease in which
pathogenesis T cells have a major role. Despite the unknown etiology, several risk factors
have been described, including a strong association with human leukocyte antigen
(HLA) genes. Recent findings showed that HLA class |-G (HLA-G) may be tolerogenic
in MS, but further insights are required. To deepen the HLA-G role in MS inflammation,
we measured soluble HLA-G (sHLA-G) and cytokines serum level in 27 patients with
RRMS at baseline and after 12 and 24 months of natalizumab (NTZ) treatment. Patients
were divided into high (SHLA-G>20 ng/ml), medium (sHLA-G between 10 and 20 ng/ml),
and low (sHLA-G<10ng/ml) producers. Results showed a heterogeneous distribution
of genotypes among producers, with no significant differences between groups. A
significant decrease of sHLA-G was found after 24 months of NTZ in low producers
carrying the +3142 C/G genotype. Finally, 83.3% of high and 100% of medium
producers were MRI-activity free after 24 months of treatment, compared to 63.5% of
low producers. Of note, we did not find any correlation of sHLA-G with peripheral cell
counts or cytokines level. These findings suggest that serum sHLA-G level may partly
depend on genotype rather than peripheral inflammation, and that may have impacted
on MRI activity of patients over treatment.

Keywords: multiple sclerosis, natalizumab, serum sHLA-G, cytokines, disease activity

INTRODUCTION

Multiple sclerosis (MS) is a heterogeneous, autoimmune, and inflammatory disease of the
central nervous system (CNS), characterized by the disruption of myelin. An interplay of
immune mediators contributes to MS pathogenesis, with a crucial role of T lymphocytes (1).
About 2.8 million people worldwide are affected with MS (2) and 85% of all patients show a
relapsing-remitting pattern of MS (RRMS), characterized by relapses interspersed with periods of
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partial or complete recovery (3). The etiology of MS is currently
unknown, but several factors have been attributed to a higher risk
to develop the disease. The association with human leukocyte
antigens (HLA) genes was widely demonstrated (4, 5), as the
haplotype HLA-DRB1*1501 in North Europe, the USA, and
continental Italy, and DR3 and DR4 in the island of Sardinia (6).

Recently, the non-classical HLA histocompatibility antigen
G (HLA-G) has been linked with MS susceptibility, particularly
with the RRMS form, in a study performed within the Italian
population (7, 8). HLA-G is a non-canonical HLA class I
molecule, consisting of a heavy and a light chain, that may exist
as membrane-bound or soluble isoforms (9). HLA-G is expressed
within a limited variety of tissues, e.g., the thymus and pancreas
(10, 11). Furthermore, it was identified on placental trophoblast
cells, where it seems to exert a protective role in sustaining
immune tolerance between the fetus and the mother during
pregnancy (8, 12, 13). Soluble forms of HLA-G (sHLA-G) may
exert a regulative and protective role in both normal conditions
(14) and disease. sHLA-G was found able to trigger apoptosis of
cytotoxic CD8 cells (15, 16) and to shape T-cell phenotype toward
regulatory phenotypes (17-19). Promising studies suggested
sHLA-G as tolerogenic in MS pathogenesis: higher levels of
SHLA-G in the cerebrospinal fluid (CSF) of patients with MS
were positively correlated with less inflammation and no disease
activity at MRI detection (7, 20, 21), whereas lower serum sHLA-
G levels were found in patients with MS having clinically active
disease (22).

The human leukocyte antigens G (HLA-G) gene is located on
chromosome 6 in the major histocompatibility complex (MHC)
locus (23). The expression of HLA-G protein is inherently
affected by the genetic polymorphism characterizing the gene
locus. The main polymorphisms that regulate the HLA-G
production are: (i) a deletion/insertion of 14 base pairs (14
bp) and (ii) a single-nucleotide polymorphism (SNP) where
a cytosine substitutes guanine (C>G) at the position 43142
bp in the untranslated region at the 3’ of the gene (3’
UTR) (23, 24), as demonstrated by Cree and co-authors (24).
These polymorphisms impact on mRNA stability in vivo: it
was demonstrated that the genotypes 14 bp insertion/insertion
(ins/ins) and +3142 G/G determine a low production of
HLA-G compared to 14 bp insertion/deletion (ins/del) or to
the genotypes deletion/deletion (del/del) and +3142 C/G or
C/C (20, 25-27). Of note, these functional polymorphisms are
associated with MS susceptibility in the Tunisian population (8).
Furthermore, the presence of the 14 bpl affects mRNA stability
and protein production (27) and is associated with pregnancy
pathologies and autoimmune diseases (28, 29). On the other
hand, the +3142 G allele binding to 3 microRNAs (miRNAs)
miR-148a, miR-148b, and miR-15 is predicted to be more stable
than binding to the +3142 C allele, resulting in lower protein
production (25). We have previously demonstrated that the
highest and the lowest plasma sHLA-G values were identified
in patients with MS having +3142 C/C and 14 bp D/D and
+3142 G/G and 14 bp I/I genotypes, respectively (30). These
findings raised the issue of whether sHLA-G may potentiate
the immunomodulant action of MS treatments. A recent study
reports a higher serum sHLA-G level in patients with MS

under interferon-f compared to healthy individuals, although
no differences were found between the overall MS cohort and
healthy people (31).

Despite these interesting findings, our knowledge about the
role of different HLA-G genotypes in MS pathogenesis and in MS
treatment outcomes is still very limited. With the aim to shed
light on this topic, we investigated sHLA-G and its genotypes
in the serum of patients with RRMS before and after 12 and
24 months of treatment with natalizumab (NTZ), a monoclonal
antibody that blocks the alpha4-integrin, or very late antigen-4
(VLA-4), expressed on the surface of T lymphocytes, preventing
their migration into the CNS. NTZ is an effective second-line
immunomodulant treatment for RRMS, usually applied when
first-line treatments fail. NTZ is known to impact immune
cell populations, especially leading to a reversible increase of
peripheral cell counts due to its mechanism of action (32,
33). With this study, we showed that patients with RRMS are
distinguishable in different subgroups based on their serum
sHLA-G concentration. Furthermore, when under NTZ, most
high and medium sHLA-G producers were free from MRI activity
after 24 months of treatment.

MATERIALS AND METHODS

Patients Enroliment: Characteristics and

Inclusion Criteria

A total of 27 patients were enrolled at the Department of
Neurology II at Careggi University Hospital, Florence, Italy.
Patients were diagnosed with RRMS according to McDonald
criteria (34) and shared the following characteristics: age between
18 and 60 years; Expanded Disability Status Scale (EDSS)
score between 0 and 5.5. Inclusion and exclusion criteria
are described in detail in SURPASS study (ClinicalTrials.gov
Identifier: NCT01058005). Patient characteristics are reported
in Table 1. Patients with RRMS included in the study showed

TABLE 1 | Patients’ characteristics.

No. of patients 27

F:M ratio 20:7
Age (years) (median, range) 36 (20-52)
Disease duration (months) (average, range) 87.53 (2-188)
EDSS at baseline (TO) (median, range) 2 (1-4)
EDSS at T12 of NTZ (median, range) 1.5 (0-6)
EDSS at T24 of NTZ (median, range) 1.8 (1-6)
ARRA last 2 years 2 (0-4)
ARR last year median (range) 1(0-4)
Treatments pre-NTZ

IFN® (n. of administration) (average, range) 55.75 (5-158)
Cop® (n. of administration) (average, range) 39.67 (9-94)
AZAP (n. of administration) (average, range) 55.22 (9-94)

AARR, analyzed relapse rate; BIFN, interferon-g 1a; ©Cop, Copaxone; PAZA, Azathioprine.
In this studly, before NTZ 23 patients were treated with IFN, 5 with Cop, 13 with AZA and
4 did not receive any treatment.
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highly active disease before NTZ treatment, e.g., failed the first-
line treatments or presented rapidly evolving MS with 2 or more
relapses in 1 year and 1 or more Gd+ lesions with a significant
increment of T2 lesions. At the baseline sample, patients were not
receiving any disease-modifying treatments (DMTs).

Study Approval and Patient Consents

The study was performed according to the Declaration of
Helsinki. Written informed consent was signed by all patients
involved in the study, and approved by the Local Ethical
Committee (#CEAVC12745).

Patients’ Clinical Follow-Up

During NTZ, patients with RRMS underwent clinical follow-
up every 6 months and at least yearly brain MRI, according
to clinical practice. All patients with RRMS were evaluated
for the presence of anti-JCV and anti-NTZ antibodies in the
serum. Clinical MRI and laboratory data were retrospectively
collected; occurrence of relapses and MRI activity (new T2 lesions
and/or Gd+ lesions) were recorded. Disability was assessed by
EDSS score. Additional clinical evaluations were performed upon
patients’ request in the event of new neurological symptoms or
any other neurological issues.

Peripheral Blood and Serum Collection

For each patient, the whole peripheral blood (PB) was collected
in heparin-containing tubes. Peripheral blood mononuclear cells
(PBMCs) were collected by density gradient centrifugation by
Pancoll (density: 1.077 g/ml, PAN-Biotech) at 1,500 rpm, RT, for
30 min within 2 h from PB collection. To collect serum, 10 ml of
blood were drawn in serum-separated tubes (SSTs) according to
the same time schedule as performed for PB. Serum was then
separated from blood by centrifugation at 3,000 rpm, RT, for
10 min, then aliquoted and stored in —80°C freezer until used.

Patients Immunophenotype

Immunophenotype of patients with RRMS during NTZ was
analyzed as routine from fresh whole blood upon erythrocyte
lysis (BD Lysis buffer, BD Bioscences) by labeling cells with
the following panel of fluorescent monoclonal antibodies: anti-
CD3 FITC (clone: clone SK7), anti-CD16 PE clone B73.1
and anti-CD56 PE (clone NCAM16.2), anti-CD45 PerCP-Cy5.5
(clone 2D1), anti-CD4 PE-Cy7 (clone: SK3), anti-CD19 APC
(clone: §J25C1), and anti-CD8 APC-Cy7 (clone: SKI1). Data
acquisition was performed using a 3-laser 8-color flow cytometer
(FACSCanto II, BD Biosciences); data were analyzed using
FACSDiva software version 8.0.1. (BD Biosciences).

Serum Soluble HLA-G Analysis

The concentration of sHLA-G in serum samples was measured
in triplicate by ELISA as previously described (30, 35, 36) by
using the capture monoclonal antibody (MoAb) MEM-59 (Exbio,
Praha, Czech Republic), which recognizes the B2-microglobulin-
associated form of HLA-G. The intra- and inter-assay coeflicient
of variation (CV) was 1.4 and 4%, respectively. The sensitivity
limit was 1.0 pg/ml

HLA-G Polymorphism Typing

Genomic DNA (gDNA) was isolated from PB by the Nucleon
Bacc 3 kit (Amersham Pharmacia Biotech, Buckinghamshire,
UK) according to the manufacturer’s protocol. The HLA-
G polymorphism 14 bp ins/del was genotyped by PCR as
previously described (30). Briefly, 100 ng of gDNA were
amplified in a 25 pl reaction together with 10 pmol of each
primer (GE14H LAG, RHG4). The HLA-G polymorphism
43142 C>G was genotyped by the 7300 Real-Time PCR
System (Applied Biosystems) using a forward primer 3142 for
(50-CCTTTAATTAACCCAT-CAATCTCTCTTG-30), a reverse
primer 3142 rev (50-TGTCTCCGTCTCTGTCTCAAATTT-3),
and 2 probes for the identification of the 3142C (0-VIC-
TAAGTTATAGCTCAGTGGAC-30; 3142CFVIC) or the 3142G
(50-FAM-TAAGTTA-TAGCTCAGTGCAC-30; 3142GFAM)
allele, respectively.

Cytokines and Chemokines Measurement
Serum from each patient was analyzed by Bioplex device
(Biorad) using Milliplex assay (Merck Millipore) following the
manufacturer’s protocol for the determination of the following 17
cytokines and chemokines: IL1a, IL1, IL2, IL4, IL6, IL8, IL10,
IL12p40, IL12p70, IL17, IL23, IFNy, TNFa, GM-CSE CXCL10,
CXCL13, and MMP?9. Cytokines and chemokines concentrations
were reported in pg/ml. The sensitivity limit was 1.0 pg/ml.

Statistics

Statistical analyses were performed by IBM SPSS statistic 20
(IBM Corp) and by GraphPad Prism v.6 (GraphPad Software,
Inc.). One-way ANOVA followed by post-hoc Tukey’s test was
used to compare patient subgroups (high, medium, and low
sHLA-G producers) for peripheral absolute cell counts, serum
cytokines level, HLA-G genotype distribution, and sHLA-G level
over 24 months of NTZ treatment. Non-parametric Kaplan—
Meier estimator or chi-square test were used to compare patient
subgroups for MRI disease activity by evaluating the cumulative
proportion of survival percentage. Pearson correlation coefficient
(r) was calculated to evaluate the correlation between variables.
Statistical significance was considered when p-value < 0.05.

RESULTS

Absolute Peripheral Cell Counts of RRMS
Cohort Increase, Along With Serum Level
of IL2 and TNF«, Over Natalizumab

Treatment

Immunophenotypes were analyzed by flow cytometry on fresh
blood samples of patients. Phenotypic analyses were performed
before starting the treatment (T0) and at 6, 12, and 24 months of
NTZ treatment (T6, T12, and T24) and included the evaluation of
the percentage and absolute cell count of total T, B, natural killer
(NK), lymphokine-activated killer (LAK) cells, and CD4/CD8
ratio. Flow cytometry gating strategy and analysis of cell subsets
are reported in Supplementary Figure 1. Accordingly to the
mechanism of action of NTZ, which blocks immune cells in the
periphery, we found an increase in absolute cell counts over time
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(Figure 1A). Such increase is significant in B lymphocytes at T6
(p-value = 0.04) and T24 (p-value = 0.01) compared to TO; in T
lymphocytes at T24 compared to TO (p-value < 0.0001), T6 (p-
value = 0.003), and T12 (p-value = 0.004); and in NK cells at T6
(p-value = 0.007), T12 and T24 (p-value < 0.0001) compared to
T0. The increase of total leukocytes and of CD4 and CD8 absolute
counts over time was not statistically significant. CD4/CD8 ratio
was not altered. On serum of patients with RRMS, we determined
the level of 17 cytokines and chemokines at T0, T12, and T24
of NTZ, to evaluate fluctuations in the peripheral inflammatory
profile of patients over treatment. In our analysis, IL1a, IL1f,
1L2, IL17, IFNYy, IL10, and GM-CSF were below the detection
limit (1.0 pg/ml) at all time points, therefore excluded from the
analysis. CXCL10, TNFa, and IL2 showed significant variation
over time: specifically, we found a significant decrease of CXCL10
at T24 compared to TO (p-value = 0.004) and T12 (p-value =
0.01); a significant increase of TNFa at T24 compared to TO
(p value = 0.01) and T12 (p-value = 0.001) and a significantly
higher level of IL2 at T24 compared to TO and T12 (p-value =
0.01) (Figure 1B). To sum up, T, B, and NK cells significantly
augmented over 24 months of NTZ treatment, along with serum
levels of TNFa and IL2.

RRMS Patients Under Natalizumab Are
Distinguishable Into High, Medium, and
Low sHLA-G Producers

We evaluated the levels of sHLA-G in serum samples of 27
patients with RRMS at baseline (T0) and at T12 and T24 of
treatment with NTZ. Based on sHLA-G concentration (ng/ml),
we considered patients as low producers with a serum sHLA-
G level below 10ng/ml at TO and as high producers with a
serum sHLA-G level up to 20ng/ml at TO. With an sHLA-
G level between 10 and 20 ng/ml, patients were classified as
medium producers. Therefore, the 27 patients with RRMS were
subdivided into 6 high sHLA-G producers, 7 medium producers,
and 14 low producers.

We found that the serum sHLA-G level is significantly (p-
value < 0.0001) higher in high producers compared to low and
medium producers at baseline (T0) (Figure 2A). At T12, sHLA-
G is significantly (p-value = 0.006) increased in high producers
compared to low producers. No significant differences were
detected between groups at T24, and across timepoints within
each group (high producers: mean £ SEM at TO = 38.65 +
7.24 ng/ml; mean = SEM at T12 = 38.06 & 15.68 ng/ml; mean
+ SEM at T24 = 26.86 & 12.25 ng/ml; medium producers: mean
£ SEM at TO = 13.49 & 0.88 ng/ml; mean &= SEM at T12 = 19.74
=+ 9.21 ng/ml; mean + SEM at T24 = 21.08 £ 14.23 ng/ml; low
producers: mean = SEM at TO = 3.36 £ 1.07 ng/ml; mean £ SEM
at T12 = 1.86 & 0.79 ng/ml; and mean & SEM at T24 = 2.61 +
0.91 ng/ml).

14 bp and +3142 Genotypes Are
Differentially Distributed Among High, Low,
and Medium sHLA-G Producers
We next genotyped patients with RRMS and divided them
according to the results. The group including the 14 bp HLA-G
genotype was subdivided based on the polymorphism into ins/ins

(I/1), ins/del (I/D), and del/del (D/D) subgroups. The group
including the +3142 genotype was subdivided based on the SNP
C>Gin C/C, C/G, and G/G subgroups.

Globally, we did not find any significant difference in
polymorphism distribution among high, medium, and low
sHLA-G producers. High producers (N = 6) are equally divided
between patients carrying the 14 bp I/D and D/D polymorphism.
Medium producers (N = 7) are mainly represented by the
57.14% of patients carrying the 14 bp I/D genotype, followed
by the 28.57% with the D/D genotype and the remaining
14.29% with the I/T one. On the other hand, the 50% of low
producers (N = 14) were characterized by the 14 bp I/I genotype,
whereas the 21.43% and the 28.57% with the 14 bp I/D and
D/D genotypes, respectively (Figure 2B). Concerning +3142
genotypes (Figure 2C), half of the high producers carry the G/G
genotype (50%), whereas the other half is divided between C/G
(33.33%) and C/C (16.67%) genotypes. Medium producers were
typed as C/G (42.86%) or G/G (57.14%); none of them was typed
as C/C. Finally, low producers are equally distributed between
C/G and G/G genotypes (35.71%), with 28.57% carrying the
C/C genotype.

In summary, genotype polymorphism distribution does not
significantly differ among sHLA-G producers; of note, 14 bp I/
genotype is not present among high producers, and 43142 C/C
among medium producers.

Serum sHLA-G Variation in RRMS Patients
Over 24 Months of Natalizumab

To investigate a possible correlation between treatment/genotype
and sHLA-G serum level, we evaluated the sHLA-G production
during NTZ treatment and the associated genotype distribution.

We did not find any significant variation in sHLA-G
production over NTZ treatment among high and medium
producers based on 14 bp (Figures 3A,B, left panels) or +3142
(Figures 3A,B, right panels) polymorphisms. Of note, sHLA-G
production is quite stable among +14 bp I/D high producers
over 24 months of treatment (mean &+ SEM at TO = 42.65
+ 8.46ng/ml; mean £ SEM at T12 = 44.80 + 31.82ng/ml;
and mean + SEM at T24 = 45.64 & 18.87 ng/ml) (Figure 3A,
left graph). On the other hand, sHLA-G production is globally
variable among medium producers (Figure 3B). Concerning low
producers, we observed a significant (p = 0.032) decrease of
SHLA-G at T24 compared to TO in patients carrying the +3142
C/G genotype and a significant (p = 0.038) decrease at T12 of
+3142 G/G patients compared to C/G at TO (Figure 3C). Of note,
we did not find any positive correlation, calculated as Pearson
coefficient, between sHLA-G levels and peripheral absolute cell
counts of patients or with respect to serum cytokines (data
not shown).

The Majority of High and Medium
Producers Are Free From MRI Activity After
24 Months of Treatment

The occurrence of relapses is rare during NTZ treatment (37).
In our sample, among high producers, 2/6 (33.3%) experienced
a relapse; among medium producers, 1/7 was lost from follow-
up at 17 months and no one of the other 6 patients experienced
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FIGURE 2 | RRMS patients under natalizumab are divided into high, medium, and low sHLA-G producers, who are characterized by different 14 bp and +3142
genotypes distribution. (A) sHLA-G production (ng/ml) in low, medium, and high producers at baseline (TO; left graph), at T12 (middle graph), and at T24 (right graph)
of NTZ treatment. A total of 27 RRMS were divided into 3 groups (14 low producers, 7 medium producers, and 6 high producers) based on serum sHLA-G
concentration, as reported in the legend. Mean + SEM is reported (one-way ANOVA followed by post-hoc Tukey'’s test; **p < 0.01; ***p < 0.0001). (B) Percentage of
3 different genotypes of the 14 bp polymorphism of the HLA-G gene in high, medium, and low sHLA-G producers within the RRMS cohort: insertion/insertion (I/1),
insertion/deletion (I/D), and deletion/deletion (D/D). (C) Percentage of 3 different genotypes of the +3142 C>G polymorphism (C/C, C/G, and G/G) of the HLA-G gene
in high, medium, and low sHLA-G producers within the RRMS cohort. Chi-square test was used.

a relapse. On the other hand, 2/13 (1/14 was lost from follow-  scan. Among these, 2 had a relapse. Concerning other groups,
up at 17 months) low producers relapsed (15.4%) (Figure 4A).  only 1 high producer showed Gd-enhancing lesions or T2
Patient MRI shows that 5/13 low producers had new T2 lesions  new lesions (Figure 4B). Differences among producers were not
and, among them, 2/5 had Gd-enhancing lesions at follow-up  statistically significant.
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Magnetic resonance imaging (MRI) activity-free DISCUSSION
survival was 83.3% in high sHLA-G producers, 63.5%
in low producers, and 100% in medium producers; such  In this work, we evaluated the sHLA-G production and genotype
difference was not statistically significant (p-value = 0.211)  in patients with RRMS during NTZ treatment. We measured
(Figure 4C). serum sHLA-G level and correlated this feature with treatment
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outcome in terms of disease relapses and MRI activity. Our
data suggest that low sHLA-G producers are more at risk of
showing disease activity during treatment compared to high and
medium producers.

Soluble forms of HLA-G (sHLA-G) molecule is known for
contributing to maintaining the immune tolerance in both health
and disease (15) and has been correlated to a better disease
outcome when high in CSF of patients with MS (6). Here, we
were able to divide our RRMS cohort into 3 groups, low, medium,
and high producers, based on their serum sHLA-G level. Within
each group, we did not observe any significant variation in
SsHLA-G level; instead, we found that sHLA-G concentration
is significantly higher in high producers compared to low and
medium producers at baseline and with respect to low producers
at T12 (Figure 2A).

The characterization of patients by sHLA-G genotype revealed
that I/D and D/D genotypes are mostly represented in high and
medium producers, while I/I genotype is not present among
high producers (Figure 2B), in accordance with the role of this
genotype in controlling HLA-G production (30, 31). In fact, the
14 bp I allele affects mRNA stability and protein production, with
the consequent lower secretion of sHLA-G.

When investigating sHLA-G concentration across patients
based on their genotypes, we did not observe any significant
variation among high and medium producers (Figures 3A,B),
whereas +3142 C/G low producers reported a significant
decrease of sHLA-G after 24 months of NTZ compared to
baseline (Figure 3C).

The analysis of serum cytokines and chemokines in the RRMS
cohort showed a significant decrease in CXCL10 at T24 and a
significant increase in TNFa and IL2 at T24 (Figure 1B). The
increase in cytokines level is expected during NTZ, since the
treatment leads to a peripheral enrichment of T cells, including
potential pathogenic clones, which is also in agreement with the
immunophenotype of patients showing a significant increase in
the absolute cell counts over treatment (Figure 1A). Comparing
these results with sHLA-G variation over time, we did not observe
any association between sHLA-G changes and either cytokines or
absolute cell counts variations; therefore, we suggest that sHLA-
G production does not depend on the numerousness or function
of T cells in peripheral blood.

We then evaluated the association between serum sHLA-G
production and patients’ outcomes to NTZ treatment in terms of
relapse rate and MRI disease activity over 24 months (Figure 4).
Results showed that 33.3% of high, 15.4% of low, and none
among medium producers experienced a relapse (Figure 4A).
On the other hand, 38.5% of low sHLA-G producers, compared
to medium (0%) and high (16.7%) showed MRI disease activity
(Figure 4B). Finally, 83.3% of high and 100% of medium
producers were MRI-activity free at T24, with respect to 63.5%
of low producers (Figure 4C).

Study Limitations and Conclusions

To sum up, we found that sHLA-G significantly decreases
over NTZ treatment in low sHLA-G producers carrying the
+3142 C/G genotype (Figure3C) and that serum sHLA-G
concentration does not correlate with peripheral cell counts
or peripheral inflammatory profile. Our findings also showed

a variable distribution of HLA-G polymorphisms among
producers (Figures 2B,C) and, finally, 83.3% of high and 100% of
medium producers are free from MRI activity over 24 months of
treatment, with respect to 63.5% of low producers (Figure 4C).
Although interesting, these differences between groups are not
statistically significant: the narrowness of our 27-RRMS patient
cohort is in fact the main limitation of our study and may
have impacted on significance. However, in light of numerous
previous findings pointing out sHLA-G’s role in modulating
immunotolerance in MS (6, 21, 22, 24, 30, 35, 36), we suggest
that sHLA-G contributes to NTZ treatment outcome in patients
with RRMS and that such contribution would be particularly
noticeable when considering MRI activity; therefore, we stress the
need for further confirmation by larger cohort size.
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Background: Multiple sclerosis (MS) is a chronic autoimmune disease of the central
nervous system (CNS) leading to the loss of myelin and axons. Diagnosis is based on
clinical findings, MRI, and analysis of cerebrospinal fluid (CSF). CSF is an ultrafiltrate of
plasma and reflects inflammatory processes in the CNS. The aim of this study was to
perform metabolomics analysis of CSF in patients after the first attack of MS and healthy
controls and try to find new specific analytes for MS including those potentially predicting
disease activities at the onset.

Methods: We collected CSF from 19 patients (16 females, aged 19-55 years) after
the first attack of clinical symptoms who fulfilled revised McDonald criteria of MS and
CSF of 19 controls (16 females, aged 19-50 years). Analyses of CSF samples were
provided using the high-performance liquid chromatography system coupled with a mass
spectrometer with a high-resolution detector (TripleTOF 5600, AB Sciex, Canada).

Results: Approximately 130 selected analytes were identified, and 30 of them were
verified. During the targeted analysis, a significant decrease in arginine and histidine and
a less significant decrease in the levels of asparagine, leucine/isoleucine, and tryptophan,
together with a significant increase of palmitic acid in the patient group, were found.

Conclusion: We observed significant differences in amino and fatty acids in the CSF
of newly diagnosed patients with MS in comparison with controls. The most significant
changes were observed in levels of arginine, histidine, and palmitic acid that may predict
inflammatory disease activity. Further studies are necessary to support these findings as
potential biomarkers of MS.

Keywords: multiple sclerosis, CSF, metabolomics, biomarker, fatty acids, amino acids, arginine

INTRODUCTION

The increasing incidence of autoimmune diseases in the population poses a serious problem to
contemporary medicine. One such condition is multiple sclerosis (MS), a severe autoimmune
inflammatory disease of the central nervous system (CNS) that primarily affects the young, working
age population. The disease is chronic and progressive in nature and leads to a disability due to
multifocal demyelination and axonal loss. The CNS white matter is predominantly involved (1).
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The exact cause of MS is still unknown. It is believed that
various pathogenic mechanisms may play a role in disease
development, including genetic and environmental factors.
The pathology of MS is characterized by demyelination
of the axons in the CNS as a result of malfunctioning
autoimmune processes. Initially, the myelin loss is reversed
by the oligodendrocytes. However, repetitive loss and repair
of the myelin, microglial activation, and leukocyte infiltration
due to increased permeability of the blood-brain barrier
(BBB) along with decreased oligodendrocyte efficiency
result in long-term axonal degeneration, neuronal death,
and plaque formation. The subsequent accumulation of
neurological damage and progression of neurodegenerative
processes ultimately lead to irreversible neurological
disability (2). Diagnosis of MS is based on a combination
of clinical (3) and magnetic resonance imaging (MRI)
observations, supported by findings in cerebrospinal fluid (CSF)
(oligoclonal bands or increased intrathecal immunoglobulin
production) (4).

Cerebrospinal ~ fluid  analysis remains a  valuable,
supporting diagnostic test for MS (5). It reflects the
inflammatory  processes occurring in the CNS in

detail. Metabolomics is the systematic study of unique

chemical fingerprints that specific cellular processes
leave behind. It targets metabolites—small molecular
substrates and products of metabolism. This metabolic

profiling can help to gain insight into the current state of
cellular metabolism.

The desire for early treatment of MS and to assign each
patient to the most suitable therapy is hampered by the lack
of useful prognostic biomarkers that could predict disease
progression, severity, and responses to treatment. In recent
years, several studies have investigated the metabolomics of CSF
in MS. The reported results suggested significant differences
between patients with MS and healthy controls. The significant
changes were found in amino acid and lipid groups (6-
11), where they reported decreased levels of tyrosine, leucine,
and phenylalanine. Other studies (12, 13) found significant
differences in CSF fatty acids between the groups. One of
the most notable findings was an increase in glutamate levels
in patients with MS with active lesions observed in CSF
(14, 15) and in serum (16, 17). Several contradicting reports
on myoinositol and choline results have been published.
Some authors (9, 18, 19) found increased levels of choline
and myoinositol, whereas others have observed a decreased
value (20).

The aim of this study was to analyze the metabolomics
of CSF in patients with MS and compare them with healthy
controls and establish a statistically significant list of differences
in CSF of patients with MS and potentially identify MS-
specific analytes. We have performed an untargeted approach,
but based on our results, we focused on the groups of amino
acids and fatty acids, as they play important roles in the
pathophysiology of MS. Fatty acids form a part of myelin,
and amino acids have a close connection to immunological
processes building elements of proteins and functioning
as neurotransmitters.

MATERIALS AND METHODS

Recruitment of Patients

Recruitment of suspected patients with MS was conducted
using the database of the Centre for Multiple Sclerosis, Third
Faculty of Medicine, Charles University and University Hospital
Krélovské Vinohrady (FNKV). We have already selected 19
patients (16 females, 3 males, mean age of 36 years) after
the first attack of clinical signs and symptoms, who fulfilled
revised McDonald criteria for MS from 2017 (5) (onset of
the disease, without specific Disease Modifying Drugs (DMD)
treatment, with MS-specific MRI finding, and meet CSF criteria
for diagnosis of MS) and 19 controls (16 females 3 males,
mean age of 35 years) with normal neurological status, normal
CSF findings, and no anamnesis of autoimmune disorders.
Subjects chosen to be part of the control group mostly suffer
from sensory disturbances, dizziness, polymorphic complaints,
or headache but with negative objective clinical or paraclinical
findings to define a specific neurological disease. This group was
defined as symptomatic controls [according to already published
data (21)] aged between 18 and 55 years, with no use of
psychopharmacological drugs (which can alter CSF composition)
and no history of other autoimmune disorders.

All subjects participating in this study provided consent and
received a full explanation about the entire study. All subjects
underwent baseline serum and CSF assessment and clinical and
brain and/or spinal cord MRI examination according to their
clinical signs and symptoms. In the case of the patient group
with MS, the CSF was on average collected on the 15th day from
the beginning of clinical signs and symptoms; two exceptions
(patients no. 12 and 18) had their CSF collected 4 months from
the onset of symptoms, and a further two patients (no. 11 and 19)
saw their symptoms last for years before CSF collection.

CSF Sample Preparation

Cerebrospinal fluid samples collected by lumbar puncture were
carefully thawed on ice. After thawing, the samples for the
first analysis (untargeted metabolomics) were vortexed, and
100 pl was transferred into a precooled Eppendorf tube. An
immediate addition of 400 pl of ice-cold ACN:MeOH mixture
(1:1, v/v) was used to maintain the MeOH:ACN:H,O (2:2:1,
v/v) ratio. The samples were vortexed for 30 s and consequently
incubated for 1 h at —20°C. Incubation was followed by 10 min of
centrifugation at 13,000 rpm at 4°C for 20 min. The supernatant
was transferred and evaporated to dryness by speedVAc. The
dry extract was reconstituted in 100 pul of H,O:MeOH (1:1, v/v)
and sonicated for 10min. The insoluble debris was removed
by centrifugation (13,000 rpm for 10min at 4°C), and the
supernatant was transferred into a vial and directly analyzed by
liquid chromatography-mass spectrometry (LC-MS).

Samples for targeted analysis of amino acids were prepared
the same way as is described above. Samples for analysis of fatty
acids were extracted according to the modified Bligh and Dyer
method (Bligh and Dyer, 1959). Notably, 100 pl of thawed CSF
was mixed with 400 w1 of chloroform-methanol 50:50 (v/v) with
added internal standard and placed in an ultrasound bath for
5min. Extraction was performed for 2h at 4°C, followed by
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the addition of 100 pl of mili-Q water, 15s of vortexing, and
centrifugation at 4,000 rpm for 10 min at 4°C. The upper and
lower phases divided by thin protein discs were pooled together
and dried under a nitrogen stream. Samples were reconstituted
with 100 pl of MeOH/IPA/H, O 65:35:5 (v/v/v), vortexed for 10s,
and sonicated for 5 min before injection.

High-Performance Liquid Chromatography
With Tandem Mass Spectrometry
(HPLC-MS/MS) Analysis

All analyses were performed on a Thermo Ultimate 3000
coupled with a high-resolution AB Sciex TripleTOF 5600 mass
spectrometer. During the first round of analyses, untargeted
metabolomics analyses were all the collected samples, together
with quality control samples and blank samples, injected in
both positive and negative (ESI4, ESI-) modes using the
information-dependent acquisition (IDA) method. Samples were
analyzed via separation on a Phenomenex high-performance
liquid chromatography (HPLC) Kinetex C18 2.6 pm 150 X 3 mm
column. The column temperature was maintained constant at
30°C. The mobile phase was composed of A = 0.1% formic acid
in water and B = 0.1% formic acid in 100% MeOH for both
positive and negative modes, the linear elution gradient from
5% B (0-2min) to 100% B (18-23 min) was applied, the initial
gradient conditions were restored within 2 min (23-25 min), and
the last 5 min of the HPLC method (25-30 min) were applied to
maintain the beginning conditions. The flow rates were 220 pl
min~!, and the sample injection volume was 5 jl. Samples were
held in an autosampler at 4°C, and each sample was injected
twice for each mass/charge (m/z) range (50-500 Da, 500-1,200
Da). The ESI source conditions were set as follows: ion source gas
1 (GS1) 35 psi, ion source gas 2 (GS2) 30 psi, curtain gas (CUR)
25 psi, ion spray voltage 4,000 V, and source temperature 300°C.
The method that targeted the determination of small
metabolites including amino acids was slightly modified from the
previous one. The separation was achieved on the Phenomenex
Kinetex CI8 2.6 um 150 x 3mm HPLC column with the
following eluent system: A = 0.1% HCOOH, 2.5 mM NFPA in
water, and B = 0.1% HCOOH in MeOH. A linear gradient (5-
100% B) from 2nd to 12th min was used, with a flow rate of
0.22 ml min~!. The injection volume was set to 5 pl. Samples
were held in an autosampler at 4°C, and each sample was injected
twice for an m/z range of 50-500 Da. The ESI source conditions
were set as follows: ion GS1 35 psi, ion GS2 30 psi, CUR 25 psi,
ion spray voltage 4,500 V, and source temperature 400°C.
Separation of targeted fatty acids (palmitic, stearic, oleic, and
arachidonic) was performed with C18 reverse-phase column -
Phenomenex Kinetex C18, 2.6 jum, 150 x 3 mm column at 45°C.
Mobile phase A consisted of 1% 1 M NH4Ac and 0.1% acetic acid
in water and mobile phase B consisted of acetonitrile/isopropanol
7:3 (v/v) with 1% 1M NHyAc and 0.1% acetic acid, with an
injection volume of 5 pl. The following gradient was applied: 1
min — 50% of B; 3 min - linear gradient from 50% B to 80% B;
8 min - linear gradient from 80% B to 90% B; 13 min - linear
gradient from 90% B to 100% B; 15 min — 100% B; 17 min —
50% B; 20 min — 50% B; with a constant flow rate of the mobile

phase of 300 l/min. Data were acquired in TOF MS full scan and
IDA in both ESI+ and ESI- modes. The source parameters were
set as follows: GAS1: 50 psi; GAS2: 45 psi; CUR: 30 psi; TEM:
300°C; ISVF: 5,500 V in positive mode and —4,500 V in negative
mode, respectively.

Data Processing

Theliquid chromatography with tandem mass spectrometry (LC-
MS/MS) data was processed using Sciex OS software (version 1.3
with Formula Finder plug-in, AB SCIEX, Canada), which offers
the evaluation of the retention time (RT) and m/z variability of
the experiment. MarkerView software (version 1.3.1, AB SCIEX,
Canada) was used in the second step to process raw LC-HRMS
data (peak detection, alignment, data filtering, and determining
the m/z ratio, RT, and ion peak area for each sample).
Data mining was performed by the program algorithm—the
peak intensity cutoff was set at 100 cps. Peak settings were
achieved using RT and m/z tolerances of 0.1 min and 0.005
Da, respectively. Monoisotopic peaks alone were considered to
reduce mass redundancy and enhance the selection of a true
molecular feature. Finally, mass signals differentially expressed
by the control and case study samples (Sclerosis Multiplex)
were identified by applying an additional filtering procedure
with fold change (<1.5) and t-test (p > 0.05). This whole
procedure is necessary for the elimination of the background
and contaminants and preserved the true biological mass signals
from the LC-HRMS data. The following steps were carried out
using the MetaboAnalyst 5.0 Web Server. Acquired and filtered
data from MetaboAnalyst 5.0 were, in the following step, verified
with previously acquired data from targeted analyses (analyses
of ~80 standards include amino acids, fatty acids, and other
small metabolites already set into the spectral library using Sciex
OS software).

Statistical Data Analysis

The Student’s f-test was used for the comparison between
the control group and sclerosis multiplex group, followed
by the application of the Benjamini-Hochberg false discovery
rate (FDR) correction for multiple comparisons to minimize
false positives.

RESULTS

The demographic and clinical data of the suspected patients with
MS are summarized in Supplementary Table S1. All recruited
patients with MS had hyperintensive lesions on MRI that meet
revised McDonald criteria (5). All the patients with MS presented
brain MRI lesions in the supratentorial region, and 11 of them
also had hyperintensive lesions in the spinal cord MRI. All
suspected patients with MS had positive IgG oligoclonal bands
(OCB) in CSF with a median of 8 IgG OCB in the whole spectrum
(ranging from 1 to 17), negative aquaporin 4 antibodies, and
negative myelin oligodendrocyte glycoprotein antibodies in
serum and CSF. More detailed information about the CSF
findings and OCB is presented in Supplementary Table S2.
Patients with MS and control group subjects have the normal
level of proteins in CSF. Some of the patients with MS (no. 1, 3, 6,
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9, 10, 12, and 16) presented increased numbers of mononuclear
cells in CSE but without any signs of neuroinfection or other
kinds of neuroinflammation other than that caused by MS.

Subjects from both groups (suspected patients with MS and
control group) had no history of psychopharmacological drug
use. Four patients with MS (no. 6, 11, 14, and 18) had a history
of hormonal anticonception use, and another three patients with
MS (no. 6, 11, and 12) had a history of using levothyroxinum at a
daily dose of 50 pg.

In the metabolic pathways of fatty acids and amino acids,
significant differences were found in the CSF between the
two mentioned groups. The most significant differences were
observed in arginine, histidine, and palmitic acid. Statistically,
the most significant results were found in the level of arginine
(p-value: 0.007), where a lower level of arginine was observed
in patients with MS (mean responses 2.91909) and then
in the control group (mean responses 3.91752) (Figure1).
In histidine (p-value: 0.012), we found a significantly lower
level in patients with MS (mean responses 5.31349) than
in the control group (mean responses 7.27157) (Figure 2).
The level of palmitic acid (p-value: 0.039) was significantly
higher in patients with MS (mean responses 1.28959) than
in the control group (mean responses 1.02343) (Figure 3).
In contrast, no statistically significant changes were observed
in asparagine (p-value: 0.1135), leucine/isoleucine (p-value:
0.1325), and tryptophan (p-value: 0.1384), whereby the levels
of these analytes were lower in the patients with MS than

in the control group, respectively (for more details, refer
to Table 1).

The quality control (QC) sample represents an analytical
approach employing a sample produced and utilized by the
operators to guarantee the quality of the measured data and
results. Due to the number of collected and analyzed samples
(including QC samples), the analyses required a runtime of
~120h. Random injections of QC samples throughout the
long runtime ensured no signal changes while performing the
experiment. The analytical system provided uniform profiles
and yielded excellent reproducibility even after the entire
analytical runtime.

DISCUSSION

In this study, we showed statistically significant differences in
the CSF metabolomics of patients after the first attack of clinical
signs of symptoms fulfilling revised McDonald criteria for MS in
comparison to healthy controls. The most significant differences
were found in the groups of amino acids and fatty acids,
especially with decreased levels of arginine, histidine, asparagine,
leucine/isoleucine, and tryptophan and an increased level of
palmitic acid. These CSF metabolomics results could become new
potential markers in the early stage of MS and can potentially
be used in the prediction of the disease severity in the future. In
the future, the specificity of these potentially MS-specific analytes
needs to be verified.
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FIGURE 1 | Comparison of levels of arginine in patients after first attack of clinical symptoms fulfilling revised McDonald criteria and control group. MS, patients after
first attack of clinical symptoms fulfilling revised McDonald criteria; control, control group.
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FIGURE 2 | Comparison of levels of histidine in patients after first attack of clinical symptoms fulfilling revised McDonald criteria and control group. MS, patients after
first attack of clinical symptoms fulfilling revised McDonald criteria; control, control group.
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FIGURE 3 | Comparison of levels of palmitic acid in patients after first attack of clinical symptoms fulfilling revised McDonald criteria and control group. MS, patients
after first attack of clinical symptoms fulfilling revised McDonald criteria; control, control group.
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TABLE 1 | Detailed results of cerebrospinal fluid (CSF) analysis.

Peak name m/z t-value p-value Mean of Mean of Standard Standard
response in response in deviation in deviation in
MSp controls MSp controls
Arginine 175.1194 —2.11990 0.00704 2.91909916 3.9175231 0.6900299 1.2255753
Histidine 166.0772 —2.07235 0.01201 5.31349736 7.2715724 2.0317250 2.5291640
Palmitic acid 257.2494 1.745883 0.03968 1.28959022 1.0234377 0.2596009 0.4869935
Asparagine 138.0797 —1.62355 0.11358 11.5585353 14.179993 41724773 5.8151468
Leucine/isoleucine 132.1017 —1.55221 0.13252 0.04613981 0.1116484 0.0757918 0.1719756
Tryptophane 205.0977 —1.51469 0.13841 0.79384388 1.1638709 0.7753553 0.7488412
Lysine 147.113 —1.36629 01806 5.45858649 6.4206882 1.8475467 2.5147676
Cystein 122.043 —1.36132 0.18933 0.0014778 0.1835504 0.0064416 0.5980968
Threonine 120.0662 1.315061 0.19673 0.40598326 0.2515651 0.3813894 0.3502126
Phenylalanine 166.086 —1.32739 0.19894 0.00881132 0.0509445 0.0273785 0.1391445
Glutamate 148.0604 1.193139 0.24041 0.263029 0.294388 0.209961 0.241989
Oleic acid 283.2638 0.868702 0.39148 0.47934379 0.243562 0.9783302 0.6825356
Arachidonic acid 305.2454 —0.94153 0.35309 0.35530687 0.523647 0.4516842 0.6516032
Stearic acid 285.2803 —0.1646 0.87019 0.21131172 0.2398059 0.4726169 0.6035298

MSp, patients after first attack of clinical symptoms fulfilling revised McDonald criteria; m/z, mass spectrum.

Cerebrospinal fluid is the most important biological sample
that can help us to understand the pathology of MS. CSF can
be used for measurements of various soluble markers and cell
populations. It is also considered the “gold standard” matrix in
MS diagnostics. However, CSF collection is an invasive procedure
and is, therefore, only collected on rare occasions. The majority of
proteins found in CSF are blood-derived. These proteins cross the
BBB and reach the CSF compartment via passive diffusion. CSF
is a better medium to identify potential biomarkers of MS due to
the lower amount of different proteins. It reflects the actual state
of CNS through possible inflammatory processes.

Several authors have already published the results of CSF
metabolomics in patients with MS (e.g., 5, 6, 9, and 10);
however, they collected samples from patients with MS in
various stages of the disease with different DMD treatments and
specific pharmacological history. In our study, we have clearly
homogenous MS and control patient groups. In the case of MS,
we focused on patients after their first attack of clinical signs
and symptoms, without a history of psychopharmacological drug
use and fulfilling revised McDonald criteria for MS, without
any kind of specific medication such as DMDs or high-dosage
corticosteroid pulse. Some other authors recruited people in the
control group from different types of neurological diseases, even
inflammatory CNS diseases such as meningoencephalitis. We
used symptomatic controls (21), meaning patients with non-
specific complaints, suffering mostly from sensory disturbances,
dizziness, or headache, with negative objective clinical or
paraclinical findings.

Few reports from last year even focused on the metabolomics
of blood samples of patients with MS (10, 22) and found
decreased levels in amino acids, more specifically phenylalanine,
tyrosine, and tryptophan (10) and modified asparagine and
carnitine (22). In our study, we focused solely on CSF; therefore,
we cannot relevantly compare our findings.

Amino acids play an important role in the CNS and in the
immune system, not only as a “building material” for proteins but

also as precursors of neurotransmitters, which have important
roles in inflammatory processes and pathogenesis of MS (23).
Some authors have published a decreased level of arginine in
patients with MS (6-9). This observation can be explained by its
mechanism in the metabolism of nitrite oxide (NO). L-arginine
is a precursor of NO, which is a neurotransmitter with a potential
role in the pathogenesis of MS (24). NO is synthesized from
arginine in the regular way by endothelial NO synthase (eNOS)
and neuronal NO synthase (nNOS). These forms produce low
concentrations of NO in a calcium-dependent way. At sites
of inflammation, acute/active lesions in MS, another form of
enzyme starts to produce NO. This form of enzyme produces
high concentrations of NO and is not dependent on calcium
concentrations (25, 26). In MS, the concentrations of NO were
found to be increased, especially in locations of active lesions
(24, 27). In this study, we did not study NO; however, we found a
significantly lower level of arginine in our patients with MS after
their first clinical attack. We can speculate that arginine can be a
suitable analyte of disease activity at the early onset of MS, but we
cannot confirm its specificity for MS. In the next steps, it should
be compared with other types of inflammations in the CNS.

Histidine, which was also found to be decreased in MS (6-
9), is a precursor of neurotransmitter histamine, synthesized
in histaminergic neurons of the tuberomammillary nucleus in
the posterior third of the hypothalamus. Histamine plays an
important role in the inflammatory processes as well as in the
pathogenesis of MS, but its role is not yet certainly established
(28). Several studies found increased levels of histamine in the
CSF of patients with MS (29-31), which can potentially explain
the lower levels of histidine, its precursor. In our study, we have
found decreased levels of histidine in patients with MS; therefore,
our results are in agreement with others.

In already published reports, leucine/isoleucine and
branched-chained amino acid have been found to be decreased
in MS (6-9). Leucine/isoleucine has an important role in
protein synthesis, as a key nitrogen donor, and in cell growth
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and proliferation. During inflammation, there is an increased
synthesis of many different proteins and increased immune cell
growth, which means increased demand for branched-chained
amino acids resulting in a decrease of leucine/isoleucine. In our
study, we found a slightly decreased level of leucine/isoleucine,
but not a statistically significant one.

Some authors have been studying glutamate and found its
high level in the CSF of patients with MS (14, 15). In this
study, we did not find significant differences in glutamate in MS
compared with the control group. One explanation of this result
could be that we have investigated subjects in the early stage of
MS, where the acute inflammatory process of demyelination is
supposed to be at the beginning of the disease. Other authors have
studied patients in different stages of MS, meaning that the most
dominant process of axonal destruction followed by an increase
in extracellular glutamate may occur in the later phase of MS (32).

We also observed a significantly increased level of palmitic
acid that was in agreement with several studies (13, 33). During
an acute attack of MS, there is a loss of myelin, consisting
mostly of lipids. Myelin plays an important role in normal nerve
transmission. In demyelination, an increase in fatty acids as the
basic components of lipids and myelin (34) can be found.

Contrary to our results, some authors have reported a
decreased level of palmitic acid in MS (12, 13), probably due
to the heterogeneity of patients with MS with early and/or
late stages of the disease with remyelination or demyelination.
The decrease of palmitic acid might be explained by the
process of remyelination, in which myelin is being recreated
by oligodendrocytes and thereby consuming fatty acids as basic
components of myelin (34). In this study, we recruited patients
with MS in the early stage of disease with an ongoing first attack
of the disease, meaning that the process of demyelination might
be the dominant mechanism and, therefore, with increased levels
of palmitic acid.

CONCLUSION

In this study, we concluded that arginine, histidine, and palmitic
acid may be used as analytes potentially specific for the early
stages of MS. Their specificity need yet to be verified, but they
still may be used in verification of ongoing inflammation or active
lesion in CNS in the early stages of MS.

Decreased levels of arginine and histidine can be explained
by their role as precursors of neurotransmitters (arginine as a
precursor of NO and histidine as a precursor of histamine), which
are significantly increased in the inflammatory processes of MS,
and therefore, precursor consumption is increased.

Palmitic acids, as the basic component of fatty acids, are
involved in the demyelination process, and therefore, their
increased levels may be found in the early stages of MS.

1. Weiner HL. Multiple sclerosis is an inflammatory  T-cell-
mediated autoimmune disease. Arch  Neurol (2004) 61:1613—

5. doi: 10.1001/archneur.61.10.1613

The potential use and specificity of these analytes (arginine,
histidine, and palmitic acid) need to be more thoroughly
examined in a larger group of patients with MS to establish
their role in disease progression and compare them to other
inflammatory diseases of CNS.
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An emerging body of evidence suggests that changes in cognitive and emotional function
are common aspects of stiff person spectrum disorders (SPSD). We sought to examine
the pattern of cognitive impairment and psychiatric symptoms in SPSD.

Methods: A retrospective review of medical records was conducted for patients seen
at the Johns Hopkins Stiff Person Syndrome (SPS) center from 1997 to January 1st,
2020. Individuals who had received formal cognitive testing as part of routine clinical
care for patient-reported cognitive changes were included. Demographics, prevalence of
cognitive impairment, psychoactive medication use, and clinically significant psychiatric
symptoms were described.

Results: Out of 205 patients screened, 20 completed cognitive testing (75% female,
mean age 47.4 years). The most common domains of impairment were verbal learning
and recall memory (n = 14, 70%), verbal fluency (n = 10, 50%), processing speed (n
= 8, 40%), and attention (n = 8, 40%). 9/11 patients assessed for depression reported
clinically significant symptoms, and 4/9 patients assessed for anxiety reported clinically
significant symptoms.

Conclusions: Screening for cognitive impairment in SPSD should utilize testing that
assesses verbal learning and recall, phonemic verbal fluency, attention, and processing
speed. Moreover, it is important to evaluate for co-existing depression and anxiety
symptoms, as these are common in SPSD.

Keywords: stiff person syndrome, cognition, attention, verbal fluency, depression, anxiety

INTRODUCTION

Stiff person spectrum disorders (SPSD) are immune-mediated disorders most often characterized
by rigidity, unpredictable and painful spasms, and heightened sensitivity to external stimuli (1).
Anti-glutamic acid decarboxylase 65 (anti-GAD65) antibodies are thought to play a role in the
GABAergic dysfunction in SPSD. While it is classified as a neurologic disorder, research is limited
regarding the effects of stiff person syndrome (SPS) on cognitive and emotional function (1, 2).
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Stiff Person Syndrome Cognitive Profiles

SPSD has been associated with lower than expected
performance on cognitive testing relative to estimated premorbid
intelligence (3). Furthermore, the presence of anti-GAD65
antibody has been associated with cognitive impairment in
patients with neurological conditions (4), type 2 diabetes (5),
and in animal models (6). In addition to cognitive dysfunction,
patients with SPSD are also more likely than the general
population to report anxiety and depressive symptoms, and to
regularly use prescription benzodiazepines and muscle relaxants
(7), all of which may contribute to poor performance on cognitive
testing (8-10). To our knowledge, only two prior studies have
assessed cognitive symptoms in patients with SPSD (3, 11).
While one also included measures of psychiatric symptoms (3),
neither study reported on psychiatric symptoms or patterns of
medication use in the context of cognitive performance.

The aims of this case series were to: (1) describe the
pattern of cognitive impairment in patients with SPSD who
reported concerns of cognitive impairment and participated
in cognitive testing as part of routine clinical care; and
(2) examine the frequency of mood symptoms and use of
benzodiazepines and muscle relaxants in the most commonly
impaired cognitive domains.

METHODS

A retrospective review of medical records was conducted for
patients seen at the Johns Hopkins SPS center from 1997
to January 1st, 2020. All patients had provided informed
consent to participate in a longitudinal observational study of
clinical characteristics in SPS, approved by the Johns Hopkins
Institutional Review Board.

Medical records were reviewed for formal cognitive testing,
performed by either a licensed psychologist or a speech and
language pathologist, as part of routine clinical care for patient-
reported cognitive changes. Information on demographics,
clinical characteristics, medical comorbidities, and medications
at the time of cognitive testing were extracted. Patients with
limbic encephalitis, co-existing intractable epilepsy, and/or other
neurological conditions known to affect cognitive performance
(e.g., Alzheimer’s disease, multiple sclerosis, etc.) were excluded.

As a retrospective review of cognitive testing performed as
part of routine clinical care, cognitive testing batteries used were
determined at the discretion of the provider and therefore not
standardized. Details of cognitive testing reports were extracted;
results were interpreted as “impaired” if records included
descriptive labels of “abnormal”, “extremely low”, or “weak”. If
no descriptive interpretation was offered, an adjusted percentile
score of <2 or z-score of <—2 (e.g., more than 2 standard
deviations below mean) was interpreted as “impaired” (12).
If standardized instruments of psychological symptoms (e.g.,
depression and/or anxiety) were administered, the scores and
descriptive labels (e.g., “clinically significant”) were extracted.

Demographic and clinical characteristics were evaluated
using descriptive statistics, ¢-test for continuous variables and
chi-squared test for dichotomous variables using R Studio
Version 1.2.5033 (13). Significance was set at p < 0.05.

Frequency of domain-specific cognitive impairment across
individuals with cognitive testing was examined. For the 4
most commonly impaired cognitive domains, frequency of
prescription antidepressants (e.g., selective serotonin reuptake
inhibitors, serotonin and norepinephrine reuptake inhibitors),
benzodiazepines (e.g., lorazepam, diazepam, clonazepam) and
non-benzodiazepine muscle relaxants (e.g., cyclobenzaprine,
baclofen, dantrolene), and clinically significant depression and
anxiety were assessed.

RESULTS

Out of 205 patients, 66 reported cognitive concerns, of which 20
completed cognitive testing (Table 1). There was no statistically
significant difference in gender, age, or duration of illness in
individuals included in this case series vs. the remainder of the
cohort, or between those included in the case series vs. those who
reported cognitive concerns but did not have cognitive testing (all
p > 0.05). Three participants completed testing with a speech
and language pathologist using the Repeatable Battery for the
Assessment of Neuropsychological Status [RBANS; (20)], and
17 completed testing with a psychologist using a wide array of
instruments (Supplementary Table 1). Our cohort was mostly
female (n = 15, 75%), had a mean age at time of cognitive
testing of 47.4 years (SD = 12.4), and mean duration of illness
of 10.1 years (SD = 7.6). Most had anti-GAD65 antibodies
(17/20, 75%), and classic SPS phenotype (15/20, 75%). Three
(15%) had a history of seizures, none of which were intractable
or poorly controlled. Common classes of medications prescribed
included benzodiazepines (n = 14, 70%), antidepressants (n = 13,
65%), non-benzodiazepine muscle relaxants (n = 10, 50%), and
opioids (n = 4, 20%). Nine out of eleven (82%) patients assessed
for depression reported clinically significant symptoms, and 4
out of 9 (44%) patients assessed for anxiety reported clinically
significant symptoms.

Of the 20 patients who completed cognitive testing, 19
performed in the “impaired” range in at least one cognitive
domain. The most common domains of impairment were verbal
learning and recall memory (n = 14, 70%), verbal fluency (n
= 11, 55%), processing speed (n = 8, 40%), attention (n = 8,
40%), motor speed (n = 7, 35%), semantic verbal fluency (n = 6,
30%), visual learning and recall memory (n = 5, 25%), set-shifting
(n = 5, 25%), inhibition control (n = 3, 15%), and visuospatial
processing (n = 3, 15%).

Patterns of medication use and clinically significant depressive
and anxiety symptoms are described in Figure 1.

DISCUSSION

To our knowledge, this is the first detailed examination of
cognitive and mood profiles in patients with SPSD who present
with cognitive concerns. The most common cognitive domains
exhibiting impairment were verbal recall, processing speed,
attention, and phonemic verbal fluency. Additionally, results
suggest an overlap of cognitive impairment with use of SPSD
medications and presence of mood and anxiety symptoms.
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TABLE 1 | Clinical and laboratory features of patients with stiff person syndrome spectrum disorders who received formal cognitive testing as part of routine clinical care for patient-reported cognitive changes.

Patient Baseline characteristics Cognitive testing results
number
Age at Years SPS phenotypes Anti GAD-65 titer Relevant medical Psychiatric Psychoactive and Areas of impairment Psychiatric symptoms ¢
testing with comorbidities comorbidities? immune-based
SPsf medications
1 59 2 GAD+SPS 63,525 |U/mL Vitiligo None Clonazepam Processing speed GDS-15: 8/15 NPI-Q:
Cerebellar B12 deficiency Verbal phonemic fluency agitation, depression,
predominant Remote Intestinal Ca apathy, irritability, nighttime
Remote Testicular Ca behaviors,
appetitive changes
2 39 <1 GAD -SPS 39 U/mL® T2DM Depression Oxymorphone No areas of impairment PHQ-9 = 15 (moderately
B12 deficiency Anxiety Oxycodone severe depressive
Vit D deficiency PTSD Pregabalin symptoms)
Narcolepsy ADHD Metaxalone
Small fiber neuropathy Baclofen
Mild OSA Clonazepam
Alprazolam
Armodafinil
Certirizine
3 74 8 GAD+SPS 6.3 U/mL Coronary artery disease Depression VIG Verbal learning and recall BAI 8 (minimal anxiety)
Cerebellar Duloxetine Motor speed PHQ-9 = 0 (no symptoms)
predominant Executive function
(Set-shifting)
Processing speed
Verbal phonemic fluency
4 22 2 GAD+SPS 30 U/mL Hypothyroidism Generalized anxiety Baclofen Executive functioning PAIl: severe depressive
Sickle cell anemia disorder P Diazepam (inhibition) symptoms
Asthma Major depressive Benzonatate Attention
CVA disorder, recurrent, Diphenhydramine Verbal phonemic fluency
partial seizures moderate ° Verbal recall
Adjustment disorder Motor speed
due to medical
condition °
5 60 8 GAD-Possible Not available B12 deficiency None Clonazepam Verbal recall Not assessed
SPS Vit D deficiency Methotrexate
Ankylosing spondylitis Bupropion
Hypertension Tramadol
OSA
6 29 17 GAD+SPS 250 IU/mL Hypothyroidism None Adalimumab Verbal learning and recall Not assessed
Primary Immune deficiency Tacrolimus Executive functioning (set
Orthostatic hypotension Clonidine shifting)
Crohn’s disease Duloxetine Attention
Chiari Malformation Modafinil Verbal phonemic fluency
Prednisone Verbal semantic fluency
Topriamate Working memory
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TABLE 1 | Continued

Patient Baseline characteristics Cognitive testing results
number
Age at Years SPS phenotypes Anti GAD-65 titer Relevant medical Psychiatric Psychoactive and Areas of impairment Psychiatric symptoms 9
testing with comorbidities comorbidities? immune-based
SPsf medications
7 54 12 GAD+SPS 21,888 U/mL SLE Depression Baclofen Verbal phonemic fluency BDI: 29
Anxiety Diazepam Visual recall (moderate depression) PAI:
Clonazepam Executive function (set significant depression
VIG shifting) and anxiety
Duloxetine Attention
Buspirone Processing speed
Doxylamine
Melatonin
8 43 6 GAD+-SPS Plus 25,000 U/mL Insulin dependent diabetes  None Clonazepam Language (verbal and PAI: significant anxiety
Epilepsy, sickle cell Cyclobenzaprine reading comprehension,
trait, migraines Lacosamide naming, spelling)
Levitracetam Visual learning and recall
Oxycodone
9 36 4 GAD+SPS 320 IU/mL Neuropathy Anxiety Baclofen Verbal phonemic fluency PAI: significant anxiety,
Migraine Depression VIG Verbal semantic fluency depression, anxiety related
PTSD Clonazepam Verbal recall to past trauma and stress
Diazepam Motor speed
Gabapentin
Paroxetine
10 59 20 GAD-Possible Not available Cervical stenosis None Carbamazepine Verbal recall © Not assessed
SPS Migraines Tizanidine
11 49 12 GAD+SPS 117 1U/mL None Major Depressive Baclofen Processing speed Not assessed
Disorder, recurrent © Bupropion Attention
Buspirone Verbal recall
Clonazepam Visuospatial judgement
Diazepam
IVIG
Rituximab
12 59 3 GAD+SPS 615 nmol/L None Paranoid Fluoxetine Verbal learning and recall ©  BDI and BAI within normal
schizophrenia® Levitracitam Visual learning and recall limits (score not reported)
Diazepam Language (expression)
Olanzapine Verbal phonemic fluency
Memantine Motor speed
Executive function
(inhibition)
Processing speed
13 49 24 GAD+SPS 207,650 U/mL Diabetes Mellitus None Baclofen Processing speed PHQ-9=7
Epilepsy (s/p temporal Diazepam Executive function (Set (mild depression) GAD-7 =
lobectomy) Lacosamide shifting) 12 (moderate anxiety)
Hypothyroidism Levetiracetam Verbal learning and recall
Pernicious anemia Pregabalin Language (naming)
SLE Verbal phonemic fluency

84

(Continued)

‘e 1o Ueyn

S9|IJ0Jd BAINUBOD BUWOIPUAS UOSIad YIS


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

510" UISIBUO MMM | ABOJOINSN Ul SI81UOI

29598 8oy | g1 swn(oA | 2z0zg AeIN

TABLE 1 | Continued

Patient Baseline characteristics Cognitive testing results
number
Age at Years SPS phenotypes Anti GAD-65 titer Relevant medical Psychiatric Psychoactive and Areas of impairment Psychiatric symptoms ¢
testing with comorbidities comorbidities? immune-based
SPsf medications
14 54 22 GAD+SPS 6.6 U/mL Insomnia Generalized anxiety Doxepin Processing speed® PHQ-9 =27
Postural orthostatic disorder® SCIG Verbal semantic fluency (severe depression) GAD-7
tachycardia syndrome Major depressive Pregabalin = 19 (severe anxiety)
Migraines disorder P
15 45 9 GAD+SPS 213 IlU/mL Tublerculosis (1 yo) None Clonazepam Verbal recall Not assessed
Coronary artery disease Diazepam Verbal semantic fluency
Dyslipidemia Hydralazine Executive functioning
HTN VIG (Set-shifting)
Hypothyroidism Processing speed
Motor speed
16 45 23 GAD-+SPS 174.2 U/mL Anemia Major depressive VIG Attentiond Not assessed
Anticardiolipin antibody disorder Baclofen Verbal learning and recall
positive Anxiety Clonazepam Visual learning and recall
T1DM Escitalopram
Hepatitis Prednisone
Rheumatoid arthritis
SLE
17 41 9 GAD-+SPS 174.2 U/mL Dysautonomia None Baclofen Verbal phonemic fluency GAD-7 =1 PHQ-9 =19
|diopathic small fiber Clonazepam Motor speed
sensory neuropathy Diazepam
T1DM Pregabalin
Modafinil
Oxycodone
Roxicodone
Paroxetine
VIG
Tizanidine
18 A 3 GAD+SPS 53,650 U/mL Anemia (iron deficiency) Anxiety Baclofen Attentiond Not assessed
Eczema Diazepam Visuospatial skills
Asthma Mirtazapine Verbal phonemic fluency
Seizures Verbal learning and recall
19 33 7 GAD+SPS 34 1U/mL Seizures None Baclofen Attentiond Not assessed
Ataxia Escitalopram Verbal phonemic fluency
Nystagmus VIG Verbal recall
Levetiracetam Visual recall
Rituximab Visuospatial skills
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Hypertension

Sjogren’s syndrome

apsychiatric diagnoses are based only on patient report unless noted otherwise; °psychiatric diagnoses confirmed by psychiatric or psychologist notes; °no raw score or percentiles from neuropsychological batteries were reported for
these patients. Domains of impairment were only based on testing interpretation summary; %only results of Repeatable Battery for Assessment of Neuropsychological Status (RBANS) completed by a Speech and Language Pathologist

available; € While this patient had one positive anti-GAD65 antibodly test, at the time closest to neuropsychological testing, prior and subsequent tests have been negative, thus categorization of phenotype is GAD-; fduration of illness

calculated from time of symptom onset to time of cognitive testing; 9Psychiatric symptoms were considered clinically significant based on previously established cut-offs of >9 for the Generalized Anxiety Disorder Assessment (GAD-7)
(14) and >4 for the Patient Health Questionnaire-9 (PHQ-9) (15), >9 for Beck Depression Inventory (BDI) (16), >7 for the Beck Anxiety Inventory (BAI) (17). For individuals whose psychiatric symptoms were only assessed using the PAI,
clinically significant symptoms were identified based on interpretation in the neuropsychiatric report. GAD -, anti-glutamic acid decarboxylase antibody negative; GAD +, anti-glutamic acid decarboxylase antibody positive; SLE, systemic
lupus erythematosus; T1DM, type 1 diabetes; OSA, Obstructive Sleep Apnea; PTSD, Post-traumatic stress disorder; ADHD, Attention Deficit Hyperactivity Disorder; CVA, Cerebrovascular accident; Ca, Cancer; s/p, status-post; IVIG

Intravenous immunoglobulin; SCIG

Subcutaneous immunoglobulin; NPI-Q, Neuropsychiatric Inventory — Questionnaire (18); PHQ-9, Patient health questionnaire-9 (15); GAD-7, Generalized anxiety disorder-7 (14); PAI, Personality

assessment inventory (19); BDI, Beck depression inventory (16); BAI, Beck anxiety inventory (17).

Reduced GABA levels have been associated with anxiety and
depression (21), as well as cognitive impairment in schizophrenia
(22), multiple sclerosis (23), and Alzheimer’s disease (24).
Metabolic abnormalities in the frontal cortex, temporal cortex,
thalamus, and cingulate cortex (25) have been reported in classic
SPS, regions that have previously been associated with psychiatric
symptoms in cognitive disorders (26). Thus, there is a biological
plausibility that cognitive impairment and mood and anxiety
disorders are intrinsic to the disease process.

Our results expand on previously published work by Budhram
et al. (11). Though cognitive findings specific to SPS phenotype
were not reported separately, they found that 18% (n = 38) of
their cohort with various anti-GAD65 associated neurological
disorders had cognitive impairment as diagnosed by the Kokmen
short test of mental status (11, 27). Consistent with our findings,
the predominant cognitive domains impacted were verbal
learning and recall memory (29/38, 76%), followed by working
memory/attention (6/38, 16%), and verbal fluency/language
processing (3/38, 8%). Similarly, another study of cognitive
profiles in 21 patients with anti-GAD65-positive diabetes
(without a co-existing neurological condition, severe psychiatric
disorders or use of psychotropic medications) reported that
performance on recall memory and phonemic verbal fluency
tasks were significantly lower in anti-GAD65-positive individuals
than in the control group (5). Psychiatric symptoms, however,
were not evaluated in either study in relation to cognition.

Among the 20 patients included in our case series, 65%
were prescribed antidepressants, and approximately half of those
assessed for depression and anxiety reported clinically significant
symptoms. This is consistent with prior studies (3, 28, 29),
and a recent systematic review which found that the relative
risk of psychiatric comorbidity in SPS was higher than that
of the general population (7). Mood and anxiety disorders
are associated with deficits in learning and memory, executive
function, and attention—areas also impaired in SPSD and anti-
GADG65 associated diseases (8, 9). Although the present findings
are observational and cannot confirm causation, bidirectional
pathways of mood and cognition have been established in
longitudinal studies of other patient populations (30, 31).

Both benzodiazepines and muscle relaxants have been
associated with increased risk of cognitive impairment (32-34).
In particular, long-term benzodiazepine use has been associated
with deficits in visuospatial processing, processing speed, and
verbal learning (10). While we observed a high prevalence of
these medications in individuals with cognitive impairment,
future studies on the potential effects of these medications
on cognition in SPSD are needed to establish causality. At a
minimum, there should be increased consideration for their
long-term use given the potentially harmful effects.

These findings should be interpreted within the context of
their limitations. This was a convenience, retrospective sample
of individuals who had completed cognitive testing following
referral based on reported cognitive concerns. Testing was
conducted at different sites and by different providers, without
standardization of test selection or interpretation. Moreover, as
previously noted, certain medications that are used in SPSD
can influence cognitive function. Despite the aforementioned
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limitations, our present findings contribute to the limited
literature on cognitive and mood profiles in patients with SPSD
by identifying common domains of cognitive impairment and
potential overlap of cognitive impairment with mood symptoms
and medication use.

In summary, assessment of cognitive impairment in SPSD
should include testing of verbal learning and recall, phonemic
verbal fluency, attention, and processing speed. Cognitive
screening tools that examine these domains, such as the Montreal
Cognitive Test (MoCA), could be used in the clinical setting
to help identify patients who may need additional cognitive
evaluation. Psychiatric symptoms and use of medications that
may affect cognition are common, and should be considered
when evaluating cognitive impairment in this population.
Further studies are needed to replicate these findings using
longitudinal prospective study designs with consistent cognitive
assessment tools and interpretive standards to further clarify
the scope of neuropsychiatric disturbance in SPSD and their
underlying mechanisms.
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Development of effective treatments requires understanding of disease mechanisms. For
diseases of the central nervous system (CNS), such as multiple sclerosis (MS), human
pathology studies and animal models tend to identify candidate disease mechanisms.
However, these studies cannot easily link the identified processes to clinical outcomes,
such as MS severity, required for causality assessment of candidate mechanisms.
Technological advances now allow the generation of thousands of biomarkers in living
human subjects, derived from genes, transcripts, medical images, and proteins or
metabolites in biological fluids. These biomarkers can be assembled into computational
models of clinical value, provided such models are generalizable. Reproducibility of
models increases with the technical rigor of the study design, such as blinding, control
implementation, the use of large cohorts that encompass the entire spectrum of
disease phenotypes and, most importantly, model validation in independent cohort(s).
To facilitate the growth of this important research area, we performed a meta-analysis
of publications (n = 302) that model MS clinical outcomes extracting effect sizes,
while also scoring the technical quality of the study design using predefined criteria.
Finally, we generated a Shiny-App-based website that allows dynamic exploration of
the data by selective filtering. On average, the published studies fulfilled only one of
the seven criteria of study design rigor. Only 15.2% of the studies used any validation
strategy, and only 8% used the gold standard of independent cohort validation. Many
studies also used small cohorts, e.g., for magnetic resonance imaging (MRI) and blood
biomarker predictors, the median sample size was <100 subjects. We observed inverse
relationships between reported effect sizes and the number of study design criteria
fulfilled, expanding analogous reports from non-MS fields, that studies that fail to limit bias
overestimate effect sizes. In conclusion, the presented meta-analysis represents a useful
tool for researchers, reviewers, and funders to improve the design of future modeling
studies in MS and to easily compare new studies with the published literature. We expect
that this will accelerate research in this important area, leading to the development of
robust models with proven clinical value.

Keywords: multiple sclerosis (MS), predictive models, machine learning, clinical outcomes, MS disability, MS
severity, technical quality, reproducibility
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INTRODUCTION

Multiple sclerosis (MS) is a polygenic, immune-mediated,
demyelinating disease of the central nervous system (CNS) that
causes substantial personal and societal burden. Understanding
the pathophysiology of the initial stages of MS revealed that
focal influx of immune cells into CNS tissue can be non-
invasively monitored by contrast-enhancing lesions (CELs) on
brain magnetic resonance imaging (MRI) (1). CELs, as surrogates
of focal inflammation, allowed rapid screening of therapeutic
agents (2), identifying many treatments that effectively block the
formation of MS lesions.

However, these treatments are not curative, and their efficacy
decreases with advancing age at treatment initiation. Indeed,
after the age of approximately 54 years, no net benefit on
disability progression can be demonstrated in Phase III clinical
trials (3). This is partially due to inflammation becoming
compartmentalized to CNS tissue during MS evolution (4,
5), making it largely inaccessible to systemically administered
treatments. However, neurodegenerative mechanisms (6, 7) likely
contribute to the decreasing efficacy of immunomodulatory
treatments. To develop effective treatments of MS beyond
inhibiting the formation of focal lesions, the MS field must
expand its earlier success in gaining pathophysiological insights
from early to late disease mechanisms.

Therefore, future therapeutic progress in MS requires the
identification and validation of biomarkers that reflect the
mechanisms that cause the development of clinical disability
in later stages of MS or in patients who no longer form MS
lesions thanks to current immunomodulatory treatments. Due
to the complexity of these later pathophysiological mechanisms,
it is unlikely that a single biomarker can replicate the success
of CELs. Indeed, the ability of a single biomarker to reflect
key patient-specific outcomes, namely, clinical disability and the
rate of its development [as measured by MS severity outcomes
(8)] is extremely limited. Consequently, investigators use simple
or complex statistical techniques (including machine learning
[ML]) to aggregate biomarkers into models with enhanced
predictive power.

To our best knowledge, no review exists that summarizes
state-of-the-art modeling strategies in MS. The goal of this
paper is to present such a critical meta-analysis, to help
the MS community, including funders, to identify gaps and
opportunities in this important research. We performed a
systematic assessment of the technical quality of the reviewed
studies, such as sample size, blinding, adjustment for covariates,
adjustment for multiple comparisons, integration of healthy
volunteer (HV) data to differentiate physiological processes such
as aging and gender effects from MS-driven pathologies and,
most importantly, we evaluated the level of model validation.
Because it has been repeatedly demonstrated that low technical
quality (9, 10) and small sample sizes (11-13) overestimate
effect sizes and lower the likelihood of reproducible results (14,
15), the attributes we summarize are essential determinants of
the generalizability of published models. The broad domain of
knowledge included in this work can be utilized as a reference for
MS researchers, funders, and reviewers.

METHODS
Search Method

We conducted a literature search to identify studies that
generated statistical models to predict clinical outcomes among
patients with MS. This systematic review was conducted in
accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. PubMed
searches were performed using keywords related to MS,
predictive models, and outcomes. Five PubMed searches were
performed to identify relevant MRI studies using various
combinations of the following keywords: “multiple sclerosis,”
“disability,” “correlate;” “MRI” “machine learning, “predict,
“Al “artificial intelligence,” and “neuroimaging.” Two searches
were performed to identify other relevant studies reporting on
statistical modeling in MS with the following PubMed search
criteria: “[(Multiple Sclerosis [Title/Abstract]) AND (Prediction)
AND (Outcome) AND (Model OR Machine Learning)]”
on 24 May 2021 and “(((Multiple Sclerosis [Title/Abstract])
AND (Prediction [Title/Abstract]) AND (Outcome))” on 16
August 2021.

Exclusion Criteria

Two reviewers (JL and EK) independently screened the studies
that reported effect sizes for image-, clinical-, or biomarker-
based models predicting a clinical outcome. We excluded studies
with no predictive models, studies with no imaging, clinical,
or biomarker predictors, studies with no clinical outcomes,
non-human studies, non-MS studies, and studies with no full
text available.

Information Extraction

The following features were extracted from the methods and
results of these studies: (1) types of predictors used for
modeling (i.e., clinical, MRI, blood biomarkers, CSF biomarkers,
and genes); (2) clinical outcome(s) modeled (e.g., expanded
disability status scale (EDSS), secondary-progressive MS (SPMS)
conversion); (3) cohort sample size; (4) all reported effect sizes
(e.g., for modeling continuous outcomes: R? [i.e., coefficient of
determination; a statistical measure of how well the regression
prediction approximate the measured data], Spearman’s p [a
non-parametric correlation coefficient that measures the strength
of association between two variables], Pearson’s R [a parametric
correlation coefficient that measures the strength of association
between two variables; should be used only with normally
distributed data as it is very sensitive to the effect of outliers]; for
dichotomized outcomes such as progression or non-progression:
hazard ratios [HR: i.e., an estimate of the ratio of the hazard
rate such as disability progression in one vs. other groups: e.g.,
in treated vs. untreated patients], odds ratios [OR; i.e., the
cumulative measure of association between events A and B; with
OR = 1 signifying independence between A and B, while OR
> 1 signifies that A and B are positively associated while OR <
1 means that A and B are negatively associated] and finally, p-
value [i.e., the probability of obtaining results at least as extreme
as observed if the null hypothesis was correct; please note that
because p-value depends not only on effect size but also on
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variance and cohort size, it is an extremely poor indicator of effect
size alone].

We also extracted seven dichotomized/categorical factors used
to assess the quality of the study design (see Section Assessment
of the Quality of Study Design in the Reviewed Models). We will
refer to these as indicators of the “technical quality” of the study.

Assessment of the Quality of Study Design

in the Reviewed Models

Seven technical quality indicators were extracted from the
methods and results sections of each paper, with the following
justifications: (1) presence and type of model validation (i.e.,
(A) independent validation cohort (16) [gold standard] or (B)
out-of-bag (OOB)/cross-validation of the training cohort (17).
ML algorithms are so powerful that, contrary to expectations,
developing models that have surprisingly high effect sizes in
the training data set is common and easy. Without a validation
strategy, it is not possible to determine the utility of such
models, as most artificially and greatly inflate the true effect
sizes (15). Thus, the presence and type of model validation are
the most important indicators of model reproducibility. The
next four attributes of methodological study rigor safeguard
against bias. Their pre-specification (e.g., in the protocol) before
performing the analysis ensures that the analysis is not modified
to increase the likelihood of obtaining the desired results.
These include: (2) described process of dealing with outliers
to prevent bias (yes/no); useful models should be generally
applicable and therefore their effect size should not depend
on highly influential observations. Such observations should be
identified (and excluded) prior to unblinding by a predefined
outlier analysis. If such an analysis is not predefined and the
description of methods does not specify how many outliers
were excluded and based on what criteria, then the model
might be biased (18). (3) Described process of dealing with
data missingness (19) to prevent bias (yes/no); another way
of modeling results may be biased by excluding observations
that do not fit the model post-analysis (e.g., with a justification
that these observations were technically inadequate) or by not
detecting that some observations were systematically omitted
(e.g., measurements were not performed on the sickest patients).
Finally, a large amount of missingness that is not disclosed
in the paper can also falsely overestimate the generalizability
and clinical utility of the model. (4) Adjusting for covariates
(yes/no); another way to introduce bias is by failing to detect
and adjust for effects of confounding factors that influence the
model predictors independently of the outcome (such as age,
gender, application of treatments, and different socioeconomic
status). For example, such confounders may explain up to 60%
of the variance in volumetric brain MRI data (20), which may
be mistakenly attributed to the model(s) of neurodegenerative
diseases, especially if the patient groups are not carefully
matched. (5) Blinding (yes/no); the most effective way to prevent
bias during the generation of predictors or during data analysis is
to blind the investigators who generate the data, and to perform
the aforementioned data cleaning steps before unblinding the
data analyst (21). Although randomization is also an essential

bias-preventing attribute of methodological design, it is mostly
applicable to interventional studies, not to modeling studies. (6)
The number of comparisons made (i.e., the number of predictors
multiplied by the number of outcomes) and whether p-values
were adjusted for multiple comparisons (yes/no); this attribute
affects the strength of the statistical evidence with which the
null hypothesis is rejected. The p-value represents the probability
of obtaining results at least as extreme as the presented results
if the null hypothesis was valid. We would like to present an
analogy that provides a reader without statistical knowledge with
a practical intuition of how to judge p-values in the contexts
of performing multiple comparisons: let us imagine we have 20
cards numbered from1 to 20 and we are assessing the ability of a
blinded person (i.e., a model) to select the card with the number
1 on it. If this person pulls the card #1 on the first attempt, we
may be tempted to conclude that the person knows how to select
card #1, as there is only a 5% chance (p = 0.05) that she/he
will select card #1 on the first attempt randomly. Although we
eagerly accept the p-value of 0.05 to rule out the null hypothesis
in scientific applications related to human health, it is likely that
most people would demand stronger evidence that the person
can reliably select card #1 in this example. Most people would
ask the person to repeat the experiment before they would accept
this “model” as valuable. If the person repeats the experiment
and selects the card #1 again, then our confidence that she/he
knows how to select card #1 will increase to p = 0.025 (0.05/2).
Now, what happens if the person says that she/he knows how
to correctly select the card with a specific number on it: you
suggest 19 different numbers and each time the person fails to
select the correct one. On the last attempt, you suggest card #1
and the person correctly selects card #1. Will you still conclude
that the person represents a good model for selecting card #1?
We intuitively understand that if we ignore the previous failed
attempts, we reach the wrong conclusion. Yet, when the same
is done in reported biomedical research (e.g., the researchers
correlated 20 different predictors with the measured outcome
and only one of them correlates with p = 0.05), we readily
accept such a result to reject the null hypothesis. The science
of when and how to adjust for multiple comparisons is more
complicated (22), but the principle is that we must consider how
many comparisons the investigators performed and whether they
appropriately adjusted the p-values to make a correct inference.
(7) Controls utilized (yes/no); this final attribute of the technical
rigor deals with the specificity of the model and thus its clinical
value: e.g., a model claims to differentiate relapsing-remitting
MS (RRMS) from progressive MS. However, when applied to
HVs, the model also differentiates two groups of people: younger
and older. Clearly, this is not biologically valuable model of MS
progression. Or a model claims to be a diagnostic test of MS, buts
its accuracy is tested only by differentiating MS from HYV, instead
of including appropriate controls such as people with non-MS$
white matter lesions and focal neurological deficits.

Depending on how many of these criteria study fulfilled, the
quality of the study design ranged from 0 to 7. Although it
is not necessary for a study to fulfill all seven criteria to be
reproducible, the score assesses methodological rigor between
studies and identifies areas for improvement.
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Identification of studies via databases and registers ]

Records identified from:
Databases (n = 782) >
Registers (n = 0)

Records removed before screening:
Duplicate records removed (n = 119)
Records marked as ineligible by automation tools (n = 0)
Records removed for other reasons (n = 0)

] [ Identification ]

y

Records screened
(n = 663)

Records excluded
(n=0)

A4

Reports not retrieved (full reports inaccessible)

Reports excluded (n = 354):
No predictive model (n = 128)
No relevant clinical outcomes or predictors (n = 135)
Review papers (n = 36)
Not adult, live human study (n = 8)
No distinct results for MS patients (n = 20)

the review.

o
=
[ Reports sought for retrieval
g (n =663) » (n=7)
7]
A
Reports assessed for eligibility
(n = 656) »
e/
o v
e Studies included in review
= (n=302)
) Reports of included studies
£ (n=302)
—/

FIGURE 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) chart summarizing the disposition of records identified from PubMed
searches. The searches identified 782 records, of which 663 were unique. After several exclusion criteria defined in the figure, 302 unique records were included in

The Master worksheet containing all these extracted data
as well as PubMedIDentifiers (PMID) of individual papers is
provided as Supplementary Table S1.

Validation of Published Inverse
Relationships Between Study Design
Quality and Reported Effect Sizes

Previous studies on non-MS fields showed that (1) small
cohort studies; (2) studies of low experimental quality; and (3)
studies performed only in the training cohort, all significantly
overestimate true effect sizes (10, 11, 13, 14). To assess whether
the same can be observed in the MS field we investigated the
relationships between the technical quality of studies (including
cohort sizes and comparisons of training vs. cross-validation vs.
independent validation cohorts) and reported effect sizes.

In addition to univariate analyses, we also classified groups of
studies based on the combination of cohort size and technical
quality criteria: studies were considered high quality if they
reached 1 standard deviation (SD) above the mean for both
factors, whereas low quality were 1 SD below the mean for
both. To compare all identified low- and high-quality studies
(two-sample Wilcoxon [Mann-Whitney] test), we normalized

the different metrics of effect sizes to yield common metrics
ranging from 0 to 1.

Public Database Exploration Tool

To allow readers to independently explore the data beyond
the relationships described in this paper, we developed a
Shiny App in R version 3.6.1. This application includes
selection tools that allow user to select all predictor or specific
types, all clinical or specific outcomes and all or specific
effect size statistic tools and then generates a set of two-
dimensional plots that visualize the relationships between the
extracted features. The user can also rapidly identify the
PMID for a specific study by clicking a specific point in the
two-dimensional plots.

RESULTS

Clinical Outcomes

A total of 663 studies were screened, excluding duplicate records
(Figure 1; PRISMA diagram). After applying the exclusion
criteria, 302 studies were included in the review. A total of 189
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FIGURE 2 | Distribution of modeled clinical outcomes. The large pie chart in the center of the figure shows the distribution of categories of modeled outcomes. The
three most frequent outcome categories are disability (37%, red), severity (26%, purple), and patient-reported outcomes (PROs; 15%, teal). The surrounding bar plots
show the breakdown of each of these three categories.

clinical outcomes were predicted in the 302 included studies. The
breakdown of outcomes by category is shown in Figure 2.

The largest category of clinical outcomes was MS progression
as measured by traditional disability outcomes (Figure 2, red
color; 37% of the studies reviewed). Of these, the most prevalent
outcomes were EDSS-based (n = 81 studies), such as predicting
EDSS on an ordinal scale, followed by the prediction of EDSS as a
dichotomous variable. Cognitive disability outcomes constituted
the second largest subcategory (n = 44). These included the
Paced Auditory Serial Addition Test (PASAT), the Stroop test,
the Symbol Digit Modalities Test (SDMT), etc. The third most
prevalent progression outcomes were gait-based (n = 27), which
included the timed 25-foot walk (T25FW), Hauser ambulation
index, 6-min walk test, Timed Up and Go [TUG], dynamic gait
index, etc.

Following MS progression/disability outcomes, the next
largest category of outcomes was MS severity outcomes, which
were modeled by 26% of the studies reviewed (Figure 2, purple
color). A total of 69 studies predicted changes in EDSS over
time, including EDSS worsening and time to reach a specific
EDSS score. A total of 10 studies predicted the conversion to
SPMS, eight predicted EDSS-based MS Severity Score (MSSS),
five predicted conversions to clinically definite MS, and the
remaining outcomes were studied by fewer than five studies.

Finally, patient-reported outcomes (PROs; Figure 2, teal color)
were modeled by 15% of the studies reviewed. This category was
fractionated, with falls predicted in six studies, the MS Impact

Scale (MSIS-29) and Beck Depression Inventory (BDI) by five
studies each. The remaining outcomes were studied by fewer than
five studies.

Predictor Variables

Five categories of predictor variables were used in these models,
namely, clinical (n = 166 studies), MRI (n = 103), genes
(n = 13), blood biomarkers (n = 20), and CSF biomarkers
(n =9) (Figure 3A).

We hypothesized, and confirmed, that the sample sizes would
be the largest for models using clinical predictors because they
are the easiest to collect. Using similar reasoning, we expected the
smallest sample sizes for CSF predictors due to an invasive nature
of lumbar punctures. Instead, we observed the smallest sample
sizes for models utilizing MRI predictors and blood biomarkers,
where most studies had sample sizes of <100 patients, with some
as low as 10 patients (Figure 3B).

Technical Quality

In addition to recording cohort sizes for each study reviewed,
we collected seven study design factors aimed to minimize bias
(see Section Methods for details) and therefore maximize the
probability that the reported results would be generalizable
(Figure 3C). These were: (1) blinded analyses; (2) pre-
defined/described missing data; (3) pre-defined/described
methodology for outlier identification and removal to minimize
bias; (4) adjustment for covariates; (5) presence of controls, such
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as HVs, to differentiate physiological processes, such as aging
or gender effects, from MS-related processes; (6) the number of
comparisons performed and whether investigators employed
any strategy to adjust significance thresholds if the number
of comparisons was high; and finally (7) the level of model
validation (if any), differentiating cross-validation methods that
reuse training cohort samples from true independent cohort
validation, considered the gold standard.

Although no study needs to fulfill all seven criteria to yield
reliable results, it was unexpected to observe that majority of
the studies fulfilled one or fewer criteria and only 1% of the
studies fulfilled more than four. When comparing the technical
quality of studies based on different predictors (Figure 3D), we
observed the highest technical quality of the studies that used
genes, followed by MRIs and blood biomarkers. Astonishingly,
more than 20% of the studies that used clinical or CSF biomarker
predictors fulfilled zero technical quality criteria.

Finally, because current modeling algorithms are highly
susceptible to overfitting, an essential determinant of model’s
generalizability is the level of its validation. Overfitting is caused
by the ability of ML algorithms to find and amplify subtle
changes in the data, including noise, to achieve fit that is much

stronger than biologically plausible. Consequently, when the
model is applied to a new set of samples/patients, it will have a
much lower fit or may not validate at all. There are two types
of validation: the first reuses training cohort data, in various
manners that are beyond the scope of this review. It is often
called “cross-validation” or “OOB data.” We will use term “cross-
validation” to signify any validation strategy that reuses training
cohort data. To what degree cross-validation faithfully predicts
the generalizability of the model depends on the details of how
it was performed. Cross-validation may be overly optimistic
if researchers fail to prevent bias, and this is often the case.
Therefore, the gold standard is independent cohort validation,
which implies using the model on a new set of samples/subjects
that did not contribute, in any way, to model generation.

We observed that only 15% of the studies used any
type of validation with only 8% of all studies used
independent validation.

Effect Sizes

Effect sizes for each of these studies were included as reported
(for an explanation of these metrics, see Section Methods). The
most reported metric was R? in 101 studies with Pearson’s R being
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reported in 53 studies, HR in 46 studies, OR in 43 studies, and
Spearman’s p in 29 studies. Values of p were reported alongside
these metrics in 202/302 studies.

Overall, we observed a highly selective, rather than
comprehensive use of statistical outcomes that reflect effect
sizes. This selectivity limits the ability to compare effect sizes
between different studies.

Association Between Study Quality and

Effect Size

It is estimated that between 51% and 89% of the published
literature in biomedical sciences is not reproducible (15, 23, 24)
and poor study design, based on small sample sizes (11, 13) and
the failure to prevent bias (25-27) is the major contributor to
this reproducibility crisis. Indeed, as outlined in the introduction,
previous studies highlighted an inverse relationship between the
technical quality of study design (10) [including cohort sizes
(11, 13)] and reported effect sizes, validating the notion that the
technical quality of study design is a major determinant of the
generalizability of gained scientific knowledge.

To assess whether we can identify analogous inverse
relationships between reported effect sizes and our pre-defined
systematic grading of technical quality of the reported study
design, we performed two types of analyses. In first analysis, we
compiled all studies that reported any effect size separately for the
training (Figure 4A) and cross-validation cohorts (Figure 4B).
We then assessed whether there is any relationship between
the number of technical quality criteria a study fulfilled vs.

the reported effect size. For both the training cohort data
(Figure 4C) and cross-validation (Figure 4D), we observed an
inverse relationship between the technical quality of the study
and the reported effect size.

Because the above strategy ignored cohort size, which is an
important determinant of model generalizability, in the second
analysis we construed the two-dimensional assessment of the
study design (Figure 5A), integrating both grading of reported
technical quality with reported sample sizes. Using means =+
one SD of all studies, we identified low-quality studies (i.e.,
at least one SD below the average for both technical quality
and sample size) vs. high-quality studies (i.e., at least one SD
above the average for both domains). We observed significantly
higher reported standardized effect sizes for low quality studies
compared with high quality studies (Figure 5B). As expected,
effect sizes for the remaining studies were centered between the
low- and high-quality studies.

Effect Sizes for EDSS-Based Models of MS

Progression and MS Severity

To facilitate the interpretation of any future models, we
compared the strength of models for different predictors using
EDSS-based MS progression (Table 1) and MS severity outcomes
[MSSS and age-related MSS (ARMSS); Table 2]. EDSS-based
outcomes are the most broadly used in MS field. We found
them to be modeled most, and they are accepted by regulatory
agencies for assessing the therapeutic efficacy of MS drugs. For
each outcome and predictor pair, we provide the highest reported
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effect size and the effect size reported by the study of highest
technical quality. Whenever available, we also reported effect
sizes for cross-validation and independent validation studies.

For modeling MS progression using the ordinal EDSS
(Table 1), we found comparable highest reported effect sizes
between studies that used clinical (i.e., R> = 0.67) and MRI
(R?* = 0.64) predictors. The decrease in effect size for best-in
class studies was larger for clinical predictors (i.e., R? = 0.26)
than for MRI predictors (R*> = 0.52). Only MRI predictors
reported cross-validation results, which further decreased the
effect size to R? = 0.19. We identified no independent validation
cohorts. Blood biomarker predictors achieved a much lower
effect size in predicting EDSS: the strongest effect size (R?> =
0.19) was reported by a study that included only 23 subjects
and achieved the technical quality score of 1, whereas the
highest quality study reported R?> = 0.06. We identified no cross-
validation or independent validation studies for blood predictors
of EDSS. Finally, we identified no studies reporting genetic or
CSF biomarker-based predictors of EDSS.

For predicting MS severity (Table2) measured by MSSS,
the strongest reported effect size was R*> = 0.45 for MRI and

R? = 0.24 for clinical predictors. However, these were derived
from small training cohorts (n = 67 for MRI and n = 54 for
clinical predictors) and were not validated. We identified several
studies using genetic predictors of MS severity; effect sizes for
independent validation of MSSS and ARMSS were reported only
as correlation coefficients and ranged from Pearson’s R = 0.17-
0.2. We did not identify any blood or CSF biomarker-based
models of MS severity.

Shiny-App Exploration Tool

To facilitate independent exploration of the rich data set
we collected beyond the Excel worksheet containing all
extracted data and deposited as Supplementary Table S1, we
also developed the Shiny App that allows selective filtering of
the data (e.g., to isolate specific predictors, specific outcomes,
and specific statistical metrics of effect sizes). It can be found
at the following link: https://jliul59.shinyapps.io/MS_Models_
LitSearch_Data_Exploration/. This tool was designed to facilitate
comparisons of any future models with the reviewed literature. A
user manual can be found in the Supplementary Material.
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TABLE 1 | This set of tables shows the models of expanded disability status scale (EDSS; modeled as ordinal scale) using the following predictor types: clinical, magnetic

resonance imaging (MRI), and blood, respectively.

Cohort

Study type

R*2 (PMID, #QC, N)

|Spearman p| (PMID, #QC, N)

|Pearson R| (PMID, #QC, N)

Outcome: EDSS

Predictor: Clinical

Training

Cross-validation

Independent validation

Strongest effect size
Highest quality
Strongest effect size
Highest quality
Strongest effect size
Highest quality

0.67 (31218917, 1, 100)
0.26 (26362898, 2, 362)

0.77 (18184917, 0, 161)
0.61 (31218917, 1, 100)

0.51 (32615409, 1, 38)

Outcome: EDSS

Predictor: MRI

Training

Cross-validation

Independent validation

Strongest effect size
Highest quality
Strongest effect size
Highest quality
Strongest effect Size
Highest quality

0.64 (33598931, 1, 115)
0.52 (30657011, 3, 366)
0.19 (32924846, 2, 250)

0.82 (24508617, 1, 9)
0.49 (18556361, 4, 74)

0.36 (20373349, 0, 107)
0.26 (26115736, 3, 195)

Outcome: EDSS

Predictor: Blood

Training

Cross-validation

Strongest effect size
Highest quality

Strongest effect size

0.19 (31801106, 1, 23)
0.06 (30564615, 3, 117)

0.47 (318011086, 1, 23)
0.15 (22354743, 2, 68)

Highest quality -
Independent validation Strongest effect size -

Highest quality -

Effect sizes were reported for studies with the strongest effect sizes as well as for studies with the highest quality. The following metrics were explored: R?, Spearman’s p, and Pearson’s
R. PMID, PubMed unique Identifier; #QC, sum of technical quality criteria that the study fulfilled; n, number of subjects in the studly.

DISCUSSION

Technological advances make measuring thousands of genes,
transcripts, proteins, and metabolites and hundreds of imaging
and clinical biomarkers relatively easy and common. Thanks to
analogous computational advances, these measurements can be
aggregated into models that are expected to elucidate disease
mechanisms and provide clinical (e.g., prognostic) value. These
are valuable developments; however, to fulfill the expectations
of providing reproducible knowledge and clinical value, these
technological advances must be paired with the rigor of
experimental design.

This review shows great potential to improve modeling of
clinical disease characteristics in MS. It is startling that 21% of the
published studies failed to implement any of the seven attributes
of a strong experimental design (9, 11-13, 15) to limit bias
and enhance reproducibility. An additional 36% of the studies
reviewed implemented only one of the seven technical criteria,
making this the median attribute of experimental design quality
in MS models. This is clearly suboptimal.

This inferior experimental design is compounded by the
frequent use of small sample sizes (i.e., fewer than 100
subjects): in fact, for MRI and blood non-genetic biomarker
studies, the median cohort sizes were <100. Considering the

complexity of disease mechanisms in polygenic diseases like MS,
a modeling cohort of <100 patients with MS cannot comprise the
entire spectrum of disease heterogeneity. Moreover, such small
studies are highly susceptible to bias (11, 13), especially when
<20% used blinding, <25% adjusted for covariates, and <30%
addressed missingness or adjusted the threshold of significance
for the number of comparisons performed (sometimes more
than hundreds).

Evidence from other scientific areas (10, 11, 13, 14), supported
by this paper, shows that poor experimental design, intensified
by small cohort sizes, overestimates effect sizes. This is inevitable,
as statistical power is positively associated with cohort and effect
sizes (25). Consequently, the only way for small studies to reach
statistical significance is for them to demonstrate unusually high
effect sizes. These high effect sizes are almost always inflated as
abnormalities in individual transcripts, proteins, or metabolites
are only mild or moderate, with severe disturbances being
incompatible with life (28).

Another underappreciated aspect of complex modeling
algorithms is their incredible overfitting power. Contrary
to laymen’s understanding, it is surprisingly easy to derive
seemingly strong models in training cohorts, especially if
one measures a comparably higher number of biomarkers
to the number of subjects. Such disproportional richness of
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TABLE 2 | This set of tables includes EDSS-based multiple sclerosis (MS) severity outcomes MS Severity Score (MSSS) and age-related MSS (ARMSS), showing the
studies that reported the highest effect sizes and those that achieved the highest technical quality, reporting R, Spearman’s p, and Pearson’s R.

Cohort

Study type

R*2 (PMID, #QC, N)

|Spearman p| (PMID, #QC, N)

|Pearson R| (PMID, #QC, N)

Outcome: MSSS

Predictor: MRI

Training

Cross-validation

Independent validation

Strongest effect size
Highest quality
Strongest effect size
Highest quality
Strongest effect size
Highest quality

0.45 (24122185, 1, 67)

Outcome: MSSS

Predictor: Blood

Training

Cross-validation

Strongest effect size
Highest quality
Strongest effect size

0.24 (20965962, 2, 54)

0.19 (22354743, 2, 68)

Highest quality -
Independent validation Strongest effect size -

Highest quality -

Outcome: MSSS Predictor: Genes

Training Strongest effect size
Highest quality -
Cross-validation Strongest effect size -
Highest quality -
Independent validation Strongest effect size -

Highest quality -

0.16 (20378664, 2, 605) - -

- 0.58 (31396954, 6, 205)

0.06 (31396954, 6, 94) 0.20 (31396954, 6, 94)

Outcome: ARMSS Predictor: Genes

Training Strongest effect size -
Highest quality -
Cross-validation Strongest effect size -
Highest quality -
Independent validation Strongest effect size -

Highest quality -

- 0.58 (31396954, 6, 205)

0.12 (31396954, 6, 94) 0.17 (31396954, 6, 94)

PMID, PubMed unique Identifier; #QC, sum of technical quality criteria that the study fulfilled; n, number of subjects in the study.

predictors poses a high probability of spurious associations
between predictors and the outcome(s), akin to the example
we introduced in Section Methods when explaining the ease
of making the wrong conclusion if we fail to consider how
many “comparisons’ were performed during the modeling
strategy. Thus, the validation of such models is essential: the
probability that the same spurious (i.e., not caused by biology)
relationship(s) will occur again in the completely independent set
of observations is low. However, validation was included only in
15% of all studies, and most of these (56%) used cross-validation
rather than independent validation. Indeed, <8% of all studies
validated their model(s) on a completely new set of subjects (i.e.,
independent validation cohort), which is the gold standard.
Cross-validation (also called rotation estimation or OOB
testing) reuses some of the training cohort data by partitioning
or resampling the data to train and test models on different

iterations. For example, a training cohort may be randomly
partitioned (many times) to generate “internal” training and
validation splits; this partitioning may be as large as 50:50 split
or as small as leaving out only one sample. The model then
tests the accuracy of the predictions of these OOB samples.
Because cross-validation does not require any new data sets, it
should be included in all studies, not just 10% of them. Although
cross-validation is certainly better than no validation, it may still
overestimate the power/accuracy of the classifier in comparison
to true independent validation (29). We have always observed
decreases in model performance (e.g., predictive accuracy) from
training cohort to cross-validation and from cross-validation
to independent validation (30-32). These decreases happen
regardless of whether we use clinical data (33), functional
data (34), MRI data (32, 35), soluble biomarkers (30, 36),
or genes (31); and they are often substantial, especially when
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comparing cross-validation with true independent validation
[e.g., from R? 0.72 in the training cohort to 0.64 in the 5-fold
cross-validation with 10 repetitions to 0.01 in the independent
validation (34)]. Please note that the effect sizes for the EDSS-
based outcomes summarized in Tables 1, 2 also show decreasing
effect sizes with increasing quality of experimental design, and
from training to cross-validation results. Finally, we emphasize
that an exceptionally low p-value achieved in the training cohort
(even in the cross-validation cohort) does not guarantee the
dramatic loss of model accuracy observed in the independent
validation cohort (15, 31).

Cross-validation frequently overestimates the accuracy of the
model because it often includes a circular argument: somewhere
in the modeling process the OOB samples contributed to
model construction. For example, we already mentioned that
“overfitting” tends to happen when models are generated from
a disproportionally large number of predictors in comparison
to the number of observations. To avoid this problem, the
data analyst may “constrict” the number of predictors for
model development, e.g., by correlating predictors with the
modeling outcome and selecting only predictors with significant
correlations. If this initial step was done in all training cohort
observations (which is usually the case), the OOB samples
were “compromised”; they contributed to model development
and, therefore, will likely overestimate the model effect size in
comparison to independent validation.

Furthermore, these early modeling steps (such as quality
control, outlier removal, and feature selection), if performed
unblinded, may introduce bias and are often omitted from the
publication altogether [a problem called “selective reporting”
(37-39)]. Consequently, bias may not be identified during
the review process. Another source of bias that leads to
major misinformation in the scientific literature is publication
bias (40): when so-called “positive” studies (i.e., those that
achieved arbitrary the value of p < 0.05) are published, but
“negative” studies, including negative independent validation
studies, frequently remain unpublished. This collectively causes
unrealistically optimistic view of the reproducibility of the
published results.

We initiated this work with the goal of identifying
opportunities to advance the modeling of MS outcomes. Based
on this work, we endorse the following recommendations:

Enhance the Experimental Design of

Future Studies

To minimize bias and maximize reproducibility, no modeling
study should fulfill less than four criteria of sound experimental
design, and all should include at minimum cross-validation.
Studies should also be of sufficient size, including all MS
phenotypes, to increase the probability that the results will
be generalizable.

Include Most Common Outcomes (E.g.,
EDSS-Based) as Comparators

Although modeling new and possibly better clinical or functional
outcomes (including PROs) are desirable, unless EDSS-based

outcomes are included, it is impossible to compare different
models and understand their clinical utility.

Prioritize Modeling Continuous (or Ordinal)

Over Dichotomized Outcomes

Even though the EDSS is an ordinal scale and EDSS-based
severity outcomes (i.e., MSSS and ARMSS) are continuous,
71/138 (51%) studies used the EDSS in a dichotomized manner:
e.g., predicting progression (yes/no) within a certain period. Of
the 71 studies that used dichotomized EDSS-based outcomes,
dichotomization was not uniform across studies. For example,
EDSS worsening was defined as a 1-point increase in one
study, a 0.5-point increase in another study, and a 0.5- or
1-point increase depending on some EDSS threshold, which
varied between EDSS 4 and 6. Without justification for a
specific definition of EDSS dichotomization and assurance that
this definition was selected before data analyses, non-uniform
selection of EDSS-based outcomes may lead to bias, while also
preventing comparison between studies. Such call for greater
standardization of clinical outcomes has been made previously in
the MS field (16). We strongly recommend that even studies that
chose to dichotomize the EDSS-based outcome include models
that predict the EDSS as an ordinal scale and MSSS/ARMSS as
continuous scales. Predicting when and how much progression
will occur is a mathematically harder problem than predicting
whether a patient is likely to progress. While the dichotomized
model may predict that two patients will progress in the next
5 years, the continuous model may predict that one patient
will progress 3 EDSS points starting next year and another
will progress 0.5 EDSS points by the 5th year. This level of
granularity, if validated, provides a greater biological insight
into the mechanisms of disease progression and a stronger
information gain for clinical management. Because the data
(i e, EDSS) are already collected, applying different modeling
strategies and reporting their outcomes are not difficult.

Report Broad and Accurate Metrics of

Model Accuracy

We observed highly inadequate reporting of model accuracy
metrics, at times limited only to the p-value. Values of p do not
reliably reflect model accuracy; in fact, one can get a low p-value
for a model that has an inverse relationship with a measured
outcome. Or, in large cohorts, a clinically insignificant model
(explaining <1% of the variance) may have a surprisingly low
p-value. For continuous outcomes, correlation coefficients only
reflect the strength of the association between measured and
predicted outcomes, but not the accuracy of the model: e.g., let us
imagine that measured and predicted outcomes are distributed
in perfect (positive) line, resulting in correlation coefficients of 1.
However, while the measured EDSS has spread of values between
0 and 10, the predicted EDSS may have a different spread of
values: e.g., 4-6 or 1-2. In fact, such “mis-calibrated” models are
quite common. The R2, reflecting the proportion of the variance
explained by the model is preferable to correlation coeflicients.
However, the best indicator of model accuracy reflects how
closely the model predictions match the absolute values of the
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measured outcomes (i.e., 1:1 line), such as Lin’s concordance
coefficient (CCC). Current statistical packages, including freely
available options such as R, can calculate all these statistical
parameters. Their reporting will provide a better assessment of
model accuracy and would facilitate comparison between studies.

Addressing the Clinical Utility of the
Models

Not all models have, or must have clinical utility; as indicated
above, molecular, genetic, or cellular biomarker predictors
might be useful by simply linking specific pathophysiological
processes or pathways to MS clinical outcomes. However, even
these models should assess and publish metrics of clinical
utility, such as receiver operating characteristic (ROC), accuracy,
sensitivity/specificity, and positive and negative predictive values,
so that clinicians correctly understand their potential clinical
value (or lack thereof).

Validation of the Most Promising

Observations in the Independent Cohort(s)
The low rate of independent validation (i.e., 8% of the studies)
observed in this meta-analysis is, unfortunately, consistent
with similar reports of very low independent validation
rates (17). Because a “lack of validated predictive tools
in MS” has been recognized before (18), funders need to
devote more funding to high-quality, definite independent
validation studies. Analogously, reviewers and readers should
recognize that training cohort data, even cross-validation, has
high probability to overestimate the generalizability of the
model(s), and reward publications that include independent
validation cohorts.

Deposit the Raw Data

Most journals do not limit the amount of Supplementary Data.
Data sharing is essential to independently validate the
algorithms that underlie published models, but also to explore
stronger algorithms/models.

CONCLUSIONS

Finally, as evidenced by the summary of current EDSS-based
models, we identified a strong need to develop validated models
of MS clinical outcomes using cellular or molecular biomarkers.
Vast majority of the models reviewed used clinical or MRI
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predictors. Although they may provide clinical value, they are
less likely to yield the mechanistic insight into MS progression
or MS severity necessary for the development of effective
treatments for progressive MS or treatments that would abrogate
the accumulation of disability in patients treated by current
disease-modifying agents that successfully limit the formation of
new lesions.

While most of these recommendations have no financial or
logistical implications (i.e., they can be performed immediately
on existing cohorts as they relate to the analytical steps of
model development), increasing cohort sizes, and especially
the inclusion of independent validation cohorts, requires
substantial financial and human resources and cannot be
accomplished without funders recognizing the importance of
such properly powered studies and prioritizing them for
financial support.
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Background: Peptidylarginine deiminase 2 (PAD2) mediates the post-translational
conversion of arginine residues in proteins to citrullines and is highly expressed in the
central nervous system (CNS). Dysregulated PAD2 activity has been implicated in the
pathogenesis of several neurologic diseases, including multiple sclerosis (MS). In this
study, we sought to define the cellular and regional expression of the gene encoding
for PAD2 (i.e. PADI2) in the human CNS using publicly available datasets and evaluate
whether anti-PAD2 antibodies were present in patients with various neurologic diseases.

Methods: A total of 491 study participants were included in this study: 91 people
with MS, 32 people with neuromyelitis optica (NMO), 281 people with post-treatment
Lyme disease (PTLD), and 87 healthy controls. To measure PADI2 expression in the CNS
from healthy individuals, publicly available tissue and single cell RNA sequencing data
was analyzed. Anti-PAD2 antibodies were measured in the serum of study participants
using anti-PAD2 ELISA. Clinical and demographic variables were compared according
to anti-PAD2 antibody positivity for the MS and PTLD groups and correlations between
anti-PAD2 levels and disease severity were examined.

Results: PADI2 expression was highest in oligodendrocytes (mean + SD; 6.4 + 2.2),
followed closely by astrocytes (5.5 + 2.6), microglia/macrophages (4.5 + 3.5), and
oligodendrocyte precursor cells (3.2 £ 3.3). There was an increased proportion of anti-
PAD2 positivity in the MS (19.8%; p = 0.007) and PTLD groups (13.9%; p = 0.057)
relative to the healthy controls (5.7%), and these antibodies were not detected in NMO
patients. There was a modest inverse correlation between anti-PAD2 levels and disease
severity in people with MS (r = —0.145, p = 0.02), with levels being the highest in
those with relapsing-remitting disease. Similarly, there was a modest inverse correlation
between anti-PAD2 levels and neurocognitive score (r = —0.10, p = 0.027) in people
with PTLD, with difficulty focusing, memory changes, fatigue, and difficulty finding words
contributing most strongly to the effect.
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Conclusion: PADI2 expression was observed in diverse regions and cells of the CNS,
and anti-PAD2 autoantibodies were associated with less severe symptoms in subsets of
patients with MS and PTLD. These data suggest that anti-PAD2 antibodies may attenuate
inflammation in diseases of different etiologies, which are united by high PADI2 expression

in the target tissue.

Keywords: PAD2, citrullination, autoantibodies, central nervous system, multiple sclerosis, Lyme disease

INTRODUCTION

Growing evidence suggests a role for the peptidylarginine
deiminase 2 (PAD2) enzyme in the pathogenesis of
neurodegenerative, neuroinflammatory, and autoimmune
diseases (1, 2). PAD2 belongs to a family of five calcium-
dependent enzymes that convert arginine residues in proteins
to the non-classical amino acid citrulline, in a process known
as citrullination (3). PAD2 is normally expressed in a variety
of tissues in the body, with the brain being among the
highest PAD2-expressing tissues (4). PAD2 plays important
physiological roles in several cellular processes (5), and is known
to be expressed by oligodendrocytes where it regulates gene
transcription and citrullination of myelin basic protein (MBP)
(6,7).

PAD2 dysregulation and increased expression have been
observed in the central nervous system (CNS) of people
with various neuroinflammatory and neurodegenerative
diseases, including multiple sclerosis (MS) (1, 8). MS is a
demyelinating disease of the CNS with both neurodegenerative
and autoimmune components (9), and is classified into three
general subtypes based on the pattern of disease flare and
progression: relapsing-remitting MS (RRMS), secondary
progressive MS (SPMS), and primary progressive MS (PPMS).
Increased PAD2 and citrullinated protein expression are
observed in normal appearing white matter in the CNS of
people with MS, thought to be driven by hypomethylation of
the PAD2 promoter leading to increased PAD2 expression in
these regions (10, 11). Increased citrullination of MBP by PAD2
leads to conformational changes in the myelin sheath, increased
protease accessibility, and destabilization, which can disrupt
nerve impulses and is hypothesized to reveal new MBP epitopes
for immune recognition (8, 12).

PAD?2 has also been implicated in playing a pathogenic role
in the systemic autoimmune disease rheumatoid arthritis (RA).
Many parallels exist between the role of PAD2 in MS and RA,
including elevated expression of PAD2 in the target tissue and
the striking efficacy of PAD inhibition in reducing disease severity
in mouse models of both diseases (10, 13-15). PAD2 is found at
high levels in the joint tissue and extracellularly in the synovial
fluid from patients with RA (2, 16). Citrullination of a group
of proteins by PAD2 is implicated in their targeting by anti-
citrullinated antibodies, hallmark serological findings in RA (17).

Abbreviations: ~ PTLD, post-treatment Lyme disease; PLQS, Post-Lyme
Questionnaire of Symptoms; SLICE, Studies of Lyme disease Immunology

and Clinical Events

Citrullinated proteins have also been shown to stimulate pro-
inflammatory cytokine secretion by macrophages, via ligation of
toll like receptor 4 (TLR4) (18). Interestingly, we recently found
autoantibodies to PAD2 in a subset of people with RA with less
severe and progressive joint disease (19), suggesting that anti-
PAD2 antibodies may attenuate the pathogenic role of PAD2
in RA.

In this study, we sought to define the cellular and regional
expression of the gene encoding for PAD2 (ie. PADI2) in
the CNS and evaluate whether anti-PAD2 antibodies were
present in patients with MS and other neurologic diseases with
known or suspected autoimmune etiology. Neuromyelitis optica
(NMO) is a demyelinating disease of the CNS characterized
by inflammation of the optic nerve and spinal cord (20).
Autoantibodies that target aquaporin-4 are used as biomarkers to
facilitate diagnosis in NMO (20), but not all patients are positive,
suggesting that other antigens may also be targeted. Post-
treatment Lyme disease (PTLD) is a heterogeneous condition
of unknown etiology that occurs in a subset of people who
are treated for Lyme disease but do not return to baseline
health and can have persistent systemic, musculoskeletal, and
neurocognitive symptoms (21). The discovery of autoantibodies
with reactivity to CNS tissue and observed microglial activation
in PTLD suggests that an autoimmune response to CNS antigens
may occur in some individuals (22, 23). Although PAD2 has
not been previously studied in NMO or PTLD, both are
diseases with neurologic and autoimmune components (20, 22),
in which PAD2 dysregulation may affect disease pathologies.
Understanding the CNS expression and immunologic targeting
of PAD?2 in neurological diseases has important mechanistic and
clinical implications, as defining mechanisms that downregulate
PAD2 expression or activity may hold promise for the treatment
of these disorders.

MATERIALS AND METHODS
Study Population

Sera from a total of 491 study participants were included in
this study. Of these, 91 were people with MS, 32 were people
with NMO, 281 were people with PTLD, and 87 were healthy
controls. Data and sera from people with MS came from the
Johns Hopkins Multiple Sclerosis Center, with recruitment and
eligibility criteria described extensively elsewhere (24). Data and
sera from people with NMO came from the Johns Hopkins NMO
Clinic. Individuals were included in this study if they had a
diagnosis of NMO as defined by the 2006 Wingerchuk criteria
(25), and all but one individual was positive for aquaporin-4
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TABLE 1 | Demographics and anti-PAD2 positivity.

HC MS
(n=87* (n= 91)*

NMO
(n=32)

PTLD
(n = 281)*

Age (years), 39.9+ 13.5 48.8 £ 12.5 49.5 + 11.3 48.10 + 15.74

mean + SD

Male, n (%) 33 (38.4%) 25(28.4%) 8(25.0%) 158 (56.2%)
White, n (%) 60 (69.8%) 65 (73.9%) 19 (569.4%) 257*(92.1%)
Anti-PAD2+, n (%) 5(56.7%) 18(19.8%) 0 (0%) 39 (13.9%)

MS, multiple sclerosis; NMO, neuromyelitis optica; HC, healthy controls; SD, standard
deviation; Anti-PAD2+, anti-PAD2 antibody positive individuals.

"Demographic data was available for 88 people with MS and 86 healthy controls, and
race data was available for 279 people with PTLD.

antibodies. Data and sera from people with PTLD and a subset
of the healthy controls (n = 22) came from the Studies of
Lyme Disease Immunology and Clinical Events (SLICE) at the
Johns Hopkins Lyme Disease Research Center, as previously
described, with the exception that people with PTLD included
in the current study were not required to have 6 months’ illness
duration (26). Data and sera from the remaining healthy controls
(n = 65) came from an ongoing observational study of healthy
donors at the Johns Hopkins Division of Rheumatology. Healthy
volunteers who are not pregnant and who do not have a history of
cancer, autoimmune disease, or active tuberculosis/HIV/hepatitis
infections were eligible for the study. None of the healthy
controls had a known history of Lyme disease. All participants
signed written informed consent approved by the Johns Hopkins
Institutional Review Board.

Demographic variables measured from all study participants
include age, sex, and race. Clinical variables measured from
people with MS include duration of illness and disease severity
measured by the MS severity score (MSSS), as previously
described (27, 28). People with MS were grouped according
to their MS type, RRMS (n = 41), SPMS (n = 31), or
PPMS (n = 16). Three people with MS did not have a
documented MS classification, so were exclude from subtype
analysis. Anti-aquaporin 4 antibody status was available for
individuals with NMO, but no additional clinical information
was available. Clinical variables measured from people with
PTLD at the time of the study visit included duration of
prior antibiotic treatment, duration of illness from onset of
initial Lyme disease, two-tier Lyme disease serologic status
(29), neurologic Lyme disease status, defined by medical
records confirming Bell’s Palsy, neuropathy, meningitis, or
encephalitis with positive two-tier serology, and symptom
severity. Symptom severity associated with PTLD, including the
severity of neurologic symptoms, was measured using PLQS
as previously described (26). The researchers were blinded to
these clinical variables when conducting the experiments to
minimize bias.

In silico Analyses of PADI2 Expression
Single cell sequencing data was retrieved from Gene Expression
Omnibus (GEO) database accession no. GSE67835 (30), which

contains sequence data from 466 cells (oligodendrocytes
(n = 38), astrocytes (n = 62), microglia/macrophages (n = 16),
oligodendrocytes precursor cells (n = 18), hybrid cells (n = 46),
microglia/macrophage (n = 16), neurons (n = 131), and
endothelial cells (n = 20). Cells were isolated from human
cortical tissue from eight adults and individual cells were
classified into the categories above as described (31). Processing
and visualization of the data was carried out in the R statistical
language as previously described (32, 33). We retrieved selected
brain region expression data for PADI2 from two public data
sets. The first was data from five donors with 26 brain regions
included in the 2010 Allen Institute for Brain Science, Allen
Human Brain Atlas (34). Microarray data from three PADI2
specific probes were normalized across all brains as previously
described (https://help.brain-map.org/display/humanbrain/
Documentation). The original search can be reproduced at
http://human.brain-map.org/microarray/search/show?exact_
match=false&search_term=PADI2&search_type=gene&page_
num=0. The second dataset was from The Genotype-Tissue
Expression (GTEx) Project. The Genotype-Tissue Expression
(GTEx) Project was supported by the Common Fund of the
Office of the Director of the National Institutes of Health, and
by National Cancer Institute (NCI), National Human Genome
Research Institute (NHDRI), National Heart, Lung, and Blood
Institute (NHLBI), National Institute on Drug Abuse (NIDA),
National Institute of Mental Health (NIMH), and National
Institute of Neurological Disorders and Stroke (NINDS). The
data used for the analyses described in this manuscript were
obtained from the GTEx Portal (https://gtexportal.org/home/)
on 09/10/2020 using Ensembl Gene ID ENSG00000117115.12.
The 17,382 samples included in this dataset are from 54 tissue
regions from 948 donors. Details for the exact number of samples
for each brain region can be found here: https://gtexportal.org/
home/tissueSummaryPage. Data were normalized as previously
described  (https://gtexportal.org/home/documentationPage#
staticTextAnalysisMethods).

Anti-PAD2 ELISA

Anti-PAD2 antibodies were measured in the serum of study
participants using an in-house generated anti-PAD2 enzyme-
linked immunosorbent assay (ELISA), as previously described
(19). Briefly, recombinant human PAD2 protein containing
N-terminal 6 X histidine and T7 tags was bacterially expressed
and purified. The histidine tag was removed by thrombin
digestion and 100 ng PAD2 protein was coated into each well of a
high-binding polystyrene 96-well EIA plate (Costar) overnight. A
dilution of 1:250 patient or healthy control sera was used for the
primary antibody and a 1:7,500 dilution of goat anti-human IgG
HRP was used for the secondary antibody. An 8-point standard
curve was present on each plate comprised of dilutions of a
known anti-PAD2 positive serum and was used to calculate anti-
PAD2 Arbitrary Units (AU) for each sample. Blank wells coated
in PBS alone were used to determine the background binding of
each serum and these values were subtracted from those obtained
from PAD2-coated wells. The cutoft for positivity was set at
4.5 AU as previously defined (6).
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FIGURE 1| PAD2 transcripts are detectable in glia in the human central nervous system. (A) in silico analyses of single cell RNA-sequencing data from the GEO
human cortex show PADI2 expression in reads per kilobase of transcript per million (RPKM; y-axis) in various cell types (x-axis) of the CNS. The number of cells
analyzed in each group is provided after the region in paratheses. The mean RPKM of oligodendrocytes was compared to that to the mean of each other cell type in
the dataset by ANOVA with Kruskal-Wallis test to corrected for multiple comparisons. ****p-value <0.0001; **p-value <0.01. (B) PADI2 expression from bulk RNA
sequencing of different CNS regions was downloaded from the GTEx database and gene expression in transcript per million (TPM) is plotted (y-axis) for different brain
regions and the spinal cord (x-axis). Image is modified from (https://gtexportal.org/home/gene/PADI2). (C) Transcript expression of PADI2 in different regions of the
brain measured by microarray was downloaded from The Allen Institute. Normalized PADI2 gene expression (y-axis) is shown for multiple brain regions (x-axis).

Statistical Analyses

GraphPad Prism version 8.3.0 and SAS statistical software
(version 9.4, SAS Institute, Cary, NC) were used for all statistical
analyses and graphs. A p-value < 0.05 was considered statistically
significant throughout. Brown-Forsythe ANOVA with a
Dunnetts T3 correction for multiple hypotheses analyses were
performed to compare PADI2 expression in oligodendrocytes
to other cell types. Fisher’s exact tests were used to determine
if the proportions of anti-PAD2 antibody positive people
differed between groups, and median anti-PAD2 antibody levels
between each group were compared using analysis of variance
(ANOVA, Kruskal-Wallis), corrected for multiple comparisons.
Clinical and demographic variables were compared according
to anti-PAD2 antibody positivity for the MS and PTLD groups
using Student’s t-tests or Mann-Whitney tests for normally
and non-normally distributed variables, Chi-squared tests or
Fisher’s exact tests for categorical variables, as appropriate.
The median anti-PAD2 antibody level in each MS subtype

was compared using a one-way ANOVA (Kruskal-Wallis)
corrected for multiple comparisons. Correlations between
anti-PAD2 antibody levels and MS disease severity or PTLD
symptom severity were examined using the Kendall’s Tau
correlation coeflicient.

RESULTS

PAD2 Is Expressed Broadly Throughout the

CNS

We quantified the expression levels of PADI2 within specific cells
and regions of the CNS by in silico analysis of publicly available
transcriptomic data (30, 31, 34). This analysis revealed that
PADI2 transcripts are detectable in multiple cell types in the CNS
(Figure 4A). PADI2 expression was highest in oligodendrocytes
[mean reads per kilobase of transcript per million (RPKM) =+
standard deviation; 6.4 £ 2.2], as expected. We compared the
expression of PADI2 in all other cell types to oligodendrocytes
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TABLE 2 | Characteristics of people with MS according to anti-PAD2 antibody
status.

Anti-PAD2+ Anti-PAD2- p-Value
(n=17) (n=T71)
Age (years), 50.8 +14.6 48.3 +12.0 0.47
mean + SD
Male, n (%) 4 (23.5%) 21 (29.6%) 0.78
White, n (%) 14 (82.4%) 51 (71.8%) 0.54
Duration of illness* 16.6 £ 14.9 11.7 £ 941 0.10
(years), mean + SD
Treatment”
Avonex, n (%) 2(11.8%) 3 (4.2%) 0.25
Betaseron, n (%) 0 (0%) 1(1.4%) 1.0
Rebif, n (%) 3(17.6%) 7 (9.9%) 0.40
Copaxone, n (%) 6 (35.3%) 20 (28.2%) 0.57
Gilenya, n (%) 0 (0%) 1(1.4%) 1.0
Lemtrada, n (%) 0 (0%) 1(1.4%) 1.0
Tecfidera, n (%) 3(17.6%) 6 (8.5%) 0.37
Rituximab, n (%) 0 (0%) 3 (4.2%) 1.0
Tysabri, n (%) 2 (11.8%) 12 (16.9%) 1.0

Anti-PAD2+, anti-PAD2 antibody positive; Anti-PAD2-, anti-PAD2 antibody negative.
*Duration of iliness data was available for n = 87 and treatment data was available for
n = 70 people.

*kkk
*% *kkk

150
1001 ¢

Fkkk

Anti-PAD2 AU

HC MS

NMO
(n=32)

PTLD
(n=87) (n=91) (n=281)
FIGURE 2 | Anti-PAD2 antibody levels in all patient groups. Anti-PAD2
Arbitrary Units (AU) for healthy controls (HC; n = 87) or people with multiple
sclerosis (MS; n = 91), neuromyelitis optica (NMO; n = 32), and
post-treatment Lyme disease syndrome (PTLD; n = 281) as measured by
ELISA are shown. The dotted line represents the cutoff value for positivity at
4.5 AU. The median and 95% confidence interval of each group are shown.
**Mann-Whitney p-value <0.0001 and ** < 0.01.

by Brown-Forsythe ANOVA with a Dunnett’s T3 correction for
multiple hypotheses. Astrocytes expressed PADI2 at similarly
high levels as oligodendrocytes (5.5 + 2.6 RPKM, p = 0.38),
followed by microglia/macrophages (4.5 £ 3.5 RPKM, p = 0.29),
which demonstrated bimodal expression of PADI2, with one
subpopulation of cells expressing high levels of PADI2 and
other low levels. Oligodendrocytes precursor cells (3.2 £+ 3.3
RPKM, p = 0.006), neurons (0.9 = 1.8 RPKM, p < 0.0001)

and endothelial cells (1.3 £ 2.4 RPKM, p < 0.0001) were the
lowest expressors of PADI2. Analysis of the GTEx database
indicated that PADI2 was expressed in multiple regions of the
CNS with the highest expression observed in the spinal cord
and substantia nigra (Figure 4B). Analysis of gene expression
data from the Allen Human Brain Atlas (34) showed similar
results, with PADI2 transcripts detectable in multiple regions
of the human brain, including the white matter, basal ganglia,
midbrain, thalamus, and pons (Figure 4C). Together, the data
reveal widespread expression of PADI2 within multiple CNS
regions and cell types.

Anti-PAD2 Antibodies Are Found in People

With MS and PTLD

Given the widespread expression of PADI2 throughout the
brain and spinal cord, and the finding that PAD2 is a known
autoantigen in RA (19), we reasoned that PAD2 may become
a target of the immune responses in individuals with CNS
symptoms in whom an autoreactive process has been implicated.
To address this hypothesis, we performed an ELISA to determine
the prevalence of anti-PAD2 antibodies in the sera of individuals
with diseases known or suspected to have an autoimmune
process affecting the CNS: MS (n = 91), NMO (n = 32),
and PTLD (n = 281). Sera from a group of healthy donors
was included as a control population (n = 87). Demographic
variables for each group including age, sex, and race are
shown in Table1l. The average age of the healthy controls
was lower than in the disease groups, but age was similar
among the MS, NMO, and PTLD groups. In addition, the
PTLD group contained more individuals who identified as
male and white. Analysis of anti-PAD2 antibodies revealed an
increased proportion of anti-PAD2 positivity in the MS (19.8%,
95% CI: 12.9%—29.1%; p = 0.007) and PTLD groups (13.9%,
95% CI: 10.3%—18.4%; p = 0.057) relative to the healthy
controls (5.7%, 95% CI: 2.5%—12.8%; Table 1), with significantly
higher median antibody levels in people with MS compared
to healthy controls [median (interquartile range) of 1.96
(1.17-4.14) vs. 1.34 (0.78-1.98) anti-PAD2 AU; p,g; = <0.001;
Figure 2]. Patients with NMO had significantly lower levels
of anti-PAD2 antibodies [0.21 (0.15-0.46) anti-PAD2 AU] than
patients with MS, PTLD, or healthy controls (p,4< 0.0001
for all; Figure2). Together, these data revealed that anti-
PAD2 antibodies are present in a subset of people with MS
and PTLD.

Anti-PAD2 Antibodies Are Associated With
Less Severe MS Symptoms and
Relapsing-Remitting Disease

The finding of anti-PAD2 antibodies in a subset of people
with MS coupled to the previously reported association of
anti-PAD2 antibodies with less severe disease in RA, led us
to explore whether anti-PAD2 antibodies were associated with
disease severity in MS (Table2). There were no significant
differences in demographic variables, disease duration, or current
treatment between anti-PAD2 positive and negative people with
MS. However, there was a modest and inverse correlation
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FIGURE 3 | Anti-PAD2 antibody levels by MS subtype and disease severity. (A) Scatterplot showing the multiple sclerosis severity score (MSSS) plotted against
anti-PAD2 arbitrary units (AU) of all comers with MS with available clinical data (n = 88). A univariate analysis was performed between MSSS and anti-PAD2 AU and
the Kendall’'s Tau correlation coefficient (T), p-value, trendline (solid black line), and 95% confidence intervals (dotted black lines) are shown. (B) Anti-PAD2 Arbitrary
Units (AU) in people with RRMS (n = 41), SPMS (n = 31), and PPMS (n = 16) were plotted and compared using a Kruskal-Wallis test adjusted for multiple
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between anti-PAD2 antibody levels and disease severity, as
measured by MSSS in a univariate analysis (r = —0.145,
p = 0.02) of all patients with MS, but this trend was not
maintained in a multivariable model adjusting for age, sex,
and treatment (Figure 3A). In addition, when assessed by MS
subtype, anti-PAD2 antibody levels were significantly higher in
people with RRMS and SPMS, compared to those with PPMS
(Figure 3B). While 22.0% of people with RRMS (9/41) and
22.6% of people with SPMS (7/31) were anti-PAD2 positive,
these antibodies were only detected in one individual with PPMS
(1/165 6.3%).

Anti-PAD2 Antibodies Are Associated With

Less Severe PTLD Symptoms

Given the clinical heterogeneity in PTLD and the finding
that anti-PAD2 antibodies associated with less severe disease
in MS, we sought to define whether these autoantibodies
associated with neurologic symptom severity in PTLD. When
grouped by anti-PAD2 antibody status, anti-PAD2 positive
people with PTLD were significantly older, but did not differ
by race, sex, two-tier serologic positivity for Lyme disease,
duration of illness, duration of antibiotic treatment since
the onset of their Lyme disease, or diagnosis of neurologic
Lyme disease during the acute infection (Table3). In a
univariate analysis, there was a modest and inverse correlation
between anti-PAD2 antibody levels and neurocognitive
score (p = 0.027), with difficulty focusing or concentrating,
memory changes, fatigue, and difficulty finding words
contributing most strongly to the effect, but this trend was
not maintained in a multivariable model adjusting for age
and duration of antibiotic treatment (Figure4A). Analysis
of other systemic symptoms assessed by the PLQS revealed
that difficulty sleeping and changes in the frequency or
urgency of urination also negatively correlated with anti-PAD2
antibodies in PTLD (Figure4B). Given that age positively

TABLE 3 | Characteristics of people with PTLD according to anti-PAD2 antibody

status.
Anti-PAD2+ Anti-PAD2- p-Value
(n =39) (n = 242)
Age (years), mean + SD 52.82 + 15.44 47.34 +15.68 0.043
(18.00, 79.00) (18.00, 82.00)
Male n (%) 20 (51.3%) 138 (57.0%) 0.619
White*, n (%) 34 (87.2%) 223 (92.9%) 0.208
Positive two-tier Lyme 18 (46.2%) 101(42.3%) 0.779
disease serology*, n (%)
Duration of iliness 3.5683 +5.23 3.13 £3.98 0.579
(years), mean = SD (0.13, 27.68) (0.06, 28.59)
Duration of antibiotic 0.36 +£ 0.53 0.26 + 0.41 0.174
treatment (years), (0.04, 2.46) (0.01,3.12)
mean + SD
Neurologic Lyme, n (%) 1(2.6%) 20 (8.3%) 0.328

Anti-PAD2+, anti-PAD2 antibody positive; Anti-PAD-, anti-PAD2 antibody negative; SD,
standard deviation. "Race data was available for n = 240 anti-PAD2- people and positive
two-tier Lyme disease serology data was available for n = 239 anti-PAD2- people.

correlated with anti-PAD2 antibodies, we performed a case-
control study with 30 individuals with PTLD who had the
lowest scores on the PLQS (<5) and 30 individuals with
the highest neurological scores (>17) matched for age,
sex, and disease duration. Consistent with the previous
observations, anti-PAD2 antibody levels were significantly
higher in patients with a lower burden of neurocognitive
symptoms (p = 0.036).

DISCUSSION

Our study sought to define the expression of PADI2 in the CNS
at the cellular and regional level using publicly available datasets
and to determine whether people with CNS pathologies generate
autoantibodies to the PAD2 protein. We observed widespread
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FIGURE 4 | Anti-PAD2 antibody levels in PTLD inversely correlate with symptom severity. (A) A bar graph with the Kendall Tau’s correlation coefficients for symptoms
measured by the PLQS that are included in the neurocognitive score are shown. (B) Kendall Tau’s correlation coefficients for symptoms measured by the PLQS that
are not included in the neurocognitive score are shown. For (A) and (B), the dark purple bars indicate symptoms with a significant p < 0.05, the light purple bars
indicate those with p < 0.1, and the gray bars indicate symptoms with p > 0.1. (C) Anti-PAD2 antibody levels were compared in demographically matched people
with PTLD who had the lowest (score <5; n = 17; dark purple squares) or highest (score >17; n = 17, light purple circles) burden of neurocognitive symptoms, as
measured by the PLQS. Median anti-PAD2 antibody arbitrary units (AU) were compared by group using the Mann-Whitney U-test. *p < 0.05.

expression of PADI2 in several cell types and regions within
the CNS and a higher prevalence of anti-PAD2 antibodies in
people with MS and PTLD compared to either healthy controls
or people with NMO. We found an enrichment of anti-PAD2
antibodies in people with relapsing subtypes of MS (RRMS and
SPMS), and a modest inverse correlation of anti-PAD2 antibody
levels with disease severity. Surprisingly, we also found anti-
PAD?2 antibodies in a subset of PTLD patients and again observed
a modest association with less severe disease. It is interesting
to note the lack of anti-PAD2 antibodies in people with NMO,
suggesting that the pathologic process is distinct and does not
result in autoimmunity to PAD2. Indeed, although NMO is a
demyelinating disease of the CNS that shares several clinical
features with MS, autoantibodies to aquaporin-4 are diagnostic of
the disease and have been identified as a key pathogenic mediator
of CNS damage (20), mechanistically setting it apart from MS.
Our findings in MS and PTLD parallel our previous observation
that anti-PAD2 antibodies are associated with milder symptoms
in people with RA, and suggest that anti-PAD2 antibodies
may play a role in attenuating inflammation across a spectrum
of disorders.

The presence of anti-PAD2 antibodies in subsets of people
with RRMS and SPMS and association with a less severe disease
in MS suggests that these antibodies may define a mechanistically
distinct group of patients in which PAD2 plays a pathogenic role.
An important criterion in the diagnosis of MS is the presence
of oligoclonal bands (OCBs), indicative of immunoglobins of
the IgG subclass, in the cerebrospinal fluid (CSF) (35). OCBs
are present in 95% of people with MS and are regarded as
important indicators for the diagnosis of MS. However, the
antigens targeted by these antibodies, which carry the potential
to provide significant insight into MS etiology, remain largely

unknown (36). Considering the known role of PAD2 in MS
pathogenesis and our discovery that PAD2 is a target antigen in a
subset of people with MS, it will be important to define whether
PAD2 is targeted by autoantibodies present in the CSF of patients.
In addition, longitudinal studies in larger MS cohorts are needed
to interrogate whether anti-PAD2 antibodies associate with less
severe or progressive disease at the individual level.

The finding that anti-PAD2 antibodies are present in a subset
of people with PTLD suggests an underlying immunological
component in PTLD pathology in these individuals. Although
PTLD is an idiosyncratic disease of unknown etiology, one
long-standing hypothesis is that the bacterium that causes
Lyme disease, Borrelia burgdorferi, may trigger an autoimmune
response resulting in persistent symptoms even after successful
antibiotic treatment (37). Interestingly, a recent positron
emission tomography (PET) imaging study, using a radiotracer
specific for activated microglia and reactive astrocytes,
demonstrated high levels of signal across multiple brain
regions in people with PTLD compared to healthy controls (22).
This finding suggested diffuse immune activation in the brains
of people with PTLD that may contribute to the development
of neurocognitive symptoms (26). Our finding of high PAD2
expression in both microglia and astrocytes as well as in multiple
regions of the CNS parallels this observation and suggests
that further study of the role of PAD2 in PTLD is warranted.
Longitudinal studies are needed to examine whether anti-PAD2
antibodies are present early in Lyme disease infection, are able to
predict the development of PTLD in people with acute Lyme, and
are associated with changes in the clinical progression of PTLD.

The widespread expression of PADI2 in the CNS may provide
an explanation for why anti-PAD2 antibodies correlate with
less severe symptoms in both MS and PTLD. Our working
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model is that PAD2 dysregulation in cells expressing high
levels of PAD2 may result in higher PAD2 activity that
contributes to immune activation in the CNS via two primary
mechanisms: (1) activation of microglia and astrocytes, and (2)
destabilization of the myelin sheath. Macrophages, microglia, and
astrocytes have all be shown to express TLR4, and citrullinated
proteins have been shown to activate pro-inflammatory cytokine
production by macrophages via ligation of TLR4 (18). In
addition, hyperactivation of PAD2 in oligodendrocytes may
promote demyelination via citrullination of MBP leading to
destabilization of the myelin sheath, increased degradation
by proteases, and revelation of neoepitopes for targeting by
autoreactive cells (12, 38). Together, these changes may drive
CNS inflammation, including the development of autoreactivity
to CNS antigens and development of neurocognitive symptoms.
Our data suggest that a subset of people with CNS disease
develop anti-PAD2 antibodies, which may attenuate PAD2-
dependent inflammation and lead to a reduction of symptoms.
It will be important to address critical aspects of this model in
future studies.

CONCLUSION

We have found circulating anti-PAD2 antibodies in subsets
of people with MS and PTLD, which associate with milder
neurologic symptoms. Combined with our published data in RA,
our current findings reveal that anti-PAD2 antibodies, present
in a subset of individuals, associate with less severe symptoms
in diseases united by high PADI2 expression in the target tissue
(i.e. the synovium in RA and the CNS in MS and PTLD).
While it remains unknown whether PAD2 expression correlates
with PAD2 activity at these sites, the implications of our results
are that anti-PAD2 antibodies may hold potential as a novel
prognostic biomarker to define less severe subsets and inform
future development of mechanism-guided therapies that target
PAD?2 in these diseases.
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Background: Ozanimod, a sphingosine 1-phosphate receptor 1 and 5 modulator, was
approved as a disease-modifying therapy for active relapsing-remitting multiple sclerosis
(RRMS) in 2020 and for active ulcerative colitis in 2021. Long-term, real-world studies
in a nonselective population are needed. OzEAN is an ongoing study to assess the real-
world persistent use, effectiveness, and safety of ozanimod and its impact on quality of
life (QoL) in patients with RRMS over a 5-year period.

Methods: This prospective, noninterventional, postmarketing authorization study will
enroll ~1,300 patients (>18 years of age) with active RRMS. The decision to initiate
ozanimod must have been made before and independent from study participation.
Enrolliment began in March 2021. Recruitment is ongoing and will last for 36 months
across 140 sites in Germany. Treatment-naive patients or those having prior experience
with a disease-modifying therapy receive oral ozanimod 0.92 mg/day after an initial
dose escalation, per the summary of product characteristics recommendations, for up
to 60 months. Persistence with ozanimod treatment (primary endpoint) is assessed
at month 60. Secondary endpoints include additional physician-reported outcomes
[persistence at earlier time points, annualized relapse rate, Expanded Disability Status
Scale score, cognition (Symbol Digit Modalities Test), and incidence of adverse
events], and patient-reported outcomes assessing patient satisfaction, adherence,
and treatment modalities (Treatment Satisfaction Questionnaire for Medication, v1.4),
disability (United Kingdom Neurological Disability Rating Scale), QoL (MSQOL-54
questionnaire), fatigue (Fatigue Scale for Motor and Cognitive Functions), and health
economics [Work Productivity and Activity Impairment Questionnaire for Multiple
Sclerosis (German v2.1); Multiple Sclerosis Health Resource Survey, v3.0]. A Multiple
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Ozanimod Real-World OzEAN Trial-in-Progress

Sclerosis Documentation System with an internet-based e-health portal allows patients
to view files and complete questionnaires. A safety follow-up will occur 3-8 months after
the last ozanimod dose for patients who discontinue treatment early. Long-term results
are anticipated after study completion in 2029. Yearly interim analyses are planned after

enrollment has reached 25%.

Conclusion: This is the first long-term, real-world study of ozanimod in patients with
RRMS and, to our knowledge, the first noninterventional study utilizing a patient portal.
These data will add to the safety/efficacy profile of ozanimod demonstrated in phase

3 trials.

Clinical Trial Registration: Clinicaltrials.gov, identifier: NCT05335031.

Keywords: relapsing-remitting multiple sclerosis, observational study, real-world evidence, patient-reported
outcomes, protocol, trial-in-progress, medication adherence, medication persistence

INTRODUCTION

Ozanimod is a sphingosine 1-phosphate receptor 1 and 5
modulator that blocks lymphocyte egress from lymphoid tissue,
reducing the number of circulating lymphocytes in peripheral
blood (1). Ozanimod was first approved in the United States
in 2020 for the treatment of adults with relapsing forms of
multiple sclerosis (RMS) and subsequently approved in multiple
countries for adults with active relapsing-remitting multiple
sclerosis (RRMS) defined by clinical or imaging results; in 2021,
it was approved for the treatment of moderately to severely
active ulcerative colitis in the United States and European

Union (2, 3).
The ozanimod clinical development program in
RMS (Figurel) included a phase 1 pharmacokinetic/

pharmacodynamic trial (12 weeks), a phase 2 placebo-controlled
trial (24 weeks) with a dose-blinded extension (24 months)
(4, 5), and two phase 3 active-controlled trials, RADIANCE
(24 months) (6) and SUNBEAM (minimum 12 months) (7). In
both phase 3 trials, ozanimod 0.92 mg/day was associated with
lower adjusted annualized relapse rate (ARR), fewer gadolinium-
enhancing lesions and new or enlarging T2 lesions on brain
magnetic resonance imaging (MRI), and reduced brain volume
loss compared with intramuscular interferon $-1a 30 pug weekly
(6, 7). The most frequent adverse events (AEs) associated with
ozanimod treatment were upper respiratory infection, hepatic
transaminase elevation, orthostatic hypotension, urinary tract
infection, back pain, and hypertension. A pooled analysis of
safety results from all trials, including an ongoing open-label
extension study (DAYBREAK), were consistent with those of
the phase 3 trials and demonstrated no new safety concerns (8).
Patients in the parent trials were adults (18-55 years of age) with
multiple sclerosis (MS) [diagnosed per 2010 McDonald criteria
(9)] with a relapsing clinical course, brain MRI lesions consistent
with MS, an Expanded Disability Status Scale (EDSS) (10) score
of 0-6.0 (phase 1) or 0-5.0 (phase 2 and 3), and a history of
relapses within the past 1-2 years (phase 2 and 3) (4, 6, 7).

Given the recent approvals of ozanimod, long-term studies
in a non-selective, real-world population are not yet available,
but are needed to evaluate ozanimod in a broader population

of patients. Such studies could also provide information on
persistence and adherence with ozanimod treatment, disease
characteristics and treatment history of patients who are
prescribed ozanimod, and patient-reported outcomes and
pharmacoeconomic data, outcomes that were not evaluated in
the clinical development program.

OzEAN is an ongoing prospective, non-interventional,
postmarketing authorization observational cohort study to assess
real-world persistent use, effectiveness, and safety of ozanimod,
and the impact of treatment on quality of life (QoL), in patients
with RRMS in Germany over a 5-year period. These real-world
data, including patient-reported QoL outcomes, are of interest
to German authorities and support their Health Technology
Assessment (11).

METHODS AND ANALYSIS
Study Setting and Treatment

Eligible patients will be enrolled in study sites across Germany.
The decision to initiate ozanimod treatment must have been
made by the physician before and independent from enrollment
into the study. Patients receive oral ozanimod 0.92 mg/day for
up to 60 months following a 7-day dose escalation regimen
according to the summary of product characteristics (SmPC) (3).
During this observation period, patients are evaluated at 16 data
collection visits: baseline (visit 1), month 1 (visit 2), quarterly
from month 3 to month 24 (visits 3-10), and at 6-month intervals
from month 24 to month 60 (visits 11-16; Figure 2). Patients who
permanently discontinue ozanimod treatment before month 60
are withdrawn from the observational study. A safety follow-up
is performed when a new MS therapy is initiated (3-8 months
after receiving the final dose of ozanimod) or 8 months (at the
latest) after receiving the final dose of ozanimod if no new MS
therapy is initiated.

The individual study duration (observation period) per
patient includes up to 60 months for the noninterventional
treatment documentation period, and approximately 3-8
months for the safety follow-up period in case of premature
discontinuation of ozanimod. The overall study duration is 104
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FIGURE 1 | Ozanimod clinical development in RMS program. @In all trials, upon initiation of ozanimod, patients received 0.23 mg on days 1-4, 0.46 mg on days 5-7,
and then their assigned dose of 0.46 or 0.92 mg on day 8 and thereafter. All patients entering the phase 2 dose-blinded extension period underwent dose escalation,
even if treated with ozanimod in the parent trial, to maintain the blind. °In DAYBREAK, dose escalation was performed for all patients entering from one of the
active-controlled phase 3 trials, irrespective of prior treatment assignment (to maintain the blinding in the parent trials); dose escalation was not performed for those
entering from the phase 1 or 2 trials, unless the last dose of ozanimod was >14 days before entering DAYBREAK.

Month 1

Data collection visits: Baseline Month 3-24 Month 24-60
Every 3 months Every 6 months

Recruitment (36 months) Observation (60 months)
~1300 patients with RRMS Ozanimod 0.92 mg/day
\
1
T !
1
1
7-day Early treatment discontinuation

dose-escalation :
period? v

Safety follow-upP

FIGURE 2 | OzEAN study design. MS, multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis. 2Days 1-4: ozanimod 0.23 mg; days 5-7: ozanimod 0.46 mg;
days 8 and thereafter: ozanimod 0.92 mg. PPatients who discontinue ozanimod prior to end of study (month 60) will be withdrawn from the OzEAN study and a safety
follow-up will be performed 3-8 months after the last dose of ozanimod when a new therapy for MS is started or after 8 months (at the latest) if no subsequent MS
therapy is initiated.
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TABLE 1 | Eligibility criteria.

Inclusion Criteria

Exclusion Criteria

Males or females aged > 18 years who provided written informed consent

Confirmed diagnosis of RRMS according to ICD-10 and eligible for treatment with ozanimod
according to physician’s judgement and based on the recommendation of the current SmPC

The decision to initiate treatment with ozanimod must have been made by the treating physician

Contraindications specified in the current version of the SmPC

Known hypersensitivity to the active substance(s) or to any of the
excipients of ozanimod as specified in the SmPC

Participation in any other clinical studies

before enrollment and independently of this study; retrospective documentation of ozanimod

therapy and enrollment of patients that are already on ozanimod therapy is not allowed

ICD-10, International Statistical Classification of Diseases and Related Health Problems, 10" version; RRMS, relapsing-remitting multiple sclerosis; SmPC, Summary of

Product Characteristics.

months, including a 36-month recruitment period, 60-month
observational period, and up to 8-month safety follow-up period.
The entire study period is planned to last from the enrollment of
the first patient (March 2021) until March 2029.

Eligibility Criteria

Eligible patients are adults (>18 years of age) diagnosed with
RRMS who are either treatment-naive or have prior experience
with a disease-modifying therapy and elected to switch to
ozanimod. Patients with contraindications specified in the
current version of the SmPC (3), or with known hypersensitivity
to ozanimod or any of its excipients, are excluded. Patients may
not be participating in any other clinical studies.

Inclusion and exclusion criteria are shown in Table 1.

Endpoints and Assessments

Atbaseline, the following data are collected: patient demography,
vital parameters, physical status, prior and concomitant diseases
and medications, MS diagnosis, MS history (including prior
relapses), prior MS treatment, reason for initiating/switching
to ozanimod, and treatment modalities with ozanimod. In
addition, physician-reported outcomes [EDSS (10) and Symbol
Digit Modalities Test (SDMT) (12, 13)] and patient-reported
outcomes (PROs; Treatment Satisfaction Questionnaire for
Medication, version 1.4 (TSQM v1.4) (14, 15), United Kingdom
Neurological Disability Rating Scale (UKNDS) (16, 17), Multiple
Sclerosis Quality of Life Instrument-54 items (MSQOL-54)
(18), Fatigue Scale for Motor and Cognitive Functions (FSMC)
(19), Work Productivity and Activity Impairment Questionnaire
for Multiple Sclerosis, version 2.1 (WPAI-MS v2.1) (20), and
Multiple Sclerosis Health Resource Utilization Survey, version
3.0 (MS-HRS v3.0) (21) are completed. Following the baseline
visit, these physician-reported outcomes and PROs, together
with physician-reported clinical relapses (the occurrence of
new symptoms or the worsening of old symptoms) are
completed at 3-, 6-, or 12-month intervals during the 60-month
observation period (Table 2). Alternate forms of the SDMT will
be used to avoid practice effects. The following characteristics
of ozanimod treatment are documented continuously: initial
dose escalation; maintenance dose; temporary interruptions of
treatment, including date and reason for interruption, and
re-initiation of therapy following treatment interruption; and
all medication taken concomitantly with ozanimod and all
changes in concomitant medication during the study, including

reason for administration. Primary and secondary endpoints are
summarized in Table 3.

The primary endpoint is persistence with therapy (as reported
by physicians), defined as the proportion of patients who remain
on continuous treatment with ozanimod (with gaps of < 90 days
allowed), from baseline to month 60. Persistence from baseline
to months 12, 24, 36, and 48 is a secondary endpoint. Adherence
to therapy, defined as the percentage of ozanimod doses taken as
prescribed (as reported by patients) (22), at months 3, 6, 9, 12, 15,
18, 21, 24, 30, 36, 42, 48, 54, and 60, and at the safety follow-up,
is a secondary endpoint.

Additional secondary endpoints include the following
physician-reported outcomes: clinical relapse, expressed as ARR
at months 12, 24, 36, 48, and 60, and at the safety follow-up
(total number of relapses experienced by all patients in this
study divided by the total number of days in the study for the
patients, and the ratio multiplied by 365); disability, assessed as
change in EDSS score from baseline to months 12, 24, 36, 48,
and 60, and at the safety follow-up; and cognitive processing
speed, measured using the SDMT and quantified as change from
baseline in SDMT score, proportion of patients with increase
(improvement) or decrease (worsening) in SDMT raw score of
> 4 points or 10% from baseline, and proportion of patients
with change in SDMT raw score that does not meet criteria for
improvement or worsening (stable) at months 6, 12, 18, 24, 30,
36, 42, 48, 54, and 60, and at the safety follow-up.

Secondary endpoints reported by patients (i.e., PROs) include
measures of treatment satisfaction, effectiveness, QoL, fatigue,
and health economics. Treatment satisfaction is assessed using
the TSQM v1.4; secondary endpoints are changes in TSQM
v1.4 domains (effectiveness, side effects, convenience, and global
satisfaction) and the relationship between each domain and
clinical outcomes at months 3, 6, 9, 12, 15, 18, 21, 24, 30, 36,
42, 48, 54, and 60, and at the safety follow-up. Disability is
assessed using the UKNDS; secondary endpoints are the change
from baseline in UKNDS sum score and the proportion of
patients with clinically meaningful improvement or worsening
of at least 1 grade in each UKNDS subscale at months 6, 12,
18, 24, 30, 36, 42, 48, 54, and 60, and at the safety follow-
up. QoL is assessed using the MSQOL-54; secondary endpoints
are change from baseline in the physical composite summary
(PCS) and mental health composite summary (MCS) scores,
and the proportion of patients with a clinically meaningful
change [increase (improvement) or decrease (worsening) of >5
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TABLE 2 | Schedule of enrollment, interventions, and assessments.

Assessment/Data Collected Observation End of observation? Safety follow-up®

Enroliment Month 1 Month 3-24 Month 24-60

Last treatment +

Baseline Every 3 months Every 6 months End of study 3-8 months
Baseline
Informed consent X
Inclusion/exclusion criteria X
Demography X
General medical history X
MS history and pretreatment® X
Concomitant diseases X
All previous malignant diseases X
All other previous diseases within 5 years X
prior to study enrollment
Physical status? X
Treatment
Treatment modalities® X X X X X
Concomitant medication X X X X X
Subsequent MS treatment X X
Physician-reported assessment
Persistence with therapy Assessed continuously throughout study
Clinical relapse (ARR) X X X X
EDSS X X by Xt X
SDMT X X9 X9 X X
MRI xn xn Xn xn xn
Patient-reported assessment
Adherence to therapy' X X X X X X
TSQM v1.4 X X X X X
UKNDS X X X9 X X
MSQOL-54 X X X9 X X
FSMC X X X9 X X
WPAI-MS v2.1 X X X9 X X
MS-HRS v3.0 X X X9 X X
Safety assessment
AES/SAEs Assessed continuously throughout study
Laboratory panel’ Xn xn Xn xn Xh

AE, adverse event; ARR, annualized relapse rate; EDSS, Expanded Disability Status Scale; FSMC, Fatigue Scale for Motor and Cognitive Functions; MRI, magnetic resonance imaging;
MS, multiple sclerosis; MSFC, Multiple Sclerosis Functional Composite; MS-HRS v3.0, Multiple Sclerosis Health Resource Survey, version 3.0; MSQOL-54, Multiple Sclerosis Quality
of Life-54; SAE, serious adverse event; SDMT, Symbol Digit Modalities Test; TSQM v1.4, Treatment Satisfaction Questionnaire for Medication, version 1.4; UKNDS, United Kingdom
Neurological Disability Rating Scale; WPAI-MS v2.1, Work Productivity and Activity Impairment Questionnaire for Multiple Sclerosis, version 2.1.

aDocumentation performed directly after a patient reached the regular end of study (at month 60) or permanently discontinued ozanimod treatment before month 60; if routine data
were collected that do not meet any of the documentation time points offered, these data may be entered with the month 60 documentation.

bFollow-up documentation of potential AEs and subsequent therapy, performed approximately 3-8 months after stopping treatment with ozanimod and when a new MS therapy is
initiated, or after 8 months (at the latest) if there is no subsequent MS therapy initiated.

CIncludes MS diagnosis according to International Classification of Diseases, Tenth Revision; first manifestation of MS, course of MS disease and number of relapses within the year
before enrollment; and type and duration of prior disease-modifying therapies for MS.

9includes vital parameters, physical status.

¢ Treatment modalities referring to ozanimod, including (planned) date of first administration of ozanimod, reason for switch to ozanimod, interruptions, re-initiation of therapy following
treatment interruption, and reason for discontinuation in case of switch to another MS treatment.

TAt yearly intervals (months 12, 24, 36, 48, and 60) only.

9At 6-month intervals (months 6, 12, 18, and 24) only.

hOnly if available based on the local clinical routine assessments performed at the study center: MRI (number of lesions) and relevant laboratory measurements, especially those for
monitoring ozanimod therapy (e.g., liver parameters, such as alanine aminotransferase, aspartate aminotransferase, gamma-glutamyl transferase, and total bilirubin; differential blood
count; or lymphocyte count).

IPatient-reported qualitative assessment of how often the patient missed doses and how regularly he or she took the medication, by entering the date of starting with a new ozanimod
package and selection of the package size. This information is collected electronically via the patient portal application or, alternatively, using paper-based questionnaires provided at
the local study center.

At 3-month intervals (month 3, 6, 9, 12, 15, 18, 21, and 24).
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TABLE 3 | Primary and secondary endpoints in the OzEAN study.

Domain Reported by Assessment Outcome measure Time point
Primary endpoint
Treatment satisfaction Physician Persistence with therapy * Proportion of patients who remain on continuous Collected continuously
treatment with ozanimod
e Evaluated at month 60
Secondary endpoints
Treatment satisfaction Physician Persistence with therapy e Proportion of patients who remain on continuous Collected continuously
treatment with ozanimod
e Evaluated at months 12, 24, 36, and 48
Patient Adherence to therapy e Percentage of dose taken as prescribed Months 3, 6, 9, 12, 15,
e Evaluated at months 12, 24, 36, 48, and 60 18, 21, 24, 30, 36, 42,
48, 54, and 60, and
SFU
Patient TSQM v1.4 e Changes in TSQM v1.4 domains Baseline and months 3,
® Relationship between each TSQM v1.4 domain and 6,9, 12, 15, 18, 21,
clinical outcomes 2 24, 30, 36, 42, 48, 54,
and 60, and SFU
Effectiveness Physician Clinical relapse e Annualized relapse rate Months 12, 24, 36, 48,
and 60, and SFU
Physician EDSS e Change from baseline in EDSS Baseline and months
12, 24, 36, 48, and 60,
and SFU
Patient UKNDS e Change from baseline in UKNDS sum score Baseline and months 6,
e Proportion of patients with a clinically meaningful 12, 18, 24, 30, 36, 42,
improvement/worsening of 1 grade in each subscale 48, 54, and 60, and
SFU
Cognitive processing speed Physician SDMT e Change from baseline in SDMT Baseline and months 6,
e Proportion of patients with: 12, 18, 24, 30, 36, 42,
o Increase in raw score of > 4 points or 10% from 48, 54, and 60, and
baseline (improved) SFU
o Decline in raw score of > 4 points or 10% from
baseline (worsened)
o Raw score change from baseline who do not meet
improved or worsened definition (stable)
QoL Patient MSQOL-54 e Change from baseline in PCS and MCS Baseline and months 6,
e Proportion of patients with: 12,18, 24, 30, 36, 42,
o Increase of > 5 points in PCS and/or MCS (improved) 48, 54, and 60, and
o Decline of > 5 points in PCS and/or MCS (worsened) SFU
Fatigue Patient FSMC e Change from baseline in FSMC sum score and physical Baseline and months 6,
and cognitive subdomains 12,18, 24, 30, 36, 42,
e Proportion of patients with: 48, 54, and 60, and
o Decline of > 10 points in sum score (improved) SFU
o Increase of > 10 points in sum score (worsened)
o Decline of > 6 points or > 5 points in cognitive and/or
physical domain, respectively (improved)
o Increase of > 6 points or > 5 points in cognitive and/or
physical domain, respectively (worsened)
Health economics Patient WPAI-MS v2.1 e Change from baseline in WPAI-MS v2.1 domains Baseline and months 6,
12,18, 24, 30, 36, 42,
48, 54, and 60, and
SFU
Patient MS-HRS v3.0 * Resource use/direct and indirect costs Baseline and months 6,
12,18, 24, 30, 36, 42,
48, 54, and 60, and
SFU
Safety Physician Incidence rate for AES® * Number of new cases per population at risk over the Collected continuously

follow-up period (per person-time)
Number of patients with event

AE, adverse event; EDSS, Expanded Disability Status Scale; FSMC, Fatigue Scale for Motor and Cognitive Functions; MCS, mental health composite summary; MS-HRS v3.0, Multiple
Sclerosis Health Resource Survey, version 3.0; MSQOL-54, Multiple Sclerosis Quality of Life-54; PCS, physical composite summary; SDMT, Symbol Digit Modalities Test; TSQM v1.4,
Treatment Satisfaction Questionnaire for Medication, version 1.4; UKNDS, United Kingdom Neurological Disability Rating Scale; QoL, quality of life; SFU, safety follow-up; WPAI-MS
v2.1, Work Productivity and Activity Impairment Questionnaire for Multiple Sclerosis, version 2.1.
aIf effect size Cohen’s d (used to indicate the standardized difference between 2 means) > 0.3.

bBased on the first occurrence of event during the follow-up period.
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points] (23) in PCS or MCS score, at months 6, 12, 18, 24, 30, 36,
42, 48, 54, and 60, and at the safety follow-up. Fatigue is assessed
using the FSMC; secondary endpoints include change from
baseline in FSMC sum score, physical subscale, and cognitive
subscale; proportion of patients with decrease (improvement) or
increase (worsening) of >10 points in the sum score; proportion
of patients with decrease (improvement) or increase (worsening)
of >6 points in the cognitive domain; and proportion of patients
with decrease (improvement) or increase (worsening) of >5
points in the physical domain, at months 6, 12, 18, 24, 30, 36, 42,
48, 54, and 60, and at the safety follow-up. Measures of health
economics include the WPAI-MS v2.1 and the MS-HRS v3.0;
secondary endpoints are the change from baseline in WPAI-
MS v2.1 domains at months 6, 12, 18, 24, 30, 36, 42, 48, 54,
and 60, and at the safety follow-up, and resource use and direct
and indirect costs assessed using the MS-HRS v3.0 at baseline
and months 6, 12, 18, 24, 30, 36, 42, 48, 54, and 60, and at the
safety follow-up.

Incidence of AEs [number of new cases per population at
risk over the follow-up period (per person-time) and number of
patients with event] is also a secondary endpoint. AEs are defined
as any untoward medical occurrence, which does not necessarily
have a causal relationship with treatment.

Sample Size and Recruitment

Planned recruitment is approximately 1,300 patients.
Recruitment is ongoing and will occur over 36 months.
Enrollment began in March 2021.

To increase representativeness of selected sites, a large number
of participating sites (up to 140) of different types (office- and
hospital-based sites specialized in neurology), which are located
geographically across Germany, are planned. To discourage
physicians from selecting specific patients for inclusion in the
study, they are instructed and trained to ask all eligible patients
consecutively for their participation.

It is assumed that the persistence at year 5 will be 55% overall,
including 50% of patients who switched to ozanimod treatment
from another MS treatment and 55%—60% of treatment naive
patients. A sample size of 1,331 patients is required to cover the
estimated persistence rate of 0.55 with a 2-sided 95% confidence
interval (CI) of 0.03 in each direction using the large sample
normal approximation and after considering a dropout rate of
15%. This interval width is considered appropriate for correct
description of the actual persistence rate on a descriptive level.

Data Collection, Management, and

Analysis
Data Collection Methods
As part of routine care, the study physician or qualified study staff
members at the study site enter data on treatment, MS relapses,
EDSS, SDMT, and AEs since the patients last visit, according
to the timeline outlined in Table 2, using an electronic case
report form (eCRF; Figure 3). Laboratory panels and MRIs are
performed only as available based on routine clinical assessments
at each study center.

PROs (including adherence, TSQM v1.4, UKNDS, MSQOL-
54, FSMC, WPAI-MS v2.1, and MS-HRS v3.0), preferably

scored directly by the patient, are collected via the Multiple
Sclerosis Documentation System 3D [MSDSP (24, 25)] with a
study-specific, internet-based, patient e-health portal (Figure 3)
according to the timeline in Table2. The patient portal is
accessible via computer or tablet and allows patients to download
files and complete questionnaires (Figure 4). Alternatively, upon
patient request, PROs are provided as paper-based versions
to be completed and scored at the study site. All PRO
questionnaires are made available in the German language. A
detailed description of the instruments used in these assessments
is available in Table 4.

AEs elicited as part of PRO data collection are subject to
AE reporting. Investigators must review responses provided
by patients to PRO instrument questions that assess safety to
determine if AE reporting is warranted. The physician will enter
AE data into the eCRF.

In the safety follow-up visit for patients withdrawn from the
observational study before month 60, safety-related data (AEs)
and data on any subsequent MS treatment and concomitant
medication are collected in addition to PROs.

Data Management

Documentation of study data by physicians and authorized site
staff is done exclusively online using the eCRF. The data are
transmitted via secure connections and stored on secure servers
of MedicalSyn GmbH, the eCRF, data management, and patient
portal provider. Data entries in the patient portal are checked
for plausibility and accuracy using validation programs, which
generate automated queries. Open queries are displayed in the
current status overview to be resolved. Data management screens
new or updated free text entries in the patient portal for hidden
AEs. The system follows open queries on a regular basis and
communicates queries to the site. The site responds to open
queries online.

Statistical Methods

According to the non-interventional design of the study,
the statistical analyses are descriptive and exploratory. No
statistical hypotheses are formulated. There will be no inferential
testing, and no P value will be provided. Summary statistics
for continuous variables will include number of observations
available and number of missing values, minimum, maximum,
median, mean, and standard deviation. Summary statistics for
discrete variables will be presented with counts and percentages
and number of missing variables.

The analysis set for the primary analysis will comprise all
patients who received at least 1 dose of ozanimod during the
study and for whom at least 1 postbaseline documentation is
available. A subgroup analysis will be performed examining
pretreatment with disease-modifying therapies (i.e., patients who
are treatment-naive compared with patients who switched from
another disease-modifying therapy to ozanimod).

If a patient is lost to follow-up, efforts will be undertaken
to collect the data from the previous visit. Data management
procedures will be implemented to limit the amount of non-
reported data. Analysis methods for handling missing data
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FIGURE 3 | Architecture and data flow within OzEAN eCRF and OzEAN patient portal. Physician-reported assessments are performed at the study site, and data are
entered by physicians into the OzEAN eCRF. Patient-reported assessments are completed by patients using the OzEAN patient portal, and data are fed into the
OzEAN eCRF. The patient portal interface additionally provides a calendar, medication plan, documents module, and access to surveys (PROs). Data from the OzEAN
eCRF are transmitted to Winicker Norimed GmbH (the contract research organization) for storage on secure servers. Data on adverse events are additionally
transmitted to the sponsor or its designee as part of standard safety reporting. CRO, contract research organization; eCRF, electronic case report form; PRO,

(e.g., last observation carried forward, imputation, or sensitivity
analyses) will be applied.

Treatment (e.g., dosage, duration of treatment, dose
modifications, treatment interruptions, and concomitant
medications) will be analyzed descriptively.

The analysis of the primary endpoint of persistence rate
over 60 months in routine clinical practice will be calculated
descriptively as percentage value at 60 months (i.e., the
proportion of patients who are on continuous treatment with
ozanimod at this time point), including corresponding 95%
CIs calculated by the Clopper-Pearson method. A patient will
be classified as non-persistent if a medication gap > 90 days
occurs before the end of the 60-month documentation period. A
sensitivity analysis will be performed evaluating patients who are
lost to follow-up as “non-persistent.” The persistence rate will be
evaluated by Kaplan-Meier methods over the entire study period
(patients who are lost to follow-up will be right-censored).

The analysis of persistence rate at months 12, 24, 36,
and 48 (secondary endpoint) will be calculated descriptively
and summarized as the proportion of patients on continuous
treatment at the respective time point, with corresponding
95% Cls.

Medication adherence (secondary endpoint) will be evaluated
categorically in terms of the percentage of doses taken
as prescribed.

Secondary endpoints of clinical effectiveness (ARR,
EDSS, and SDMT) and all PRO measures (changes from
baseline, including proportion of patients who achieved a
clinically meaningful change from baseline) will be analyzed
descriptively. For TSQM v1.4, it is assumed that a clinically
meaningful relationship between TSQM v1.4 domains and
clinical outcomes is given if the effect size (Cohen’s d) is
> 0.3 (15).

All AE data will be listed and summarized. AEs will be
classified using the Medical Dictionary for Regulatory Activities
(MedDRA) classification system. The incidences based on the
patient population enrolled as well as incidence density rates
(number of events/sum of person-time in years) of all AEs,
serious AEs (SAEs), adverse drug reactions (ADRs), and serious
ADRs will be summarized by system organ class, preferred
term, and relationship to study treatment. AEs leading to
discontinuation from treatment will also be summarized and
listed separately.

SAS software version 9.2 or higher will be used for analyses.
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FIGURE 4 | OzEAN patient portal user interface. On the start page of the patient user interface, the patient can select from the following options: surveys (PROs),
questions about medication intake (medication plan), documents for download, and calendar. The medication plan displays information on ozanimod treatment. The
documents module provides downloadable files (e.g., patient portal user manual and ozanimod SmPC). The calendar displays the patient’s start date and participation
within the OzEAN study and is equipped with a reminder to take ozanimod. The patient is also able to review and visualize personal longitudinal data graphically. PRO,

patient-reported outcome; SmMPC, Summary of Product Characteristics.

Monitoring

An external steering committee is planned for data review,
data evaluation, and publication in agreement with the leading
principal investigator.

An interim analysis will be conducted after enrollment of 25%
of the planned number of patients and will describe the baseline
data. Thereafter, yearly interim analyses are planned.

AEs are collected during study site visits and via the patient
portal, as described previously. All AEs occurring after the first
dose of ozanimod until the end of the study (including the safety
follow-up), whether related or not to ozanimod treatment, will
be recorded and reported to the sponsor or its designee. AEs
and SAEs are reported within 24 h. If it is discovered that a
patient or female partner of a male patient is pregnant, this is
reported to the sponsor within 24 h. SAEs associated with the
pregnancy are reported within 24 h. Follow-up information on
pregnancy outcomes is forwarded to the sponsor, even if the
outcome becomes known after the end of the study.

Representatives of the sponsor and/or its delegates are
permitted to visit all study site locations to assess the data
quality and study integrity. On site, they review study files and,
if allowed by local laws and regulations, patient medical charts
to compare them with source documents, discuss the conduct
of the study with the investigator, and verify that the facilities
remain acceptable. In addition, the study may be evaluated by
the sponsor’s internal auditors and government inspectors, who
are permitted access to CRFs, source documents, other study files,
and study facilities.

DISCUSSION

OzEAN is an ongoing study to evaluate ozanimod treatment
for RRMS in real-world clinical practice in Germany, with
a large sample size, sophisticated methodology, and complex
design involving endpoints related to multiple MS symptoms
and functional consequences. The findings from this real-world
evidence study will provide an important complement to the
efficacy and safety results from highly structured randomized
controlled trials (26), including phase 3 clinical trials (6, 7)
and the ongoing open-label extension study of phase 1-3 trials
(DAYBREAK) (27).

The eligibility criteria of OzEAN are less selective than those
of the phase 2 and 3 clinical trials, allowing for inclusion of adults
(=18 years) of any age with RRMS who are eligible for ozanimod
treatment and elect to initiate ozanimod treatment prior to and
independent from study enrollment. There are no requirements
in terms of relapse history, EDSS score, MRI parameters, or prior
MS treatment. This is beneficial in 2 respects. First, it will be
important to establish the efficacy and safety of ozanimod in a
heterogeneous and extended population outside of the highly
regulated confines of a clinical trial, in which patients are selected
based on predetermined criteria that may not be met by a
majority of patients in clinical care (28). Second, this will allow for
characterization of patients prescribed ozanimod in real-world
clinical practice. A question of interest is whether ozanimod
is prescribed to patients newly diagnosed with MS, consistent
with a shift toward earlier use of high-efficacy disease-modifying
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TABLE 4 | Description of Measures in OzEAN.

Physician-Reported Assessment

Expanded Disability Status Scale
(EDSS) (10)

Symbol Digit Modalities Test (SDMT)
(12, 13)

Patient-Reported Assessment

Treatment Satisfaction Questionnaire
for Medication, version 1.4 (TSQM
vi1.4) (14, 15)

United Kingdom Neurological
Disability Rating Scale (UKNDS)
(16, 17)

Multiple Sclerosis Quality of Life-54
(MSQOL-54) (18)

Fatigue Scale for Motor and Cognitive
Functions (FSMC) (19)

Work Productivity and Activity
Impairment Questionnaire for Multiple
Sclerosis (WPAI-MS v2.1) (20)

Multiple Sclerosis Health Resource
Survey (MS-HRS v3.0) (21)

The EDSS is a standardized, widely accepted method to evaluate disability in people with MS. Severity of disability in
multiple functional systems (pyramidal, cerebellar, brain stem, sensory, bowel and bladder, visual or optic, cerebral or
mental, and other) observed during a standard neurological examination is scored on a numerical scale ranging from O
(normal) to 10 (death due to MS).

The SDMT is a reliable measure of change in cognitive processing speed over time. Patients are given a key showing
numbers [0-9] paired with symbols. They are also presented with rows of the same symbols (in random order) and are
asked to provide the matching numbers, based on the key. The score is based on the number of correct responses within
90 s, with higher scores indicating better performance. The SDMT has been validated in patients with MS and is typically
administered orally in this population. Changes in SDMT raw score of > 4 points or 10% are considered clinically meaningful.

The TSQM v1.4 is a general measure of treatment satisfaction with medication in chronic diseases that has been tested
extensively in people with RRMS. It comprises 14 items covering 4 domains: effectiveness, side effects, convenience, and
global satisfaction. On individual items, patients rate their satisfaction with a medication, presence/absence and
bothersomeness of side effects, extent to which side effects interfere with functioning and impact treatment satisfaction,
ease of use and convenience, and confidence in the treatment. Ratings reflect experience with the medication over the
previous 2-3 weeks, or since the patient’s last use of the medication. Scores range from 0 to 100, with higher scores
representing greater satisfaction.

The UKNDS is a simple, user-friendly clinical disability scale that is valid and reliable for the assessment of patients with MS.
It is derived from Guy’s Neurology Disability Scale and consists of 11 domains: cognition, mood, vision, speech, swallowing,
upper limb function, lower limb function, bladder function, bowel function, fatigue, and pain. Each subscale is scored on a
6-point Likert scale ranging from O (normal) to 5 (total loss of function/maximum impairment), producing an overall sum
score ranging from O (best) to 55 (worst). Improvement or worsening of at least 1 grade in each subscale are considered
clinically meaningful.

The MSQOL-54 is a multidimensional health-related QoL measure that combines both generic and MS-specific items into a
single instrument. The generic component is the Short Form-36 Health Survey (SF-36) (42), to which 18 items were added
to identify MS-specific issues. There are 54 items distributed into 12 subscales (physical function, role limitations-physical,
role limitations-emotional, pain, emotional well-being, energy, health perceptions, social function, cognitive function, health
distress, overall quality of life, and sexual function), along with 2 summary scores (physical composite summary [PCS] and
mental health composite summary [MCS]). A change in score equivalent to 0.5 SD has been found to have aimost universal
relevance as a minimum clinically important difference for health-related QoL. Using the 0.5 SD threshold for the SF-36, a
change of > 5 points in PCS and MCS has been proposed to be clinically meaningful (23).

The FSMC includes a cognitive scale and a physical (motor) scale, each consisting of 10 items. Items are scored using a
5-point scale ranging from 1 to 5, yielding a total score range of 20 (no fatigue at all) to 100 (severest grade of fatigue).
Based on cut-off values for severity categories, a change from baseline of > 10 in FSMC sum score, > 6 in cognitive
subscore, and > 5 in physical subscore should denote a clinically meaningful change.

The WPAI-MS German v2.1 consists of 6 items across 4 domains: absenteeism (work time missed), presenteeism
(impairment at work/reduced on-the-job effectiveness), work productivity loss (overall work impairment/absenteeism +
presenteeism), and activity impairment. Each domain is measured on a scale of 0% to 100% impairment. The recall period
is 7 days. A lower score on the WPAI-MS v2.1 subscales indicates less impairment (i.e., an improvement).

The MS-HRS v3.0 is a validated, 24-item questionnaire that enables a holistic and longitudinal examination of resource use
and costs (direct medical, direct non-medical, and indirect) in patients with MS. It documents social resource use,
independent of source of reimbursement, and economic impact on work, family, and leisure. The instrument allows for
allocation of a monetary value to a specific disease state, to an event (e.g., a relapse), or to a specific therapy.

MS, multiple sclerosis; QoL, quality of life; RRMS, relapsing-remitting multiple sclerosis; SD, standard deviation.

therapies (29), or reserved for patients previously treated with
lower-efficacy agents (i.e., an escalation approach) (30).

The OzEAN study incorporates assessments of persistence
and adherence to treatment. Persistence (remaining on
continuous treatment) and adherence (taking treatment as
prescribed) are important to treatment outcomes but tend to
be poor in people with MS (31). Generally, persistence and
adherence are better with oral disease-modifying therapies
compared with injectables, but there are differences even among
oral medications that can impact treatment success (31, 32).
Assessment of persistence and adherence to ozanimod treatment
is an important element of the OzEAN study and complements
the TSQM v1.4 as another index of treatment satisfaction.

The efficacy outcome measures of the OzEAN study
complement those of the phase 2 and 3 clinical trials (Table 5),
which focused on traditional, physician-reported assessments
of relapses (ARR) and disability progression (EDSS), MRI
parameters (gadolinium-enhancing lesions, T2 lesions, and
brain atrophy), and functional measures [the Multiple Sclerosis
Functional Composite (MSFC)(33)), which comprises the Timed
25-Foot Walk (lower limb function and walking speed), Nine-
Hole Peg Test (upper limb function and dexterity), and either
the SDMT or the Paced Auditory Serial Addition Test (cognition)
(4,6,7,34,35). QoL was assessed in the phase 3 studies using the
MSQOL-54, but no other PROs were employed (6, 7). The value
of assessing symptoms and consequences of MS that are viewed
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TABLE 5 | Outcome measures in OzEAN compared with phase 2 and phase 3 studies of ozanimod.

Phase 2 (4)

Phase 3 SUNBEAM (7)

Phase 3 RADIANCE (6) OzEAN

Clinical

ARR X
Disability progression (EDSS)

MSFC

T25FW

9HPT

SDMT

PASAT

Persistence with therapy

MRI

Gadolinium-enhancing lesions X
New or enlarging T2 lesions X
Brain atrophy

Patient-reported outcomes

MSQOL-54

TSQM v1.4

UKNDS

FSMC

WPAI-MS v2.1

MS-HRS v3.0

Adherence to therapy

Safety and tolerability

AEs X
Laboratory values X

X X X X X X
xX X X X X

X X X X X X X

X X X
X X X2

9HPT, Nine-Hole Peg Test; AE, adverse event; ARR, annualized relapse rate; EDSS, Expanded Disability Status Scale; FSMC, Fatigue Scale for Motor and Cognitive Functions;
MRI, magnetic resonance imaging; MSFC, Multiple Sclerosis Functional Composite; MS-HRS v3.0, Multiple Sclerosis Health Resource Ultilization Survey, version 3.0; MSQOL-54,
Multiple Sclerosis Quality of Life-54; PASAT, Paced Auditory Serial Addition Test; SDMT, Symbol Digit Modalities Test; T25FW, Timed 25-Foot Walk; TSQM v1.4, Treatment Satisfaction
Questionnaire for Medication, version 1.4; UKNDS, United Kingdom Neurological Disability Rating Scale; WPAI-MS v2.1, Work Productivity and Activity Impairment Questionnaire for

Multiple Sclerosis, version 2.1.

a0nly if available based on the local clinical routine assessments performed at the respective study site.

as important by patients, as well as the patient’s perspective
on treatment outcome and success, is increasingly recognized
(26). The OzEAN study employs a number of PROs designed
to evaluate not only QoL (MSQOL-54) and cognition (SDMT),
but also treatment satisfaction (TSQM v1.4), patient-assessed
disability (UKNDS), fatigue (FSMC), functioning at work and in
other contexts (WPAI-MS v2.1), and costs associated with MS
(MS-HRS v3.0). These PROs are valid, reliable, and responsive
to change, with established thresholds for clinically meaningful
change (Table 4).

To our knowledge, OzEAN is the first non-interventional
study in MS to offer a patient portal. While use of the MSDS?P
data collection and management system has been incorporated
into other real-world studies in MS (36-40), the expansion of
this tool to include patient connection via the portal is intended
to facilitate study participation, optimally inform patients, and
support study patients’ compliance. The aim of the patient portal
is to obtain a high-resolution picture of the course of the disease
with the highest possible data quality, independent from visits,
through at-home documentation of digital PRO questionnaires
(41). The patient portal complements and optimizes medical care
in daily practice, as it enables the patient to play an active role in

the study and to increase the e-health interaction between patient
and study center.

This study has a number of further strengths. It represents
the first collection of real-world data from patients with RRMS
initiating treatment with ozanimod according to the SmPC. The
results will broaden the understanding of ozanimod’s safety and
efficacy outside of controlled clinical conditions and in a patient
population chosen based only on criteria outlined in the SmPC,
and it will provide needed information to physicians and other
health care providers on ozanimod treatment in routine clinical
care. A high level of external validity can be expected, as the
study sites and patient sample are selected to be representative
of treatment and care in Germany.

There are also limitations. As OzEAN is an observational
study, there is no randomization of patients, no blinding, and
no control group. Outcome measures are limited to clinical
assessments and PROs, with no MRI endpoints. Patient recall
bias is a possible limitation, particularly with the long (6-month)
intervals between assessments in the latter portion of the study.
There is potential for selection bias with regard to participating
sites and patients, as well as attrition bias, but measures are
taken to minimize these issues, including participation of a
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large number of randomly selected sites of different types and
locations across Germany, a large sample size, consecutive
enrollment of eligible patients, and prespecified methods for
handling missing data from patients lost to follow-up. Finally, the
generalizability of the findings may be limited, as all of the study
sites are located in Germany, a technologically advanced and
predominantly racially/ethnically homogeneous country with a
universal healthcare system.

CONCLUSION

In summary, this is the first long-term, real-world study of
ozanimod in patients with RRMS. These data will add to the
safety and efficacy profile of ozanimod previously demonstrated
in the phase 3 trials (6, 7) and the ongoing open-label extension
study of phase 1-3 trials (DAYBREAK) (27) in patients with
relapsing MS, and they will provide new information on
endpoints not previously evaluated in ozanimod clinical trials.
To our knowledge, this is the first non-interventional study
utilizing a patient portal, which is expected to facilitate study
participation and compliance, provide valuable information on
PROs, and draw a high-resolution picture of the course of disease
independent of study visits in a convenient way (41). Final long-
term results are anticipated after study completion in March
2029; yearly interim analyses are planned after enrollment has
reached 25%. The OzEAN study aims to assess the utility of
ozanimod in clinical practice.
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Background: Iron rim lesions (IRLs) represent chronic lesion activity and are associated
with a more severe disease course in multiple sclerosis (MS). How the iron rims around
the lesions arise in patients with MS (pwMS), and whether peripheral hemolysis may be
a source of iron in rim associated macrophages, is unclear.

Objective: To determine a potential correlation between peripheral hemolysis
parameters and IRL presence in pwMS.

Methods: This retrospective study included pwMS, who underwent a 3T brain MRI
between 2015 and 2020 and had a blood sample drawn at + 2 weeks. Patients with
vertigo served as a control group.

Results: We analyzed 75 pwMS (mean age 37.0 years [SD 9.0], 53.3% female) and
43 controls (mean age 38.3 years [SD 9.8], 51.2% female). Median number of IRLs
was 1 (IQR 4), 28 (37.3%) pwMS had no IRLs. IRL patients showed significantly higher
Expanded Disability Status Scale (EDSS) compared to non-IRL patients (median EDSS
2.3[IQR 2.9] vs. 1.3 [IQR 2.9], p = 0.017). Number of IRLs correlated significantly with
disease duration (rs = 0.239, p = 0.039), EDSS (rs = 0.387, p < 0.001) and Multiple
Sclerosis Severity Scale (MSSS) (rs = 0.289, p = 0.014). There was no significant
difference in hemolysis parameters between non-IRL, IRL patients (regardless of gender
and/or disease type) and controls, nor between hemolysis parameters and the number
of IRLs. Total brain volume was associated with fibrinogen (8 = —0.34, 95% Cl —1.32 to
—0.145, p = 0.016), and absolute cortical and total gray matter volumes were associated
with hemoglobin (8 = 0.34, 95% CI 3.39-24.68, p = 0.011; 8 = 0.33, 95% Cl
3.29-28.95, p = 0.015; respectively).

Conclusion: Our data do not suggest an association between hemolysis parameters
and IRL presence despite a significant association between these parameters and
markers for neurodegeneration.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory disease of the
central nervous system (CNS), which leads to focal demyelination
in the gray and white matter (WM) (1, 2). In the early relapsing
stage of the disease, acute inflammation and blood-brain barrier
(BBB) disruption is reflected by gadolinium (Gd) enhancing
lesions in MRI. Later, chronic active inflammation behind the
BBB can be detected by MRI via susceptibility-weighted imaging
(SWI), R2* or QSM as a rim of iron-laden microglia and
macrophages around the FLAIR-hyperintense lesion (3-6). These
so-called iron rim lesions (IRLs) or paramagnetic rim lesions are
a subset of chronic active lesions (3, 6-9), and occur in ~60%
of people with MS (pwMS) irrespective of MS course peaking in
the late relapsing-remitting MS and early secondary progressive
MS stage (10). Approximately 30% of all WM lesions and about
40% of chronic active MS lesions have an iron rim (11). Their
presence has been associated with a more severe disease course
(12, 13). They display more pronounced black holes compared
to non-IRLs, reflecting severe axonal loss and the absence of
remyelination (4, 5), and they are associated with elevated serum
neurofilament levels (sNfL) (14, 15) and brain atrophy rates
(13, 14, 16). Recent work has shown that IRLs expand over time
(3,4, 17), while the iron rims themselves gradually diminish over
an extended time period of about 7 years (17). Altogether, IRLs
are now considered a potential biomarker for progression and
chronic MS course with high neurodestructive potential (5, 18).

Generally, iron is known to accumulate in the human brain
with age (19). On the one hand, it is important for normal
cellular functions, biochemical reactions such as DNA, RNA,
and proteins synthesis, and is involved in myelin synthesis
(20, 21). On the other hand, iron is also cytotoxic due to free
oxygen or nitrogen radical formation and is known to amplify
demyelination, neurodegeneration, and oxidative damage in
MS (8). Most cerebral iron is found in the substantia nigra
and basal ganglia (22-24). An intact BBB protects the brain
from fluctuations in systemic iron levels so that impaired iron
homeostasis in the periphery has only minor effects on brain
iron metabolism (25). Thus, concentrations of iron and iron-
modulating proteins in the serum and cerebrospinal fluid (CSF)
differ substantially (26). Since iron metabolism in terms of
uptake, transport, and storage is not fully clarified (27), a better
understanding of dysregulatory pathways of iron homeostasis
will help elucidate the causes of iron accumulation and iron-
mediated tissue damage in the brain. Recent advances in the
field of iron-dependent lipid peroxidation leading to a cell death
called “ferroptosis” have already provided valuable insights that
are particularly relevant to the lipid-rich environment of the
CNS (28).

Nevertheless, to date, no significant factor influencing the
development of IRLs in the CNS has been identified, and it is
still unclear why some pwMS have iron rims and others have not.
We raise the question, whether peripheral hemolysis in pwMS
under conditions of a chronically impaired BBB with potentially
higher iron influx into the lesion may favor the formation of iron
rims, which in turn are formed by phagocytes which protect brain
tissue from free pro-oxidant Fe?*.

Iron is present in serum as both heme and non-heme
iron. The former is used for metabolic processes, is highly
concentrated in erythrocytes, and is liberated upon hemolysis.
Liberated hemoglobin and its iron are bound by the serum
protein haptoglobin to avoid its deleterious pro-oxidative
effects (29). Main sources for iron-accumulation in the CNS
are erythrocytes leaking through the BBB and their decay
within the brain and spinal cord or the destruction of iron
containing oligodendrocytes and myelin (4, 30). Already, early
studies describe a macrocytosis and higher osmotic fragility of
erythrocytes in pwMS than in healthy controls, and particularly
more pronounced in patients with a relapse (31, 32). Also, a
recent experimental study on iron overload found an increased
fragility and macrocytosis of erythrocytes, low-grade hemolysis
and a significant liberation of hemoglobin from erythrocytes (33).
In addition, extracellular methemoglobin (metHb) was observed
to cause oxidative damage to myelin components in the CNS
after extravasation of blood from plaque veins into plaque tissue
(34). This could eventually mean that iron release from myelin
together with blood-derived iron amplifies neurodegeneration.
Lewin et al. reported that elevated serum free hemoglobin (Hb)
correlated with brain atrophy rate in people with secondary
progressive MS (35). This has been attributed to chronic, low-
grade intravascular hemolysis, which in turn is thought to lead
to oxidative damage of oligodendrocytes by serum Hb after its
passage through the impaired BBB. Nevertheless, intravascular
hemolysis was not reflected by a lower total blood Hb level
(35). Altogether, these data indicate that hemolysis may play
a role in MS as a cofactor enhancing neurodegeneration. It is
already known that elevated iron levels in postmortem brain
SWI-MR images and iron deposition seen in histopathology
correlate positively in pwMS (30, 36), but it is unknown whether
peripheral serum parameters of hemolysis are associated with
SWI-detected IRLs.

METHODS

Patients

In this cross-sectional, retrospective study, 75 patients from
the Vienna MS database (VMSD) (37) and 43 sex- and age-
matched patients with peripheral vertigo as control group were
included. All included control patients with peripheral vertigo
were clearly clarified as not being centrally affected by our experts
of our special outpatient clinic for vertigo based on clinical
history, neurological status and imaging. Clinically definite MS
was determined according to the established diagnostic criteria
(38, 39). All pwMS met the following inclusion criteria: >18
years, availability of T1, FLAIR and SWI-based MRI scan at 3T,
and a blood sample drawn at £2 weeks from MRI. None of the
patients had a diagnosed hemolytic disease. Data on expanded
Disability Status Scale (EDSS) and Multiple Sclerosis Severity
Scale (MSSS) according to Roxburgh et al. were obtained at the
time of MRI (40), and clinical activity (relapses) was analyzed
in a time period £6 months from MRI. A severe relapse was
defined as a relapse that required either treatment with steroids
or hospitalization. Disease-modifying treatment (DMT) status
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was classified as following: (1) “no DMT” defined as patients
receiving no DMT; (2) “moderately effective DMT” (M-DMT)
defined as patients receiving either interferon-beta, glatiramer
acetate, dimethyl fumarate, or teriflunomide; or (3) “highly
effective DMT” (H-DMT) defined as patients receiving either
natalizumab, fingolimod, alemtuzumab, cladribine, ocrelizumab
or rituximab. MRI acquisition, including sequences such as
FLAIR, T1 and SWI-based MRI for assessing lesions and brain
volume (see below) and their analysis were performed at the
Medical University of Vienna.

Imaging Acquisition

All 3T MRI brain scans were performed on a Siemens Magnetom
3T MRI system, using a 64-channel radio frequency (RF) coil
between January 1, 2015, and December 31, 2020. Isovoxel (1
mm?) 3DFLAIR (TR = 6,000 ms, TE = 288 ms, TI = 2,100 ms),
T1 weighted images (TE = 2,16 ms, TR = 1,670 ms and flip angle
= 15) with a gadolinium-based contrast administration and SWI
sequences (TE = 40 ms, TR = 49,ms, image matrix = 224 x 256,
slices = 80, slice thickness = 2 mm) were acquired consecutively.

Evaluation of Lesions and Brain Volume

All supratentorial lesions of the periventricular, juxtacortical
and deep white matter in the frontal, parietal and occipital
lobes (41), and in the upper parts of the temporal lobes
as well as infratentorial lesions of the cerebellum were
analyzed in consensus by two independent raters (ADB, NK)
highly experienced in MS imaging. IRLs were defined as
FLAIR-hyperintense lesions that were partially or completely
surrounded by a pronounced and distinct SWI-hypointense rim.
The presence of the central plaque vein did not affect the iron
rim evaluation. After both raters had made their decision, the
unclear lesions were discussed together on the monitor and
an agreement was reached. The inter-rater agreement before
matching was 98.7%.

Volume of T1 lesions and total brain volume were
automatically assessed using the MorphoBox prototype imaging
software normalized for age from Siemens Healthineers (42).
IRLs were considered valid if a hypointense SWI signal entirely or
partially surrounded a hyperintense white matter lesion in FLAIR
images. Patients were grouped for the presence of IRLs (no IRLs
vs. >1IRLs).

Hemolysis Parameters

Hemolysis parameters included red blood cell (RBC) count,
reticulocytes, Hb, hematocrit (Ht), potassium, iron, total
bilirubin, free Hb, hemolysis index, lactate dehydrogenase,
fibrinogen and aspartate transaminase levels. Blood samples were
drawn and analyzed at the Department of Laboratory Medicine,
Medical University of Vienna. The quality of blood samples was
maintained with the usage of standardized protocols for their
collection and storage.

Ethics

The study was approved by the Ethics Committee of the Medical
University of Vienna (EC 1599/2021).

Statistics
Statistical analysis was performed using SPSS 26.0 (SPSS Inc,
Chicago, IL, USA). Categorical variables were expressed in
frequencies and percentages, continuous variables as mean and
standard deviation (SD) or median and interquartile range (IQR)
as appropriate. Continuous variables were tested for normal
distribution by the Kolmogorov-Smirnov test. Univariate
comparisons were done by chi-square test, independent ¢-test,
Mann-Whitney U-test or Kruskal-Wallis test as appropriate.

Hemolysis parameters, clinical (EDSS, MSSS, disease course
and duration) and paraclinical parameters [total brain volume,
total gray matter (GM) and cortical volume, WM volume,
total lesion volume], and the number of IRLs were first
univariately analyzed by Spearman correlation analyses. Then, we
calculated a linear step-wise regression model with the number
of IRLs as the dependent variable and hemolytic parameters as
independent variables adjusted for sex, age, DMT and disease
duration. The same model was used with MRI parameters (total
brain volume, total GM and cortical volume, WM volume,
total lesion volume) as dependent variables and hemolytic
parameters as independent variables adjusted for sex, age, and
disease duration. To test the level of agreement of hemolysis
parameters analyzed at different time points, the latter were
compared as median values using Friedman’s related-samples
two-way analysis of variance by ranks with a clinical (relapse)-
and radiological (Gd-enhancement)-based subanalysis. Intra-
individual variance of hemolysis parameters was calculated using
Bland-Altman method.

A value of p < 0.05 was considered statistically significant. All
multiple analyses were corrected using Bonferroni method.

RESULTS

Seventy-five pwMS (53.3% female, 76.0% relapsing-remitting
MS) were included with a mean age of 37.0 (SD 9.0) years and
a median disease duration of 6 years (IQR 2-12), a median EDSS
of 2.0 (IQR 1-3.5) and a median MSSS of 3.05 (IQR 0.99-5.85).
Detailed demographics and characteristics are given in Table 1.
IRL patients showed significantly higher scores in EDSS (p =
0.017) and MSSS (p = 0.036) compared to non-IRLs. Patients
with IRLs were more commonly prescribed H-DMT (27; 57.4%)
compared to patients without IRLs (11; 39.3%) (p = 0.024).
Thirty-one (41.3%) pwMS experienced a relapse during the
observation period (median time to MRI 7 weeks [IQR 4-19]),
with 29 (38.7%) pwMS experiencing a severe relapse. No other
relevant differences in demographics and clinical characteristics
between non-IRL and IRL were found. In the control group, 43
patients (51.2% female) with a mean age of 38.3 years (SD 9.8)
were included.

Number of IRLs

Among all patients, 281 IRLs were identified (Figure 1). Median
number of IRLs in pwMS was 1 (IQR 0-4), 28 (37.3%) patients
had no IRLs. Among those, 10 patients (nine females, mean age
36.9 years [SD 8.9], median disease duration of 3.5 years [IQR
1.0-8.3]) experienced a severe relapse. Two of those 10 patients
showed Gd-enhancing lesions in the observed MRI. Only one
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TABLE 1 | Characteristics of pwMS.

pwMS (n = 75) Non-IRL patients (n = 28) IRL patients (n = 47) p-value
Demographic and clinical data
Female? 40 (53.3) 18 (64.3) 22 (46.8) 0.142
Age (years)® 37.0(9.0) 35.5(8.3) 38.0(9.4) 0.255
Disease duration (years)® 6 (2-12) 4 (2.3-8.8) 8 (2-13) 0.180
Clinical activity? 31 (41.3%) 10 (35.7%) 21 (44.7%) 0.446
Severe relapse 29 (38.7%) 10 (85.7%) 19 (40.4%)
EDSS® 2.0 (1-3.5) 1.3(0-2.9) 2.3(1.1-4) 0.017
MSSSs°© 3.05 (0.99-5.85) 2.39 (0.53-3.23) 3.91 (1.72-5.87) 0.036
RRMS? 57 (76.0) 24 (85.7) 33 (70.2) 0.128
DMT?
No DMT 11 (14.7) 2(7.1) 9 (19.1) 0.024
M-DMT 26 (34.7) 15 (63.6) 11 (23.4)
IFN 3(4.0) 3(10.7) 0(0.0)
Glatiramer acetate 7(9.3) 4 (14.3) 3(6.4)
Dimethyl fumarate 14 (18.7) 8 (28.6) 6(12.8)
Teriflunomide 2(2.7) 0(0.0) 2 (4.3
H-DMT 38 (50.7) 11 (39.3) 27 (57.4)
Fingolimod 13(17.3) 2(7.1) 11(23.4)
Natalizumab 4 (5.3) 2(7.1) 2 (4.3
Alemtuzumab 6 (8.0) 2(7.1) 4 (8.5)
Rituximab 12 (16.0) 5(17.9) 7 (14.9)
Cladribine 3 (4.0 0(0.0) 3(6.4)
MRI data
No. of IRLs® 1(0-4) NA 3(1-9) NA
No. of total lesions® 22 (11-45) 16 (8-49.8) 24 (11-45) 0.266
No. of IRLs/No. of total lesions® 0.07 (0.00-0.18) NA 0.15(0.08-0.32) NA
Gd—enhancementavr 15 (20.0) 3(10.7) 12 (25.5) 0.101
Absolute brain volume (ml)° 1,090.9 (1,000.2-1,183.9) 1,096.3 (1,015.9-1,211.9) 1,077.4 (994.9-1,179.6) 0.385
Absolute GM cortical volume (ml)© 517.3 (473.0-560.6) 521.3 (473.0-567.9) 514.7 (471.3-560.6) 0.776
GM total volume (ml)® 667.7 (603.6-709.9) 671.5 (604.9-723.1) 666.5 (603.6-709.9) 0.648
Absolute WM volume (ml)® 422.3 (384.3-479.5) 427.5 (397.3-461.7) 417.6 (373.2-489.3) 0.373
Total lesion volume (ml)° 1.1 (0.4-3.6) [0.1-50.1]¢ 0.8 (0.2-3.6) [0.1-38.1]¢ 1.2 (0.5-3.8) [0.1-50.1]¢ 0.612
Absolute ventricular CSF volume (ml)° 346.5 (303.4-383.6) 344.3 (303.9-377.4) 348.65 (299.3-387.3) 0.798

CSF, cerebrospinal fluid; DMT, disease-modifying treatment; EDSS, Expanded Disability Status Scale; MSSS, Multiple Sclerosis Severity Scale; GM, gray matter; IRL, iron rim lesion;
NA, not applicable; pwMS, patients with multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis; WM, white matter.

aNumber and percentage.

PMean and standard deviation.

SMedian and interquartile range.

9Range.

Tin two pwMS, no contrast was administered.

patient had a SWI-sequence in the follow-up MRI. This patient
did not show IRL formation within 1.5 years. Therefore, no
predictors for conversion to IRLs could be identified. Number of
IRLs correlated significantly with disease duration (rs = 0.239,
p = 0.039), EDSS (r, = 0.387, p < 0.001) and MSSS (r; =
0.289, p = 0.014) but not with patients’ age (r, = 0.151; p
=0.194).

Hemolysis Parameters

(male with/without IRLs vs. female with/without IRLs)
and disease course (relapsing vs. progressive MS) -related
subanalysis, and compared them to those of controls; however,
no differences were found. Besides, no correlation between
the number of IRLs and hemolysis parameters was seen
(Supplementary Table 1).

Furthermore,no significant correlation between
hemolysis and clinical parameters was found. However,
absolute brain volume was associated with fibrinogen

We analyzed the median values of hemolysis parameters (8 = —0.34; 95% CI —1.32, —0.145; p = 0.016),
in pwMS according to the presence of IRLs (no IRLs vs. and absolute cortical and total GM volumes were
>1 IRLs) (Figure2; Supplementary Table1) with gender  associated with Hb (B = 0.34; 95% CI 3.39, 24.68;
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FIGURE 1 | Iron rim lesions (IRLs) can be visualized by MRI via susceptibility-weighted imaging (SWI) as a hypointense rim of iron-laden microglia and macrophages
surrounding the FLAIR-hyperintense lesion. Increased T1 hypointensity of the IRL indicates severe tissue destruction.
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We also analyzed the variability of hemolysis parameters in the
period £6 months from MRI on both a population and individual

level (Supplementary Table 2; Figure 3). As 29/31 (93.5%) of
pwMS experienced a severe relapse, no subanalysis based on
the relapse severity was performed. The hemolysis parameters
remained stable during the observation period regardless of
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clinical and radiological activity. However, pwMS with a relapse
had a lower median Hb 6 months after MRI (13.6 [IQR 12.7-
14.6] vs. 14.9 [IQR 13.7-15.8], p = 0.012) and a lower median
potassium level at MRI (4.12 [IQR 3.97-4.33] vs. 4.35 [IQR 4.18—
4.47], p = 0.006), and pwMS with at least one Gd-enhancing
lesion had a lower median RBC level 6 months after MRI (4.6
[IQR 4.3-4.9] vs. 49 [IQR 4.6-5.2], p = 0.030) and a lower
median potassium level at MRI (4.09 [IQR 3.87-4.27] vs. 4.28
[IQR 4.13-4.42], p = 0.029).

DISCUSSION

IRLs are currently being evaluated as imaging biomarkers of
chronic activity and their potential future role in therapy
monitoring, particularly in progressive MS. Since pwMS with
IRLs compared to those without IRLs have a more severe disease
course and transit earlier to a progressive stage, it is clinically
relevant to find out associated, and perhaps even facilitating,
factors for the presence of IRLs. Erythrocyte instability and low
grade hemolysis seem to lead to increased free Hb in patients
with systemic inflammation and immune activation (32), which
has been also associated with the rate of brain atrophy in pwMS
(35). Free Hb might enter the brain during active relapses or
in the course of the low-grade increase of BBB permeability
in progressive MS (43). After its degradation, free iron could
contribute to neurodegeneration by amplifying oxidative injury

and propagating proinflammatory activation of macrophages and
microglia (8, 9). In our study we, thus, analyzed whether there is
a direct association between hemolysis and the presence of IRLs
in the MS brain.

Our study results confirm that a higher number of IRLs is
associated with both longer disease duration and higher disability
measured by EDSS, and this was independent of age. Higher
EDSS in IRL patients was not associated with a significantly
higher relapse activity, at least within 6 months from MRI,
compared to non-IRL patients. The distribution of DMT also
reflected a more severe clinical course in IRL patients as 57.4% of
patients with IRLs received H-DMT, whereas 60.7% of patients
without IRLs received no DMT or M-DMT. DMT was not
changed within the time period of £6 months from MRIL
In addition, there was a trend for lower brain volume and
higher lesion volumes in IRL patients compared with non-IRL
patients consistent with recent literature (13, 15, 16)These data
further support the view that iron rim lesions are markers for
the progression of brain damage, but not for disease activity.
Furthermore, IRLs could also serve as a marker for an earlier
decision for H-DMT.

Apart from that, our retrospective cross-sectional study of
75 pwMS is the first to assess whether patients with IRLs have
elevated levels of peripheral hemolysis parameters compared to
patients without IRLs. Tested blood parameters for hemolysis
were not significantly related in our cohort to the presence
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of IRLs nor with disease course or clinical (relapse) and MRI
activity (Gd-enhancement). Despite the absence of a relation
between hemolysis parameters and iron rims, MRI parameters
(brain volume, GM volume) were associated with fibrinogen and
HbD, being in line with a recently published study confirming
an association between free Hb and brain atrophy in secondary
progressive MS (35). However, several confounding factors may
explain this possible association, including an older age of
patients with progressive MS, thus being characterized by other
comorbidities (e.g., diabetes, atherosclerosis, etc.). It is currently
not known whether iron enters the macrophages predominantly
via erythrocytes or free Hb and/or other forms of iron. Since
the results show that hemolysis and IRLs are not significantly
associated, the accumulation of iron-containing macrophages
forming the iron rim around slowly expanding lesions cannot
be explained by a continuous leakage of erythrocytes, Hb or
iron through a weakly impaired BBB in the chronic phase of
the disease. The fact that macrophages in the iron rim are not
progressively loaded with iron but slowly and gradually loose
signal intensity fits with the known long-term stability of iron
rims observed by MRI (4, 44).

Our observation that there was no significant association
between hemolysis and clinical (relapse) and MRI activity (Gd-
enhancement) should be taken with caution, as in our study the
median time between relapse and MRI was 7 weeks. This may
have underestimated the number of patients with Gd™ lesions, as
an open BBB is expected only for 4-6 weeks after relapse onset.
However, a possible association between hemolysis parameters
and disease activity should be analyzed in a young patient cohort
with higher activity, a short disease course and a relapse-related
MRIL Since it can be assumed that iron accumulation in the
brain depends on the extent of the BBB opening, Gd-enhancing
active lesions in patients with early MS might show a significant
association with peripheral hemolysis in contrast to pwMS with
long disease duration with a low burning chronic inflammation
behind an only weakly impaired BBB.

The binding and transport system of iron itself in the CNS
is complex and plays a crucial role in iron accumulation in the
brain. Thus, it was recently indicated that iron accumulation in
the CNS is simply the end stage of many different processes,
reflected by altered expressions of different molecules involved
in iron influx, efflux and storage, as well as iron sensors (28).
Furthermore, not only the failure of iron transport but also
inadequate antioxidant defense mechanisms of oligodendroglia
and neurons compared with astrocytes influence the extent of
iron-induced tissue damage (45-47). In addition, phagocytic
cell instability due to long-term iron storage may further lead
to cell dystrophy and death, resulting iron release and the
propagation of oxidative damage. All of these points underscore
the importance of investigating dysfunctional mechanisms of
iron transport in a disease like MS. This knowledge may reveal
new therapeutic targets to stop the vicious cycle of iron-induced
CNS tissue damage. A first hint in this direction may be the
observation of decreasing iron content of rim lesions per year
in patients treated with dimethyl fumarate compared to patients
treated with glatiramer acetate (48). In addition, dimethyl
fumarate but not glatiramer acetate reduced inflammatory

activity and associated iron levels in human microglia (49). Yet,
further studies are necessary to evaluate therapeutic effects on
IRLs and the long-term consequences for brain tissue.

The strengths of our study are the detailed characterization
of the study cohort provided by the high-quality data from the
Vienna MS database and the high-quality standard of MRI scans.
The number of IRLs was counted manually by two experienced
raters, providing low level of data variability. However, there
are some limitations to this study. First, the retrospective and
cross-sectional design as well as the relatively small sample size
carry inherent potential of bias. Secondly, we did not have a
quantitative threshold for partial IRL selection. However, since
the inter-rater agreement was 98.7%, we can assume that partial
IRLs were reliably detected. Further, ferritin, transferrin and total
iron binding capacity, important biomarkers of iron status, could
not be analyzed as these parameters were not performed within
clinical routine. However, a recently published study found
no correlation between different activation stages of MS with
ferritin, transferrin, transferrin receptor and soluble transferrin
receptor, as well as hepcidin, an important regulator of systemic
iron homeostasis (25). Besides, the blood samples were drawn
in the median time of 2 weeks before and after the MRI, which
might present a less precise picture of the actual state in blood
parameters during MRI acquisition. Nevertheless, iron rims are
a stable feature with only slow changes over time. Moreover,
we also analyzed the variability of hemolysis parameters in the
6-month period before and after MRI, which remained stable
at both population and individual levels regardless of disease
activity. It should also be noted that not only iron accumulation,
but also myelin loss and perilesional white matter are reported
to play a role in MR frequency or QSM image contrast (44).
Since these considerations are particularly important for the
quantitative interpretation of MR frequency or QSM data, and in
our study the presence of iron rims was only assessed qualitatively
(present or not), we do not see this as an interference with
our results.

In conclusion, we did not find a significant association
between peripheral hemolysis and IRL presence, which
predominantly occur as a subtype of chronic active lesions in the
progressive phase of MS behind an already almost completely
closed BBB. However, hemolysis is confirmed to play a role in
relation to the brain volume, which is the predominant feature
in progressive MS. Further studies are needed to clarify the role
of hemolysis in young and early diagnosed active pwMS with
Gd-enhancing lesions indicating a wide-open BBB.
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Background: In multiple sclerosis (MS), bridging therapies are usually administered
when switching from one therapy to another. Such treatments generally consist of
injectable immunomodulatory drugs (interferon or glatiramer acetate), whose efficacy,
safety, and tolerability data are consolidated for use even in fragile patients. We performed
a nationwide survey to gather expert opinions regarding the most appropriate use of
bridging therapies in MS.

Methods: An independent steering committee of Italian neurologists with expertise in
MS treatment identified critical issues in the use of bridging therapies and formulated a
questionnaire. This questionnaire was used to conduct a Delphi web survey, involving a
panel of Italian neurologists with experience in MS treatment. Their anonymous opinions
were collected in three sequential rounds. Consensus was defined as an interquartile
range (IQR) <2.

Results: Responses were obtained from 38 experts (100%) in all three rounds.
Injectable immunomodulatory drugs were considered first-line therapy in patients with
mild-to-moderate disease activity and in women planning to become pregnant. In
addition, the experts were confident about prescribing these drugs in patients at risk
of cancer recurrence, while the panel agreed to discontinue any treatments in patients
with uncontrolled cardiovascular or metabolic disorders. Moreover, bridging therapy with
injectable immunomodulatory drugs was considered appropriate in order to protect the
patient from disease reactivation when a prolonged washout was needed and also while
waiting for the completion of the immunization schedule.

Conclusion: The results of this nationwide survey confirm that, among [talian
neurologists, there was wide agreement on the use of bridging therapies with injectable
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immunomodulatory drugs in several conditions in order to minimize the risk of disease
reactivation when a prolonged washout was required or when the immunization schedule
still needed to be completed in patients planning to become pregnant and in patients at

risk of cancer recurrence.

Keywords: multiple sclerosis, bridging therapy, Delphi survey, MS management, injectable immunomodulatory

drugs

INTRODUCTION

The term “bridging therapy” is used in medicine to indicate a
transitional period to another stage of therapy or health. This
concept is well-known and widely applicable in the field of
transplantation (1, 2) and anticoagulant treatment (e.g., heparin
bridge) (3). Therapeutic plasma exchange and intravenous
immunoglobulins are examples of rapid but short-acting
immunomodulatory treatments used as a bridge while waiting for
slower-acting immunosuppressive therapies to become effective
in other autoimmune neurologic diseases, such as myasthenia
gravis (particularly when glucocorticoid use has to be avoided
or minimized).

In multiple sclerosis (MS), bridging therapies may be
administered when switching from one therapy to another. Such
treatments generally consist of injectable immunomodulatory
drugs (interferon or glatiramer acetate), whose efficacy, safety,
and tolerability data are consolidated for use even in fragile
patients. In the past, monthly pulses of intravenous steroids
were suggested as an option to prevent reactivation of MS
in subjects switching from natalizumab to alemtuzumab or in
patients discontinuing fingolimod (4). Moreover, if the chosen
disease-modifying treatment (DMT) could not be administered
immediately, due, for example, to persistent leukopenia, a
bridging therapy with corticosteroids, interferons, or glatiramer
acetate was considered a valid option to fill this treatment gap.

However, while the concept of bridging therapy in MS
is relatively new and still not adequately defined in terms
of duration, it still might play an important role in MS
decision-making strategies. In 2019, interferon labeling was
updated to indicate that it could be safely used during
pregnancy and breastfeeding, suggesting its potential role as
a bridging treatment in female patients with MS with mild
disease activity who plan on becoming pregnant in the short
term (5-7).

The aim of this survey was to obtain expert opinions on the
use of bridging therapies with injectables in MS from 38 Italian
neurologists highly qualified in treating MS.

MATERIALS AND METHODS

An independent steering committee of seven Italian neurologists
with expertise in the treatment of MS identified critical
issues concerning bridging therapies and generated a 16-
item questionnaire.

This questionnaire was used to conduct a Delphi web survey
with an expert panel consisting of 38 neurologists from 25 Italian
MS centers.

The Delphi technique is considered an effective way to
gain and measure group agreement in healthcare consensus
development methods (8). It is an anonymous structured
approach that uses repeated administration (rounds) of the same
questionnaire given to a panel of experts (8, 9). Anonymity can
reduce the effects of status, personality, and group pressure that
can arise in meetings and can help resolve several difficulties
typically due to group decision dynamics. Questionnaire items
are provided by a small group of experts, called the board,
and submitted to the entire panel. During the following
rounds, the administrator who manages the process, called the
facilitator, provides participants with a statistical summary of the
responses from all respondents from the previous round and
invites the experts to provide reasons if there is no consensus
of opinion (9).

Three consensus rounds were executed over nearly 5 months
(from December 2019 to April 2020). All responses were
aggregated to maintain respondent anonymity. Review and
approval of this study by an ethics committee were not
necessary since the collected data consisted of neurologist
opinions. In each round, the participants were invited to
respond by scaling each statement based on the degree
of agreement (ranging from 1 = no agreement to 7 =
maximum agreement).

The interquartile range (IQR) was used as a measure of the
deviation of the individual expert’s opinion from the opinion
of the whole panel (median value). The IQR is the difference
between the 3rd and Ist quartile in which the middle 50% of
evaluations were located.

Consensus was defined as an IQR <2 and agreement with the
statement when the 1st quartile was >4. For all 16 questions,
the following statistical parameters were calculated: median, 1st
and 3rd quartile, and IQR. Stata 16.1 was used for all analyses
and graphs.

RESULTS

Responses were obtained from 38 experts (100%) in all three
rounds. Between the second and third rounds, 39% and 23%
of the respondents changed their responses, respectively. All
statements are shown in Table 1.

High positive consensus was obtained for12 statements, while
two statements reached a negative consensus (Items 9 and 12).
In one case, the panel disagreed with the statement but did
not reach a consensus (Item 11), and, in another case, there
was indecision regarding the statement (Item 15; Figures 1, 2,
Supplementary Figure S1).
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TABLE 1 | A Delphi questionnaire.

1. The onset of drug action plays a key role in choosing bridging treatment.

2. At diagnosis, | administer injectable immunomodulatory drugs in patients with
mild-to-moderate disease activity and in women who wish to become pregnant
in the short term.

3. Clinical evidence regarding the safety profile of interferon beta and glatiramer
acetate during pregnancy is strong.

4. Clinical evidence regarding the safety profile of interferon beta during
breastfeeding is strong.

5. | prescribe an approved immunomodulatory therapy during pregnancy.

6. | prescribe an approved immunomodulatory therapy during breastfeeding.

7. Clinical evidence regarding the safety profile of injectable immunomodulatory
drugs on cancer risk is strong.

8. In patients with MS with a history of previous cancer, | prescribe an injectable
immunomodulatory therapy.

9. In patients with MS with uncontrolled cardiovascular and metabolic diseases, |
discontinue any treatment.

10. I perform an extended infection risk assessment at the time of diagnosis.

11. | perform an extended infection risk assessment only when switching to
second-line therapies.

12. I performan extended infection risk assessment only when patients are therapy
free.

13. During the infection risk assessment, it is important to prescribe injectable
immunomodulatory drugs to protect the patient from disease reactivation.

14. While waiting for the immunization schedule to be completed, bridging therapy
with injectable immunomodulatory drugs is appropriate.

15. | use injectable immunomodulatory drugs in patients with a not-yet-well-
defined prognosis due to pending clinical or instrumental data or a short temporal
window from the disease onset.

16. When switching MS treatments, | minimize the risks associated with a
prolonged washout by administering bridging therapies.

The respondents stated that the time necessary for the onset
of drug activity played a critical role in choosing a bridging
therapy. At the time of diagnosis, injectable immunomodulatory
drugs were confirmed to be the first choice in patients with mild-
to-moderate disease activity and in women who were planning
to become pregnant in the short term. Neurologists agreed
that scientific evidence supporting the safety of interferon and
glatiramer acetate administration during pregnancy was robust,
although the label of glatiramer acetate suggested avoiding its use
unless the benefits outweighed the risks. The neurologists also
agreed that scientific evidence regarding interferon use during
breastfeeding was robust. In clinical practice, they prescribed
immunomodulatory treatments approved for pregnancy and
breastfeeding in patients who were pregnant or breastfeeding.
Moreover, all experts were confident about prescribing
injectable immunomodulatory drugs in patients at risk of
cancer recurrence.

The respondents stated that they discontinued any
immunomodulatory treatment in patients with uncontrolled
cardiovascular or metabolic disease.

There was agreement on the statement that an extensive
infection risk assessment should be performed at the time of
diagnosis. However, a consensus was not reached when they were
asked if they actually performed this extensive assessment before
switching to second-line therapies (Item 11). It was agreed that an
extended infection risk assessment should be performed only in
immunosuppressive drug-free patients to avoid the risk of latent
infection reactivation and interference with laboratory tests.

During the evaluation of infection risk, the experts
highlighted the critical issue of protecting patients from disease
reactivation by administering injectable immunomodulatory
drugs as a bridging therapy. This behavior was considered
appropriate also while waiting for the immunization schedule to
be completed.

Item 15 resulted in indecision among neurologic health
professionals regarding the use of injectable immunomodulatory
drugs in patients with a not-yet-well-defined prognosis due to
pending clinical findings and/or instrumental assessment or a
short temporal window from the disease onset.

Regarding switching from one DMT to another, the
neurologists were in favor of using a bridging therapy in order
to minimize the risk of disease reactivation when prolonged
washout was required in individual patients. When the various
items were discussed, it was clearly intended that bridging
therapy duration would outlast the 8-12 weeks required for
injectables to be effective (10, 11).

DISCUSSION

The objective of this Delphi analysis was to obtain consensus on
the choice and most appropriate use of bridging therapy in MS.
In summary, 14 statements achieved a consensus in the survey.
There was positive consensus on 12 statements and negative
consensus on two statements.

A rapid onset of action was confirmed to be a critical
issue driving the choice of bridging treatment, and this
approach may play a key role during the current pandemic
period. Interferon beta does not increase the risk linked
to SARS-CoV-2, and, indeed, some studies have highlighted
the protective effect of this drug as indicated as a potential
antiviral treatment of coronavirus-related diseases (COVID-19,
MERS, and SARS) (12-17). According to literature data, Italian
neurologists participating in this survey consider interferon and
glatiramer acetate as first-line treatment in patients with mild-
to-moderate disease activity at early stages (18). Although there
are no evidence-based guidelines on decision-making in family
planning, these first-line treatments are considered appropriate
strategies in women with MS who desire to become pregnant in
the short term (19).

Until a few years ago, clinical treatment guidelines
recommended that injectables, such as interferon be
discontinued at pregnancy occurrence (20, 21). However,
interferons are now considered safe in pregnancy and have
obtained approval for use during pregnancy in Europe (5-
7). Moreover, all injectables are no longer contraindicated
during breastfeeding according to the recent label updates
(2019 for interferons and 2022 for glatiramer acetate). This
modified prescription label now allows interferons to be
recommended from conception, during the whole gestational
period, and while breastfeeding (22). Therefore, a switch
to interferon may be considered for female patients with
MS on oral first-line DMTs that need to be discontinued
due to pregnancy planning (i.e., dimethylfumarate,
teriflunomide).
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FIGURE 2 | Distribution of responses for each item per round.
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In regard to currently available DMTs, several of which
have immunosuppressive effects, screening patients with MS
for potential malignancy risk has become crucial, especially
in older patients in whom comorbidity risk is higher. Since
interferon and glatiramer acetate are considered to have a
favorable and well-documented safety profile and were not
associated with cancer in clinical trials (23), they tend to be
preferred in patients with MS with comorbidities and, in
particular, in people at risk of cancer or cancer recurrence.
Some disorders, including uncontrolled cardiovascular and
metabolic diseases, remain a critical issue and neurologists
are less confident in prescribing even injectable DMTs
in these conditions due to the perceived overall benefit-risk ratio.

According to prescription label recommendations, screening
for chronic infections (e.g., hepatitis B and C, tuberculosis)
is required before initiating specific DMTs. Patients who test
positive for latent infections must be treated before starting these
drugs. In the last few years, however, an extended infection
risk assessment has been widely recommended regardless
of the DMT product label. To avoid possible false-negative
results due to the interference of immunosuppressive drugs,
this assessment should be performed in therapy-free patients.
Moreover, an extensive infection risk assessment performed at
the time of diagnosis in naive patients may avoid delays in
switching to a second-line treatment during the disease course
and may help to identify potential subclinical comorbidities.
This beneficial approach, however, is not always applied in
clinical practice. In light of these considerations, prescribing a
bridging therapy with injectable immunomodulatory drugs (with
a slightly prevalent use of high-dosage subcutaneous interferon
beta) may protect patients from disease reactivation during the
evaluation of infection risk or while waiting to complete the
immunization schedule, thus minimizing the risks associated
with a prolonged washout. Although not detailed, it is worth
noting that, for all clinical conditions considered in the Delphi
panel, the time interval intended to be covered by bridging
therapy outlasted the known interval required for the injectables
to be active as DMTs (i.e., longer than 2-3 months).

A limitation of this study is related to the Delphi technique
itself; in particular, the opinions reported are those of a select
group of experts from a few Italian centers, and their approach
may not be representative of Italian neurologists and clinical
practice in other countries. Another limitation is related to the
type of bridging drugs investigated. We specifically considered
bridging with injectables and not bridging when switching from
some second-line therapies to prevent rebound or bridging
with natalizumab in patients on second-line DMTs in case
of pregnancy desire. Thus, expert consensus is still needed
regarding the unaddressed bridging of second-line DMTs. More
importantly, the present study only evaluated the potential role of
injectables used as bridging therapy in specific clinical conditions
according to MS neurologists, but it did not address their
effectiveness as bridging therapy. Nonetheless, the present Delphi
study paves the way toward future clinical studies specifically
designed to assess the effectiveness of injectables as bridging
therapy for the various clinical conditions identified by the MS
expert panel. To our knowledge, this is the first survey based

on a panel of experts (neurologists) that has tried to obtain
consensus on the use of bridging therapy with injectables in
MS management.

CONCLUSIONS

The results of this nationwide survey confirm that Italian
neurologists agree on the use of bridging therapy with injectable
immunomodulatory drugs in several conditions in order to
minimize the risk of disease reactivation when a prolonged
washout is required or the immunization schedule still needs to
be completed in patients who plan on becoming pregnant and in
patients at risk of cancer recurrence.
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Background: Early identification of the transition from relapsing-remitting
multiple sclerosis (RRMS) to secondary progressive MS (SPMS) can be
challenging for clinicians, as diagnostic criteria for SPMS are primarily based
on physical disability and a holistic interpretation.

Objective: To establish a consensus on patient monitoring to identify promptly
disease progression and the most useful clinical and paraclinical variables for
early identification of disease progression in MS.

Methods: A RAND/UCLA Appropriateness Method was used to establish the
level of agreement among a panel of 15 medical experts in MS. Eighty-
three items were circulated to the experts for confidential rating of the grade
of agreement and recommendation. Consensus was defined when >66%
agreement or disagreement was achieved.

Results: Consensus was reached in 72 out of 83 items (86.7%). The
items addressed frequency of follow-up visits, definition of progression,
identification of clinical, cognitive, and radiological assessments as
variables of suspected or confirmed SPMS diagnosis, the need for more
accurate assessment tools, and the use of promising molecular and
imaging biomarkers to predict disease progression and/or diagnose SPMS.
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Conclusion: Consensus achieved on these topics could guide neurologists to
identify earlier disease progression and to plan targeted clinical and therapeutic
interventions during the earliest stages of SPMS.

multiple sclerosis,

early detection,

secondary progressive multiple sclerosis,

consensus, disease progression

Introduction

MS is a chronic, inflammatory, immune-mediated disease
of the CNS characterized by demyelination and axonal
degeneration (1). Most patients (~85%) initiate with a
relapsing-remitting course (RRMS) which can evolve to
a secondary progressive form characterized by irreversible
disability accumulation independent of relapses (SPMS) (2).
Time from disease onset until conversion to SPMS varies widely
among studies (3-5). A median time of 32.4 years has been
recently reported (3), which is considerably higher than that
observed a decade ago (21.4 years) (4), most likely due to the
use of more efficacious emerging RRMS treatments.

Identifying the transition from RRMS to SPMS remains
a challenge for physicians, as both phenotypes overlap as
a continuum, and combined signs of early progression
may present differently among patients. Diagnosis is often
guided by a confirmed increase in physical disability
independently of relapses, decline in cognitive functions,
and the onset of persistent symptoms reported by patients.
SPMS is thus frequently diagnosed retrospectively, with
an estimated average 2-3-year delay between detection
of the first signs of suspected progression and confirmed
diagnosis of SPMS (6, 7). Several promising cerebrospinal
fluid and blood plasma biomarkers have shown great potential
as early markers of neurodegeneration and progression
independent of relapses and are being integrated as part of
the long-term patient monitoring in some specialized MS
units (8).

An unequivocal definition of SPMS based on the Expanded
Disability Status Scale (EDSS) and previous relapses has been
proposed by Lorscheider et al. as a potential tool for timely SPMS
diagnosis (7). Despite its accuracy for identifying the onset of
progression (87%), the definition relies on the EDSS as a single
diagnostic tool, an approach that is not free from limitations
(7). Besides the EDSS, other disability-related measures, such
as the Timed 25-Feet Walk Test (T25FWT) or 9-Hole Peg Test
(9-HPT) significantly predicted conversion to SPMS (9, 10).

The growing knowledge of the underlying pathogenic
processes involved in MS progression has led to the development
of new drugs targeting SPMS patients (11). To maximize the
potential therapeutic impact of such drugs, there is an imperative
need to identify and treat SPMS patients in a timely manner. In
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response to this unmet need, an effort to develop a consensus
document by a panel of 15 Spanish MS experts was undertaken.
The main purpose of this consensus is to identify early
disease progression to help clinicians in detecting early signs
of progression and make the most appropriate and timely
therapeutic decisions in their practice. We present here the
main topics of agreement on the most relevant aspects for early
detection of progression identified by the panel of experts.

Materials and methods

Overview of the method of consensus

The RAND/UCLA Appropriateness Method (RAM) was
used (12). The RAM is based on the Delphi method and
integrates the review of scientific evidence with the opinion
of experts regarding the appropriateness of a medical decision
and/or intervention. The RAM has previously been applied
to formalize the grade of agreement among experts on the
management and diagnosis of MS patients (13, 14), and in other
diseases (15, 16).

Expert panel composition

The experts were selected based on their publication record
and long-term experience in specialized MS units. The panel was
defined to represent the breadth of knowledge, experience, and
opinions of national MS experts, covering all national territories.

The working group was divided into two subgroups: a
steering committee and a rating group. The former was
constituted by 3 experts who were involved in drafting
the initial proposal of statements. The latter was formed
by 15 experts, including the 3 members of the steering
committee, and rated the pre-defined statements (henceforth
the experts). The RAND/UCLA method was conducted with an
experienced facilitator.

First stage: Statements definition

The steering committee drafted a list of guidance statements
including the identification of clinical features [functional and
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EDSS assessments [37 statements], cognitive assessments (16),
additional assessments (9)], radiological characteristics (7), and
biomarkers (7). An on-site meeting of the steering committee
was held (25 April, 2019) to share the individual proposals and
prepare the first draft of the questionnaire. After the meeting,
the proposed statements were reviewed individually by the three
members, resulting in the validation of an initial questionnaire
with 72 guidance statements.

Second stage: Statements rating

The rating group gave feedback on each statement in a
two-round process. In the first round, each statement was
submitted to the rating group, who privately rated their grade
of agreement on a 4-point Likert scale and the grade of
recommendation using a 5-point Likert scale (Figure 1). Each
member sent the ratings to a facilitator, who integrated the
responses that were given in the on-site meeting (16th May,
2019). During this meeting, the rating group discussed their
rating, re-rate scores, modify the original list and include
new statements; a new version of the questionnaire with 83
statements was created.

In the second round, the revised version of the questionnaire
was sent to the experts again, who privately re-rated all the
statements and send them to the facilitator. The expert panel
was convened for a last on-site meeting, where the results
of the ratings for each statement from all the members were
shared, the wording of the statements was refined, and the final
document with the guidance statements that reached consensus
was approved.

10.3389/fneur.2022.931014

A descriptive analysis was conducted. The median value of
each statement was calculated based on the numerical value
of the 4 or 5 possible ratings in the 4 or 5-point Likert scale,
respectively. Based on the median value, statements with a
higher proportion of agreement (“Totally agree” and “Agree”)
were grouped vs. those with low agreement (“Totally disagree”
and “In disagreement”). Consensus in favor was established
when the sum of “Totally agree” and “Agree” was >66.6% of
experts’ responses. Consensus against was established when the
sum of “Totally disagree” and “In disagreement” was >66.6%
of experts’ responses. A lack of consensus was considered when
none of the above assumptions were met.
with
(“Recommended”

proportion of
“Essential”)

were grouped vs. those with low recommendation (“Not

Likewise, statements a  higher

recommendation and
recommended” and “Depending on availability”). The response
“According to clinical criteria/optional” was established as
neutral. Consensus in favor was established when the sum
of “Recommended” and “Essential” was >66.6% of experts
responses, and consensus against when the sum of “Not
recommended” and “Depending on availability” was >66.6%
of experts’ responses. A lack of consensus was considered when
none of the above assumptions were met. Percentages have been
rounded off to whole figures.

Results

Consensus (grade of agreement) was reached in 72 out of
83 statements (86.7%). Tables 1-3 present the variables in which
an isolated change: (i) allows to suspect progression (Table 1),
(ii) does not allow diagnosis of progression (Table 2), and (iii)

Degree of agreement rated on a 4-point Likert scale

1
Totally Disagree

Disagree

2 3 4
Agree Totally Agree

FIGURE 1
Likert scales used to rate the statements.

Statement 1 to n O O O O
Degree of recommendation rated on a 5-point Likert scale
1 2 3 4 5
Not Depending Accordingto  Recommended Highly
Recommended on availability clinical Recommended
criteria/optional
Statement 1 ton O O O O O
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TABLE 1 Variables whose isolated change allows to suspect diagnosis of progression.

Statement Consensus in favor
Grade of agreement Grade of recommendation
(%)? Median (%)P Median
A confirmed worsening of 2 points in any functional system (except the visual system) 80 Agree 87 Recommended
A confirmed worsening of 2 points in any functional system (except the visual system),
with a disease duration <10 years 93 Agree NC Recommended
with a disease duration between 10 and 20 years 87 Agree 73 Recommended
with a disease duration > 20 years 73 Agree 80 Recommended
if the patient is <35 years old 87 Agree 73 Recommended
if the patient is between 35 and 45 years old 87 Agree 80 Recommended
if the patient is > 45 years old 87 Agree 80 Recommended
A confirmed 20% time increase in:
the 25FTW 93 Agree 80 Recommended
the 9HPT 87 Agree 67 Recommended
the 25FTW and the 9HPT 100 Agree 87 Recommended
the 2MWT 87 Agree 80 Recommended
A confirmed 20% reduction in the SDMT 93 Agree 67 Recommended
A confirmed 20% worsening in at least two subtests of the BRB-N or BICAMS battery 87 Agree 80 Recommended
An isolated worsening of cognitive function 87 Agree 67 Recommended
A change in the degree of brain atrophy that is maintained and/or confirmed over time 80 Agree 71 Recommended
A change in the degree of spinal cord atrophy that is maintained and/or confirmed over time 100 Agree 87 Recommended
The presence of diffuse hyperintensity in the brain white matter or confluence of lesions 80 Agree NC Recommended
The presence of meningeal ectopic lymphoid follicles 67 Agree NC Recommended

2Sum of the percentages of responses obtained for “Totally agree” and “Agree.” If no consensus was reached (i.e., <66%) NC is shown. ®Sum of the percentages of responses obtained for

“Recommended” and “Essential.” If no consensus was reached (i.e., <66%) NC is shown.

suggests that additional assessments to diagnose progression is
required (Table 3). All the statements that reached consensus are
shown in Supplementary Tables S1-S7. Also, the statements that
did not reach consensus are shown in Supplementary Table S8.
The description in this section focuses on summarizing the
percentage of experts who agreed with the statements.

Identification of progression by clinical
features

Functional and EDSS assessments

Experts agreed on monitoring patients who are clinically
and radiologically stable when treated with immunomodulator
(93%) or immunosuppressant (73%) drugs every 6 months. In
those patients with clinical and radiological instability related
to the disease-modifying treatment (DMT) or with suspected
disease progression, it was recommended to increase monitoring
frequency to every 3 months (80%). A consensus was also
reached on determining the frequency of these patients’ follow-
up on a case-by-case basis (>80%).
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The EDSS score was considered the best variable to define
progression by 93% of the experts and all agreed that based
on Lorscheider et al. (7) progression could be defined as an
increase in EDSS, by 1 or 0.5 points if the baseline EDSS was
< 5.5 or > 6, respectively, considering a minimal EDSS of
4, a minimal pyramidal function of 2 and a confirmation of
progression over at least 3 months. However, and regardless
of the variable used for the assessment, experts agreed that
the minimum time to establish the diagnosis of confirmed
disability progression not associated with relapses is 6 months
(87%). They also considered that a confirmed worsening
of 2 points in any isolated functional system (except the
visual system), even without changes in the EDSS, suggests
progression (80%), regardless of disease duration [<10 years
[93%], between 10-20 years [87%], > 20 years [73%]] and
patient age [<35 years, between 35 and 45 years, > 45 years
[87%]]. A confirmed minimum 20% increase in the performance
of tests evaluating function (25FTW, 9HPT, or 2-min walk
test) considered individually was rated sufficient to suspect
progression (>87%) but not to confirm it (>93%). Similarly,
experts agreed that if a patient experiences repeated falls, even
if the EDSS or other scales remain unchanged, progression
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TABLE 2 Variables whose isolated change does not allow diagnosis of progression.

Statement Consensus in favor

Grade of agreement Grade of recommendation

(%)*  Median (%)®  Median
A confirmed worsening by 2 points in any functional system (except the visual system) 67 Disagree NC According to clinical criteria/optional
A confirmed worsening by 2 points in any functional system (except the visual system) 67 Disagree NC According to clinical criteria/optional

with a disease duration <10 years

A confirmed 20% time increase in:

the 25FTW 93 Disagree 93 Not recommended
the 9HPT 100 Disagree NC Not recommended
the 2MWT 93 Disagree 66 Not recommended
Experiencing repeated falls 93 Disagree NC Not recommended
A confirmed 20% reduction in the SDMT 93 Agree 67 Recommended
A confirmed 20% worsening in at least two subtests of the BRB-N or BICAMS battery 87 Agree 80 Recommended

2Sum of the percentages of responses obtained for “Totally disagree” and “Disagree.” If no consensus was reached (i.e., <66%) NC is shown. ®Sum of the percentages of responses obtained
for “Not recommended” and “Depending on availability.” If no consensus was reached (i.e., <66%) NC is shown.

TABLE 3 Variables whose isolated change indicates that more accurate progression diagnostic tools should be used.

Statement Consensus in favor
Grade of agreement Grade of recommendation
(%)? Median (%)® Median
A confirmed reduction from 500 to 300 meters in a patient capable of wandering 500 100 Totally agree 93 Essential

meters or more without help or rest

Transition from walking independently to needing any kind of support or help to walk 100 Totally agree 100 Essential

Changes in the QoL questionnaires 80 Agree 73 Recommended
A worsening of spasticity 87 Agree 73 Recommended
A change in the degree of brain atrophy 93 Totally agree 93 Recommended
A change in the degree of spinal atrophy 93 Totally agree 93 Recommended

2Sum of the percentages of responses obtained for “Totally agree” and “Agree.” If no consensus was reached (i.e., <66%) NC is shown. ®Sum of the percentages of responses obtained for
“Recommended” and “Essential.” If no consensus was reached (i.e., <66%) NC is shown.

of disability should be suspected (100%) but not confirmed is recommended (100%). Disease progression can be suspected
(93%). Nonetheless, when some of these variables are considered by a confirmed minimum worsening of 20% in two subtests
together, and a confirmed 20% increase in the 25FTW and of the BRB-N or BICAMS batteries (87%), or in the SDMT
9HPT is accompanied by an increase in the EDSS (based on the (93%), but diagnosis based only on results of these tests is
definition described above), a diagnosis of progression can be not recommended.

confirmed (87%).

Other assessments

Cognitive assessments Experts agreed to evaluate, at least once per year, QoL
Experts agreed (80%) on performing at least one (80%), depression (73%), fatigue (73%), and spasticity (74%), the
annual cognitive assessment that includes the largest latter in case of alterations in the pyramidal functional system.
number of domains, such as the brief repeatable battery A full consensus was achieved on asking patients proactively
of neuropsychological tests (BRB-N, 93%). If applying the and in a structured manner if they have perceived changes in
BRB-N is not possible, a shorter neuropsychological battery their symptoms that may lead to suspect progression. Seventy-
such as the brief international cognitive assessment for MS four percent of the experts agreed that changes in fatigue and
(BICAMS, 93%), or the symbol digit modalities tests (SDMT) depression scales rarely confirm the diagnosis of progression.
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Identification of progression by
radiological characteristics

A high grade of agreement was reached on suspecting
disease progression based on a change in the increase of brain
atrophy or spinal cord atrophy. Moreover, experts considered
that detecting a change in brain or spinal cord atrophy should
indicate that more accurate clinical diagnostic tools of disease
progression should be used.

Identification of progression by
biomarkers

Presence of ectopic meningeal lymphoid follicles, serum
light-chain neurofilaments (sNfL) levels, and optical coherence
tomography (OCT) measurements were rated as valid
biomarkers supporting detection or suspicion of progression
(73, 87, and 67%, respectively). All experts agreed that data
collected from wearables and digital devices will become
relevant for early identification of disease progression in
the future.

Discussion

Due to the absence of standard criteria for transition
identification from RRMS to a secondary progressive course,
the diagnosis of SPMS is retrospective and based entirely on
clinical judgment. As the reluctance to diagnose SPMS decreases
with the arrival of new treatments specific for SPMS patients,
consensus statements on SPMS diagnosis will be a key resource
for clinicians on the complex decision-making process during
this transition from RRMS to SPMS. Here, a formal consensus
method was used to make feasible recommendations for a
timely and more accurate identification of disease progression.
The expert panel reached consensus on most of the statements
and with low variation between the grade of agreement and
the grade of recommendation, reflecting the robustness of
statement identification.

Statements concerned relevant dimensions such as clinical,
radiological and biomarkers. Experts agreed on monitoring
patients every 6 months when they are clinically and
radiologically stable, and to increase the frequency to every
3 months when patients are unstable or with suspected
progression. These follow-ups imply a higher frequency
compared to the minimum annual monitoring previously
suggested (2). Nevertheless, adaptation of monitoring on a
case-by-case basis was also acknowledged, indicating that the
frequency should be dictated by the patient’s characteristics (17).

In terms of defining SPMS, full consensus was reached on
adopting the definition developed by Lorscheider et al. (7) for
EDSS > 4, which has proved to enable the diagnosis of SPMS

Frontiersin Neurology

144

10.3389/fneur.2022.931014

more than 3 years earlier than the diagnosis date assigned
by the physician. In Lorscheider et al., (7) reducing the time
needed to confirm progression from 6 to 3 months only led
to a marginal increase in sensitivity (from 88 to 89%), while
decreasing specificity (92 to 86%). Based on their daily clinical
practice and healthcare experience, the consensus group agreed
that a higher specificity should prevail and thus 6 months was
defined as the time needed to establish progression.

Using this definition, a study conducted in 15,717 patients
from the MSBase registry showed that older age and longer
disease duration, among other factors, were independently
associated with an increased risk of SPMS (3). In line with these
findings, we agreed that older age or longer disease duration
together with a worsening of 2 points in any functional system—
excluding the visual system—leads to suspect progression but
does not allow to confirm diagnosis (18).

Indeed, no single functional assessment was considered
sufficient to diagnose progression. Experts agreed that diagnosis
can be confirmed when there is a minimum 20% increase in
the 25FTW and the 9HPT, along with an increase in EDSS
based on the definition given by Lorscheider et al. (7). This
consensus concurs with previous research demonstrating that
composite measures of disability progression such as the EDSS-
Plus (EDSS, 9HPT and T25FW) refine the identification of
disability progression in clinically definite SPMS patients (10).
However, no evidence has been generated yet on the superiority
of the EDSS-Plus vs. the EDSS alone to measure disability
worsening in the RRMS course. The utility of using these
measures in the early identification of progression proposed here
should be confirmed by future research. The use of composite
endpoints is essential in the clinical setting but it also needs to
be considered in the design of clinical trials (19). The T25FW
and 9HPT are especially suitable to assess disease progression
as they do not have practice effects, which allows to assume
that changes in scores are due to the patient’s status rather
than measurement variability (20). Regardless of the variable
used, the minimum time to establish the diagnosis of confirmed
progression of disability not associated with relapses was agreed
to be 6 months.

The evaluation of cognitive functions, such as information
processing speed (IPS) by the SDMT, together with the EDSS,
probably detects more progression events as they measure
different aspects of disability (21). IPS is the main cognitive
domain affected by progression in MS (22) and SDMT is one
of the most valid and efficient tools to detect its impairment
(23). The assumption of an additive value by combining these
measurements has been further supported by the absence of a
strong correlation between the SDMT and EDSS (20) and by
worsening on the SDMT independently from worsening on the
EDSS (23). In line with this, we believe that, in addition to
functional assessment, cognitive domains should be assessed at
least annually in RRMS patients by a neuropsychologist or other
trained healthcare professional. The assessment should include

frontiersin.org


https://doi.org/10.3389/fneur.2022.931014
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Meca-Lallana et al.

as many domains as possible, using batteries such as the BRB-
N or BICAMS, and if these batteries cannot be applied due to
constraints in time and/or resources, full consensus was reached
on applying at least the SDMT. However, all experts agreed
on conducting a comprehensive neuropsychological study by
a neuropsychologist when progression of cognitive decline is
suspected. These statements concur with the recommendations
by the National MS Society, which indicate using the SDMT to
evaluate progression of cognitive impairment, and performing
a more comprehensive assessment when significant cognitive
decline is detected (24).

Fatigue, QoL, depression, and spasticity were recommended
by experts to be assessed at least annually, even if changes
in these measurements do not allow to diagnose progression
per se. Detection of changes in patient-reported outcomes
(PROs) may be useful to predict patients at a higher risk to
progress in the near future (25). Asking patients’ perception
of the progression of their own disability was considered of
key importance by all experts. Information from the patients’
perspective and their awareness of change could contribute to
the early detection of progression onset, and a systematic review
of changes in patients’ narrative may reveal non-obvious early
signs of progression.

At present, brain and spinal cord volume measures have
a limited role in MS diagnostic criteria (26) or disease
course classification (2). Despite increasing studies showing
promising results for the use of MRI markers to detect
conversion to SPMS (27, 28), translating group-based results
to the individual level is not straightforward (29). Individual
cut-off values for brain and spinal cord volume changes
discriminating RRMS from SPMS are not yet clearly defined,
which hampers their practical application in the clinical
setting. However, because global brain volume and cervical
cord area are associated with and predict disability, their
measurement in clinical practice have been recommended
(30). Accordingly, we emphasized the relevance but also
the limitations of radiological assessments by considering
that detecting changes in brain or spinal cord atrophy and
the presence of diffuse hyperintensity or meningeal ectopic
lymphoid follicles allow suspicion—but not diagnosis—of
disease progression.

Experts also agreed that evidence of potential biomarkers
such as sNfL levels, meningeal ectopic lymphoid follicles,
and OCT measurements is promising (31-33), and that these
biomarkers, together will digital devices, will prove useful in
detecting disease progression in the near future.

One limitation of the present consensus statements could
be that only experts from the Spanish clinical practice
participated in the study. However, consensus statements on the
identification of progression by clinical and radiological features
and by biomarkers are expected to be a useful resource for
neurologist worldwide, who still face the challenge of identifying
conversion to SPMS with limited guide and no standard criteria.
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Conclusion

These consensus statements could help clinicians on
the early identification of SPMS, in a context where no
standard diagnostic criteria are available. Early identification
of progression in MS is fundamental since it facilitates a
better therapeutic management of the disease. Although by
the consensus has been agreed that diagnosis of SPMS should
be confirmed based only on clinical assessments, input from
cognitive, PROs, imaging assessments, and systematic review
of patients’ perceptions of their functional status should also
be considered for suspecting progression. As research in MS
management continues to evolve and potential biomarkers
might be validated in the near future, periodic updates of this
document should be performed.
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Background: Myxovirus resistance protein A (MxA) is a protein that is
upregulated by interferon-beta. Homeostatic MxA mRNA levels are potentially
correlated with inflammatory disease activity in multiple sclerosis (MS) and
could have an important role in MS pathology.

Aim: To investigate the association between myxovirus resistance protein A
(MxA) mRNA levels in blood and disease activity and progression in MS over a
long-term follow-up period.

Methods: Baseline blood MxA mRNA levels were determined in a prospective
cohort of 116 untreated patients with a clinically isolated syndrome (CIS)
or early relapsing remitting MS (RRMS), and related to long-term relapses,
radiological disease activity, clinical scores [Expanded Disability Status Scale
(EDSS), timed-25-foot walk (T25FW), 9-hole-peg test (9HPT)], MS type, and
disease modifying therapy (DMT) use.

Results: Low MxA mRNA levels were associated with the occurrence of >9
T2-lesions on MRI imaging and the occurrence of relapses during long-term
follow-up (median 11 years, IQR 5.91-13.69 years). MxA mRNA levels were not
associated with EDSS, T25FW, 9HPT, and MS subtype.

Conclusion: Baseline MxA mRNA levels are associated with long-term
development of T2-lesions on MRI-scans in our cohort. This confirms the
relevance of the endogenous interferon-beta system in the occurrence of MS
disease activity.

KEYWORDS

demyelinating disease, multiple sclerosis, MRI, myxovirus resistance protein A (MxA),
mRNA
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Introduction

The disease course of multiple sclerosis (MS) can vary greatly
between patients. Inflammatory disease activity is an important
determinant of the disease course in patients with relapsing
forms of MS. It can be monitored by the occurrence of relapses
and the presence of new or enlarging T2-lesions or contrast-
enhancing lesions (CELs) on MRI (1).

Myxovirus resistance protein A (MxA) is one of the proteins
specifically upregulated by interferon-beta. MxA mRNA levels
are used in clinical practice to determine bioactivity of
interferon-beta and its consequent effectiveness to suppress
or prevent inflammatory disease activity in MS patients. Low
MxA mRNA levels after interferon-beta injection indicate lack
of treatment efficacy, caused by formation of neutralizing
antibodies (NAbs) against interferon-beta (2-4). In addition to
its function as a biomarker for bioactivity related to interferon-
beta treatment, the association between spontaneous MxA
mRNA level and inflammatory disease activity in MS has
been investigated (5, 6). One hypothesis is that in patients
with substantial inflammatory disease activity endogenous
interferons are less effective, in which case it would be expected
that low MxA mRNA levels are associated with an active
disease course associated with increased inflammation (5, 6). In
2010 Van der Voort et al. investigated the association between
homeostatic MxA mRNA levels and inflammatory disease
activity in MS. Low blood MxA mRNA levels were associated
with a higher number of CELs on baseline MRI, higher
frequency of relapses and a shorter time to first relapse (7). To
provide more insight into the role of the endogenous interferon-
beta system in the severity of inflammatory disease activity in
MS, it is of interest to investigate if this association between
homeostatic MxA mRNA levels and clinical and radiological
disease activity in MS is still present in the long-term. Therefore,
we reevaluated this well-documented, prospective cohort to
determine whether the association of homeostatic low MxA
mRNA levels with inflammatory disease activity and disability
is still present during long-term follow-up.

Methods

Study design and data collection

The patient cohort that was studied has been described
previously (7). Patients were originally selected from a
prospective cohort of patients that presented with a CIS or were
diagnosed with RRMS in the 6 months before inclusion. Only
patients that were not treated with disease modifying therapy
(DMT) at the moment of blood collection were included.
Expanded Disability Status Scale (EDSS), timed-25 foot walk
test (T25FW) and 9-hole peg test (9HPT) were performed at
baseline and during follow-up by experienced raters. In addition,
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data on MS type and DMT use over the course of the disease
were collected. The average time interval between baseline and
follow-up visits was 18.2 months (SD 8.1 months).

At baseline, peripheral blood was collected in PAXgene
tubes, which were kept at room temperature for at least 2h
after blood collection and then frozen at —80°C. Automated
RNA isolation was performed in the VU Medical Center
Amsterdam on the BioRobot MDX (Qiagen) according to the
instructions of the manufacturer (PaxGene Blood RNA MDx
kit). MxA mRNA expression was assessed by one-step real-time
quantitative RT-PCR with Tagman probes and normalized to
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) expression level to correct for experimental variations
(7, 8). To monitor for active infections, total leukocyte counts
and differentiation were also determined at the moment of
blood collection. MxA mRNA expression was then measured as
described previously (8), and divided into two categories based
on a median split.

Brain MRI including FLAIR/T2 sequences and a 2DT1-post
contrast series were obtained at baseline. Baseline scans were
performed on 1.0 or 1.5 T scanners as previously described (7).
Follow-up scans were performed for clinical purposes according
to a standardized MRI protocol that always included FLAIR and
dual-echo T2 sequences. 2DT1 post contrast sequences were
obtained when necessary according to clinical guidelines. The
number of new or enlarging T2-lesions during any of the follow-
up moments, and the presence of contrast-enhancing lesions
(CELs) in case of gadolinium administration was evaluated by
neuroradiologists with extensive experience with MS and related
diseases. For the analyses, the total number of new T2-lesions
during the follow-up period was used and divided into two
categories (<9 vs. >9 new T2-lesions). These categories were
chosen because the distinction between <9 vs. >9 new T2-
lesions has in the past been part of the MRI-criteria for MS
diagnosis, and was for that reason well-documented in our
cohort (9, 10).

Definitions

Relapses were defined as the onset of new or recurrent
symptoms that last more than 24 h, that are accompanied by
new objective abnormalities on a neurological examination and
not explained by other non-MS causes. Radiological disease
activity was defined as the presence of new T2-lesions and/or
gadolinium enhanced lesions on follow-up brain MRI.

For the longitudinal analysis on clinical progression, a
clinically significant change was defined as: a 20% increase on
the T25FW (11), a 20% increase on the 9HPT (12), and a
significant increase in EDSS was scored as a >1.5-point increase
if baseline EDSS was 0, a >1-point increase if baseline EDSS
was 1.0-5.0, and a >0.5-point increase if baseline score was
>5.5 (13). In addition, “EDSS-plus” progression was assessed,
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TABLE 1 Baseline characteristics.

Baseline characteristics n=116
Age at onset, y, mean (SD) 32.9(9.1)
Age at baseline, y, mean (SD) 34.3(9.3)
Sex, n (%) female 74 (63.8)
EDSS, median (IQR) 2.0 (1.5-3.0)
T25FW, median (IQR) 3.8 (3.4-4.2)

9HPT, median (IQR)
Dominant hand 17.3 (15.3-19.1)

Non-dominant hand 18.3 (17.0-19.9)

MS subtype, 1 (%)
Clinically isolated syndrome 49 (42.2)
Relapsing-remitting 67 (57.8)

MxA mRNA/GAPDHY*, median (IQR) 0.08 (0.02-0.12)

SD, standard deviation; IQR, interquartile range; EDSS, Expanded Disability Status
Scale; T25FW, timed 25-foot walk test; 9HPT, 9-hole peg test; CIS, clinically isolated
syndrome; RRMS, relapsing-remitting MS; MxA, Myxovirus resistance protein A;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

*MxA mRNA expression was normalized to the expression level of housekeeping
gene GAPDH.

defined as a significant worsening of EDSS, 9HPT and/or TWT
during follow-up.

Statistical analysis

Cross-sectional analyses were conducted using Mann
Whitney for categorical variables and Kruskal Wallis for
continuous variables. Longitudinal analyses were conducted
with linear regression for continuous outcome variables and
logistic regression for dichotomous and categorical outcome
variables. All analyses were corrected for sex, age at baseline and,
if relevant, follow-up duration, use of DMT, and the number of
T2-lesions on baseline MRI. Statistical analyses were performed
using IBM SPSS Statistics version 26.0.

Results

Baseline

In total, 116 patients were included in the analyses between
November 2002 and March 2007. As previously described (7),
74 (63.8%) were female. At baseline, 67 patients (57.8%) were
diagnosed with RRMS and 49 (42.2%) with a CIS, according to
the standard diagnostic criteria at that time (14, 15). Median
MxA mRNA level was 0.075 (IQR 0.015-0.123). Median follow-
up duration was 11.05 years (IQR 5.91-13.69 years). Baseline
characteristics are depicted in Table 1.

All patients were treatment naive at the moment of blood
collection. At the moment of blood sampling, 23 patients were
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TABLE 2 Follow-up characteristics.

Follow-up characteristics n=116

Follow-up duration
Months, median (IQR) 132.77 (71.0-164.4)
Years, median (IQR) 11.06 (5.9-13.7)
EDSS, median (IQR) 3.0 (2.0-4.0)
T25FW, median (IQR)

9HPT, median (IQR)

42(3.7-5.1)
Dominant hand 18.9 (16.8-21.6)
Non-dominant hand 20.4 (18.0-23.3)

MS subtype, n (%)

CIS 12 (10.3)

RRMS 93 (80.2)

SPMS 8(6.9)

PPMS 3(2.6)
Relapse during follow up, n (%)

Yes 80 (69.0)

No 36 (31.0)
Radiological disease activity during follow-up, n (%)

Yes 105 (90.5)

No 11 (9.5)

SD, standard deviation; IQR, interquartile range; EDSS, Expanded Disability Status
Scale; T25FW, timed 25-foot walk test; 9HPT, 9-hole peg test; CIS, clinically isolated
syndrome; RRMS, relapsing-remitting MS; SPMS, secondary progressive MS; PPMS,
primary progressive MS.

experiencing a clinical relapse, whereas in other patients, blood
sampling was done during remission. Previous analysis showed
that MxA mRNA levels were lower in patients with a relapse at
the time of blood sampling [median 0.036 (IQR 0.009-0.075)],
compared to those in remission [median 0.084 (IQR 0.021-
0.145)] (p = 0.002) (7). To exclude possible bias caused by
the timing of blood collection, all analyses were done for the
complete patient population (116 patients) as well as for the
subgroup of patients in which blood collection was done at
remission (93 patients). None of the patients reported any viral
infections at the moment of blood sampling, and leukocyte
counts and differentiation were normal (7).

Follow-up

At the end of the follow-up period, 93 patients (80.2%) had
a diagnosis of RRMS, 12 (10.3%) of CIS, 8 (6.9%) of secondary
progressive MS (SPMS) and 3 (2.6%) of primary progressive
MS (PPMS). Thirty-two patients (27.6%) converted from CIS to
RRMS during follow-up. No significant association was found
between baseline MxA mRNA level and MS type at follow-up,
or between baseline MxA mRNA and conversion from CIS to
RRMS during follow-up. Follow-up characteristics are depicted
in Table 2.
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0.45, p = 0.070, 95% CI 0.19-1.07. (B) Number of patients with low vs. high MxA mRNA/GAPDH expression that have <9 vs. >9 new T2-lesions
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Relapses

Eighty patients experienced at least one relapse during
follow-up. Median number of relapses during follow-up was
1 (IQR 0-3). A baseline MxA mRNA level of <0.075 was
associated with the occurrence of at least one relapse during
follow-up, although not statistically significant in the complete
patient group [B = —0.81, Exp(B) = 0.45, p = 0.070, 95%
CI 0.19-1.07] (see also Figure 1). When repeated in only the
patients that were in remission during blood collection, this
effect was statistically significant [B = —1.18, Exp(B) = 0.31,
p = 0.025, 95%CI 0.11-0.86]. In addition, low baseline MxA
mRNA level (<0.075) was associated with a higher number of
relapses during follow-up [complete patient group: U = 1295, Z
—2.18, p =0.029, remission group only: U=_831,Z=—1.83,p
= 0.068]. No significant association was found between baseline
MxA mRNA level and time to first relapse.

Clinical scores

Median EDSS at follow-up was 3.0 (IQR 2.0-4.0). During
follow-up, 47.7% of patients experienced a significant increase
in EDSS. No significant association was found between baseline
MxA mRNA level and the occurrence of a significant increase in
EDSS during follow-up [B = —0.16, Exp(B) = 0.85, p = 0.678,
95% CI 0.40-1.82]. In addition, no significant association was
found between baseline MxA mRNA level and the occurrence
of a significant increase in T25FW [B = 0.50, Exp(B) = 1.65, p
= 0.241, 95 CI 0.72-3.79] or 9HPT score [dominant hand: B =
0.01, Exp(B) = 1.0, p = 0.998, 95% CI 0.05-20.15, non-dominant
hand: B = 0.12, Exp(B) = 1.13, p = 0.929, 95% CI 0.09-14.94]
during follow-up. Also, no significant association was found
between baseline MxA mRNA level and “EDSS-plus” worsening
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during follow-up [B = 0.02, Exp (B) = 1.02, p = 0.965, 95% CI
0.47-2.19]. All analyses were repeated in the remission group
only, which also showed no significant association between these
clinical scores and baseline MxA mRNA level.

DMT use

Sixty-three patients (54.3%) started using DMT at any
moment during follow-up. Fifty-two patients (44.8%) did
not; of one patient this was unknown. At the end of the
follow-up period, 42 patients (33.6%) used first-line DMT
(any of the interferons, glatiramer acetate, teriflunomide,
dimethylfumarate) and 16 patients (13.8%) used second-line
DMT (natalizumab, fingolimod, ocrelizumab). Baseline MxA
mRNA level was not associated with the start of DMT during
follow-up, with the type of DMT used at follow-up, or with the
use of first line or second line DMT during follow-up.

MRI parameters

Median number of MRI-scans done during 11 years of
follow-up was 6 per patient (IQR 4-10). Ninety percent of
patients experienced MRI-activity during follow-up, meaning
any new T2-lesions or CELs on any MRI scan available
during follow-up. A baseline MxA mRNA level of <0.075 was
associated with a cumulative number of >9 new T2-lesions
during follow-up, compared to <9 new T2-lesions during
follow-up. This association was present when including all
patients in the analysis [B = —1.86, Exp(B) = 0.16, p = 0.012,
95% CI 0.04-0.66] (see also Figure 1). In the remission group,
the same effect was seen, although not statistically significant
[B = —1.51, Exp(B) = 0.22, p = 0.079, 95% CI 0.04-1.19]. No
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significant association was found between baseline MxA mRNA
level and time to first MRI activity.

Discussion

In our prospective cohort of CIS and early RRMS patients
we found low spontaneous MxA mRNA levels in the first
months after diagnosis to be associated with the occurrence of
a larger number of new T2 lesions during a median follow-
up period of 11 years. Low baseline MxA mRNA levels were
also associated with the occurrence, and a higher number of,
relapses during follow-up. No significant association was found
between spontaneous MxA mRNA level and clinical scores
(EDSS, T25FW, 9HPT) and MS type at follow-up.

MxA mRNA and MxA protein are present at stable low
levels in blood under normal circumstances, and are rapidly
upregulated by interferon type I in a dose-dependent manner.
They are therefore known as reliable markers for interferon type
I responsiveness (16). Endogenous interferon type I pathways
play various important roles in the human immune system.
For example, a dysregulation of type I interferon pathways is
found in various chronic inflammatory autoimmune diseases,
such as Sjogren’s syndrome and systemic lupus erythematosus
(SLE) (17-19).

In MS, an increased activation of type I interferon pathways
has been associated with an upregulation of immunoregulatory
cytokines and reduced T-cell responses, which might be
associated with a dampening of inflammatory disease activity
(20-22). Therefore, it is conceivable that in patients with
a more active inflammatory disease course, characterized
by the occurrence of (more) relapses and new T2-lesions
and/or enhancing lesions on MRI, endogenous interferon-beta
pathways are insufficiently capable to upregulate and protect
against inflammatory activity, as reflected by low blood levels of
MxA mRNA in these patients.

Interesting in this regard is the growing evidence of the role
of viral infections in the pathogenesis of MS. One of the main
functions of type I interferon system is its antiviral function,
and people with a defective interferon type I system are likely
more susceptible to viral infections or a more severe course
of infectious disease (23, 24). Regarding MxA, it is known
that MxA proteins, amongst many other proteins, also possess
antiviral properties: in case of certain viral infections, such as
influenza and measles, MxA mRNA and MxA protein are rapidly
upregulated by endogenous interferon type I and play a role
in the inhibition of multiplication of these viruses (16, 25).
An impairment in interferon type I pathways may lead to an
impaired upregulation of MxA mRNA, resulting in lower MxA
mRNA and protein levels.

Multiple studies have shown a potential triggering effect of
viral infections in the development of MS, especially Epstein-Bar
virus (EBV) infections, of which increasing evidence is found
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for a major causal role in MS pathogenesis (26, 27). The altered
interferon type I system that is found in MS could possibly be
related to this phenomenon, considering the importance of the
type I interferon system in viral immunity, such as immunity
against EBV infections (20-22, 28, 29). This alteration of the
interferon type I system might be reflected by a change in MxA
mRNA level.

In 2010, we described the association between spontaneous
MxA mRNA levels and disease activity with a median follow-up
period of 44 months (8). There was a lower relapse rate and a
longer time to new relapses in patients with high spontaneous
MxA mRNA levels. Even though there was no significant
association between MxA mRNA level and annualized number
of new T2-lesions or the occurrence of CELs during follow-up,
the proportion of patients with no or low number of T2-lesions
after a follow-up period of 1 year was higher in patients with
a high spontaneous MxA mRNA level at baseline. The current
study extends these findings by confirming the association
between MxA mRNA levels and clinical and radiological disease
activity over a follow-up period of 11 years.

It must be noted that this is an observational study in a real-
world setting. The decisions on follow-up and treatment were
made based on the clinical treatment protocols at that moment.
At the time of treatment initiation, interferon and glatiramer
acetate were the only available treatment options in CIS or early
MS. During the period of follow-up, higher efficacy compounds
were admitted to the market (e.g., natalizumab, fingolimod,
ocrelizumab), resulting in a change in the treatment landscape of
MS. Additionally, not all MRI-scans were made with gadolinium
contrast administered during follow-up.

Despite these limitations, it would be of interest to validate
the results found in this study in a larger patient group. Our
study suggests that an impairment in the type I interferon
system could play an important role in inflammatory MS
pathology, as reflected by low MxA mRNA levels, which are
associated with long-term inflammatory disease activity in
our study. In addition to providing more insight into the
mechanisms of inflammatory disease activity in MS, homeostatic
MxA mRNA level could also be of interest as an easy-to-
use prognostic biomarker for long-term inflammatory disease
activity in MS. Currently, the best prognostic factors for
long-term disease activity are MRI measurements. Number
of active lesions on brain MRI and spinal cord lesions on
MRI are known to be associated with disability in MS.
In addition to using MRI, the development of easy-to-use
biomarkers that predict inflammatory disease activity would
greatly benefit clinical decision making regarding treatment
of MS patients and improve personalized patient care. For
example, if the occurrence of long-term inflammatory disease
activity can be predicted easily and precisely, treatment
decisions can be adjusted based on this knowledge, such as
the decision when to start with DMT, and which DMT should
be started.
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In conclusion, our long-term clinical and radiological
follow-up data suggest an important mechanistic effect of the
endogenous type-1 interferon system reflected in MxA mRNA
in the expression of inflammatory pathology of MS. If confirmed
in other populations, MxA mRNA could also be an interesting
candidate as prognostic biomarker for long-term inflammatory
disease activity in MS.
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Multiple sclerosis is a progressive demyelinating central nervous system
disorder with unknown etiology. The condition has heterogeneous
presentations, including relapsing-remitting multiple sclerosis and secondary
and primary progressive multiple sclerosis. The genetic and epigenetic
mechanisms underlying these various forms of multiple sclerosis remain
elusive. Many disease-modifying therapies approved for multiple sclerosis
are broad-spectrum immunomodulatory drugs that reduce relapses but do
not halt the disease progression or neuroaxonal damage. Some are also
associated with many severe side effects, including fatalities. Improvements
in disease-modifying treatments especially for primary progressive multiple
sclerosis remain an unmet need. Several experimental animal models
are available to decipher the mechanisms involved in multiple sclerosis.
These models help us decipher the advantages and limitations of novel
disease-modifying therapies for multiple sclerosis.

central nervous system, epigenetics, experimental autoimmune encephalomyelitis,
histone deacetylases, multiple sclerosis, myelin oligodendrocyte glycoprotein, T
helper cells, tolerance

Introduction

Clinical manifestations of multiple sclerosis

More than 2.8 million people live with multiple sclerosis (MS) worldwide, and
the prevalence has been increasing (1). The mean age of diagnosis of MS is 32
years, with twice the number of female patients compared with male patients afflicted
with this disease. However, the basis of sexual dimorphism in MS manifestation
remains elusive, as in other autoimmune diseases. MS is a prototypical organ-specific
autoimmune disease of the central nervous system (CNS), affecting the brain and spinal
cord (2-4). Most (85%) patients with MS manifest relapsing-remitting MS (RRMS),
characterized by alternate periods of relapses and remissions for decades after an initial
episode of neurological dysfunction, clinically isolated syndrome. Relapses accompany
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CNS inflammation and demyelination detectable as white
matter lesions by magnetic resonance imaging. Accumulating
disabilities during relapses in most (80%) patients with MS
leads to secondary progressive MS (SPMS), characterized by
decreased brain volume and increased axonal loss without
associated inflammatory lesions. A minor fraction (10%) of
patients with MS continue to decline progressively from the
beginning of diagnosis without relapses. Variations of MS
include progressive-relapsing and pediatric disease and severe
Marburg variant. The hallmark of MS is sharply demarcated
demyelinating plaque with axons relatively preserved, whereas
in neuromyelitis optica (MNO), both axons and myelin are
involved, resulting in necrotic cavitation. Severe involvement
of optic nerves and the spinal cord is a characteristic of the
opticospinal MS (OSMS) subtype, which is more prevalent
in African Americans (5, 6). Compared with Whites, African
Americans had an older age at onset, experienced greater
disability, progressed faster, had increased risk for SPMS,
experienced transverse myelitis more often, and were likely
to have motor symptoms and the OSMS subtype. The classic
multifocal MS is rare in Japanese, who manifest OSMS with
features similar to those of the relapsing form of NMO in
Western populations, and was proposed to be the same as
the NMO disorder, rather than a form of MS (7). However,
in Brazilian patients, OSMS is recognized as a milder MS
phenotype distinct from NMO (8). While antibody-dependent
aquaporin four loss occurred in some patients with NMO,
antibody-independent astrocytopathy was found in several
demyelinating conditions, including Bal¢’s disease, NMO, and
MS (9). In addition to these complexities, MS is also rare
among Samis, Turkmen, Uzbeks, Kazakhs, Kyrgyzis, native
Siberians, North and South Amerindians, Chinese, Japanese,
African blacks, and New Zealand Maoris, in contrast to a high
propensity of Sardinians, Parsis, and Palestinians to develop MS
(10). The different susceptibilities of distinct racial and ethnic
groups are essential determinants of the uneven geographic
distribution of MS.

The clinical manifestations of MS include temporary vision
loss, sensory and motor problems, fatigue, impaired bowel
and sexual functions, cognitive deficits, and paralysis (2-4).
Distinct forms of MS appear to correlate with the spatiotemporal
dissemination of lesional sites within the CNS (2-4, 11).
The hallmarks of MS pathology include the breakdown
of the blood-brain barrier, accumulation of immune cell
infiltrates, oligodendrocyte loss, demyelination, astrogliosis,
axonal degeneration, and disruption of neuronal signaling
(Figure 1). Substantial T-cell infiltration occurs in patients with
acute and relapsing disease but is spared during later stages of
MS, despite an unabated neuronal disability. Intrinsic neuronal
deficits such as those associated with Alzheimer’s disease are
thought to play a role, especially during the advanced stage of
MS (11).
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Genetics of MS

Although the etiology of MS remains elusive, genes within
the human leukocyte antigenic (HLA) loci, such as HLA-
A*02:01, HLA-DRB1*15:01, HLA-DRB5, HLA-C, and TNF, have
been firmly associated with MS susceptibility (12). In African
Americans, classic/multifocal MS is associated with DRBI*15
alleles, whereas OSMS is not (5). Not only the DRB*1501
allele but also the extended DRBI*1501-DQBI*0602 haplotype
is commonly found in northern Europeans with MS (5). The
HLA-DPBI*0501 haplotype is not uniquely associated with the
OSMS subtype, which is relatively more common in Japan (13).
Interleukin-2 (IL-2) and its receptor IL-2R play a crucial role in
MS and are also crucial for T-cell tolerance (14). In addition, the
soluble form of the IL-2R (sIL-2R) plays a role in MS. IL-7 and
IL-7Ra form a non-redundant ligand-receptor system and plays
a critical role in T-cell activation. Peripheral blood mononuclear
cells of patients with MS display deletion of exon 4 of the IL-
7 transcript and splice variants lacking exons 5, 6, and 7 (15).
A closer analysis of the impact of these genetic variations is
necessary for a better understanding of MS pathogenesis.

The pivotal role of T helper cells in MS

Cerebrospinal fluid (CSF)-infiltrating CD4T T cells of
patients with MS proliferated and secreted interferon- y (IFN-
v), a characteristic of the Thl subset, but not IL-17 when
challenged with the myelin oligodendrocyte glycoprotein 35-
55 (MOGs35-_55) peptide in vitro (16), a proposed candidate
CNS determinant in MS (17). However, others reported the
abundance of IL-17-expressing Th17 cells in the peripheral
blood, CSE and brain lesions of patients with MS, which
increased during relapses (18). Increasing evidence also
indicates a role of central memory Th17.1 (Th1/17) cells, which
share the hallmarks of Thl and Th17 cells, respectively, in
IEN- y and IL-17 production, in MS (18). In addition to Th17
cells, follicular helper T cells that promote the germinal center
formation, B-cell differentiation, and antibody production are
also implicated in several autoimmune diseases, including MS
(19). The intrathecal inflammatory environment in patients with
RRMS promotes the recruitment of peripheral follicular helper T
cells to the CNS without increasing their ability to migrate (20).
Since the follicular helper T cells failed to transfer demyelinating
disease in mice (21), it is unlikely that they have pathological
consequences in patients with MS. The role of follicular T helper
cells in MS remains to be proven. Although MHC class I-
restricted CD8™ cells were found in the brain lesions of patients
with MS, they were also present in patients with infections and
other brain diseases, providing inconclusive evidence for their
involvement in MS (22).
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Epstein—Barr virus (EBV) infection and MS

Infection with EBV is associated with monoclonal or
oligoclonal B-cell expansion in many autoimmune diseases,
including Hashimoto’s thyroiditis, Graves disease, Sjogren’s
syndrome, rheumatoid arthritis, systemic lupus erythematosus
syndrome, and MS (23). Whereas infectious mononucleosis
increases the risk of MS, the vast majority (90-95%) of the
world population infected with EBV at some point in life
does not develop MS (24). Although elevated EBV nuclear
antigen 1 IgG titers are associated with gadolinium-enhancing
brain lesions, the lack of correlation between acute viral
reactivation in the peripheral blood and MS lesions suggests
a limited role for EBV infection in driving the disease
activity (25). Despite the increased level of EBV viral load in
patients with RRMS compared with controls, there was no
statistically significant difference in EBV and human herpes
virus-6 (HHV-6) copy numbers between the patients and
controls (26). In addition, the frequency of NK and cpst T
cells increased during relapse, which was not associated with
EBV and HHV6 plasma viral loads. Although EBV infection
has been hypothesized to contribute to MS development in
the context of other predisposing conditions, such as the
HLA genotype, vitamin D deficiency, smoking, and altered T-
cell responses (23), evidence for this hypothesis remains to
be garnered.
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Disease-modifying therapies for MS

Several disease-modifying therapies (DMTs) were approved
for MS treatment by the Food and Drug Administration
(FDA) [reviewed in (27, 28)]. These include self-injectables
such as the anti-virals IFN-B-1a and b, first-line treatment,
and peginterferon beta-1a provided moderate protection against
RRMS (29, 30). However, the production of antibodies against
IEN-p and the lack of the effect on Th17 cells, considered
encephalitogenic, (31) remained a major concern. Glatiramer
acetate designed based on four amino acids from myelin basic
protein (MBP) was designed to induce clinical disease in animals
but was well tolerated with low/moderate efficacy on RRMS
(32). Several orally administered drugs, including teriflunomide,
provided moderate effects on RRMS (33, 34). Dimethyl fumarate
and fingolimod/FTY720
(37), the first approved oral drug for MS, had moderate
beneficial effects on RRMS but with several side effects,
including progressive multifocal leukoencephalopathy (PML).

and diroximel fumarate (35, 36),

Modulators of sphingosine-1-phosphate receptor 1 (S1PR1)
and S1PR5, and siponimod decreased oligodendrocyte and
axonal loss (38). Ozanimod and SIPRI1 and 5 agonist reduced
plasma neurofilament light-chain concentrations (39), and the
selective SIPR1 modulator ponesimod (40) and cladribine,
a deoxyadenosine analog (41), provided moderate benefits
to patients with MS. Notably, many intravenous infusion
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strategies were implemented for MS treatment. Mitoxantrone,
a general immunosuppressant, was the first-line treatment with
high efficacy for MS (42). The first humanized monoclonal
antibody (mAb) used for MS treatment, natalizumab (43), is
directed against anti-a4f1-integrins and blocks the entry of
immune cells into the CNS. Although it is highly effective, it
causes PML in John Cunningham virus-seropositive patients.
The first humanized mAb, anti-CD52 antibody (campath-
1/alemtuzumab), originally used for treating graft vs. host
disease proved to be highly efficacious for MS treatment but
associated with significant side effects (44, 45). Several B-cell-
depleting anti-CD20 mAbs, such as rituximab, ocrelizumab,
ofatumumab, and ublituximab, were highly efficacious for MS
treatment but with PML occurrence in some cases (46-50).
Most of these drugs were designed to regulate adaptive immune
cells prominent during the early, but not the late, stage of
MS (3, 27, 28). Some of these therapies reduce relapses but
do not prevent the progression of MS and the accumulation
of disabilities. The first-line treatments for MS, such as
glatiramer acetate (32), dimethyl fumarate (35), and natalizumab
(anti-IFN-B-1b) (43), affect T cells variously. Whereas IFN-
p-la/b reduced relapses without affecting Th17 cells (31),
glatiramer acetate (32) and dimethyl fumarate suppress Thl
while upregulating Th17 cells (27). Alemtuzumab decreases
central memory T cells (27). Fingolimod targets the SIPR
and blocks T-cell transmigration into the CNS. This treatment
results in cardiac complications, varicella-zoster, and herpes
simplex virus reactivation, and exacerbation of MS (27, 28, 37).
Natalizumab, a humanized monoclonal antibody, selectively
targets the a4 subunit of the cell adhesion molecule, very late
antigen 4, and prevents leukocyte adhesion and diapedesis at the
blood-brain barrier, leading to PML in John Cunningham-virus
seropositive patients (2, 3, 27, 28, 43). Systemic administration
of anti-CD20 monoclonal B-cell-depleting antibody rituximab
in patients with PPMS reduced gadolinium-enhancing lesions
and relapses for 48 weeks (46). However, long-term therapy with
ocrelizumab, a humanized depleting anti-CD20 mAb, provided
modest protection against PPMS (47). Earlier and continuous
treatment of patients with PPMS with ocrelizumab over 6.5 years
provided sustained benefits on measures of disease progression
(48). Since CNS B cells residing in meningeal ectopic lymphoid
follicles are associated with subpial inflammation in patients
with SPMS, inadequate penetration of the anti-CD20 antibody
across the blood-brain barrier into the CNS could explain
the lack of protection observed in some studies. Rituximab
administered intrathecally also failed to provide clinical benefits
in the phase 1b clinical trial on progressive MS (49). Other
B-cell-depleting antibodies including ofatumumab (50) and
ublituximab, a novel glycoengineered anti-CD20 mAb (51)
that was administered SC unlike other mAbs, induced modest
protection against MS.
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Since 2018, several second-generation molecules with
reduced gastrointestinal side effects have been approved for
the treatment of MS by the FDA (52). Diroximel fumarate,
the second-generation version of dimethyl fumarate, is
lymphopenic and modifies monocytes. Oral formulations
of SIPR modulators such as siponimod, ozanimod, and
ponesimod target SIPRI and SIPR5 have potentially better
Ofatumumab, an anti-CD20
administered subcutaneously, and glycoengineered anti-

safety  profiles. antibody
CD20 antibody, ublituximab, and oral compounds such as
teriflunomide and cladribine were also approved for MS
treatment (52).

Several other DMTs outnumbering those approved for
MS treatment failed to meet the primary study endpoint
and progress to a subsequent clinical trial because of
commercial decisions. These include antibodies against the
IL-12/23 p40 subunit (53), anti-CD25 (54, 55), CTLA-4-Ig
(56), and anti-IL-17A (57). The mAbs targeting different
subsets of B cells, tabalumab inhibited B-cell activation
factor (BAFF), and atacicept induced depletion of mature B
cells and suppressed antibody formation (58). However, they
failed to deplete memory B cells and inhibit relapsing MS.
Moreover, GNbACI, a humanized mAb directed against an
endogenous retroviral protein (59), and raltegravir (Isentress),
the HIV integrase strand inhibitor (60), did not have an
impact on MS disease activity. Interestingly, natalizumab
failed to demonstrate a significant protective effect in patients
with SPMS (61, 62). In addition, the anti-CD20 antibody,
rituximab, shown to have superior protection in RRMS,
has been abandoned due to the expiry of the patent
(61, 62).

In addition to these non-specific drug therapies, several
attempts were made to induce antigen-specific tolerance in
encephalitogenic T cells, which would ensure stable and
adequate protection against autoimmune diseases without oft-
target effects [reviewed in Refs. (63, 64)]. These include
the administration of synthetic peptides corresponding to
the T-cell epitopes mapped within myelin components such
as MBP, MOG, proteolipid proteins (PLP), and altered
ligand peptides. Moreover, T-cell receptor (TCR) vaccination
constituting attenuated autologous antigen-specific T cells and
autologous peripheral blood mononuclear cells chemically
coupled with myelin peptides were also undertaken. None of
these maneuvers induced T-cell tolerance as assessed by the
ability of peripheral blood T cells to proliferate and produce
IFN-y in response to a challenge with the corresponding
immunizing peptide in vitro. Significantly, they also did not
improve the clinical outcome in patients with MS. Thus,
effective methods of inducing antigen-specific tolerance in
encephalitogenic T cells without causing adverse reactions
remain an unmet need.
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Experimental models of MS

Myelin antigen-induced experimental
autoimmune encephalomyelitis

The  MS-like
encephalomyelitis (EAE), has been successfully induced in

disease, experimental autoimmune
monkeys, guinea pigs, rats, and mice, following immunization
with the whole-brain and spinal cord extracts and peptides
derived from myelin proteins, such as MBP, PLP, and MOG
[reviewed in Ref. (65)]. The mouse is a popular choice for
studying MS variations primarily due to the availability of
genetically defined inbred strains and transgenic and gene
knockout mice. SJL/] mice immunized with the PLPj39_15]
peptide or peptides derived from MBP exhibited relapsing-
remitting EAE (RR-EAE) (66), and this model would allow the
development of novel DMTs for RRMS. Immunization with
rat MOG induced classic EAE in congenic C3H.SW (H—2b)
mice, while causing atypical EAE characterized by ataxia,
proprioception defects, and axial rotary clinical presentation in
C3HeB/Fej (H—Zk) mice (66, 67). Atypical EAE was also induced
in IFN-y knockout mice on the BALB/c background immunized
with MBP-derived peptides (68). In one study, granulocytes
were implicated in atypical EAE (66), while others found the
participation of granulocytes in both classic EAE and atypical
EAE (68). The brain seems primarily involved in atypical EAE,
while the spinal cord is considered the primary target of classic
EAE and RR-EAE (66, 68). Since the brain is primarily involved
in MS (2-4), atypical EAE models may provide valuable tools
for further understanding the mechanisms of brain lesions and
their prevention.

MOG is a member of the immunoglobulin superfamily
expressed exclusively in the CNS myelin. The MOG35_55
region proved to be an immunodominant epitope eliciting
T- and B-cell responses and EAE in most strains of mice
(65, 69-80). MOG35_55 was identified as an autoantigen in
patients with MS (17). Immunization of C57BL/6 (H—2b) mice
with the MOG35_55 peptide elicited EAE (78-80). However,
MOG35-55 peptide immunization induced a robust and long-
lasting progressive EAE (PEAE) in non-obese diabetic (NOD)
(H-287) mice (70-77). Interestingly, pronounced remissions
were observed in some (70-72), but not in other, studies (73—
77), indicating variations in PEAE. Genetic drift and gene
deletions could be attributed to the inconsistency in remissions
in NOD mice bred in different geographical locations—Oceania,
Europe, and the United States. The detection of T cells
recognizing MOG35_55 peptide in patients with MS (17)
provided an impetus to explore EAE specifically induced by
this peptide autoantigen, although other myelin peptide antigens
also elicited EAE in multiple strains of mice (65, 69) (Table 1).
Moreover, NOD mice develop several autoimmune diseases,
including type 1 diabetes (81) and other endocrine gland-
related autoimmune conditions, such as thyroiditis, sialitis, and
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Sjogren’s syndrome (82-84). Thus, NOD mice offer a unique
opportunity to study the mechanisms of self-reactive T-cell-
mediated neurodegeneration in an autoimmune environment.
Significantly, PEAE induced in NOD mice lasts throughout
the life of the mice with increasing disabilities (70-77), unlike
the non-autoimmune-prone C57BL/6 mice (Table 1) (78-80).
Biozzi ABH mice also develop PEAE when immunized with the
whole spinal cord homogenate (85). Immunization of Lewis rats
with gpMBPeg_g4 (86) and dark Agouti rats with MOGj_125
also induced classic EAE (87). Thus, EAE is a well-studied model
system of MS and is amenable to investigating the efficacy of
novel treatment options.

Other demyelinating disease models

Infection of mice with the neurotropic picornavirus
Theiler’s murine encephalomyelitis virus (TMEV) induces a
disease similar to PPMS involving the brain, brainstem, and
spinal cord (88). The TMEV infects macrophage/microglia,
oligodendrocytes, and astrocytes during the chronic phase.
Axonal damage in MS and EAE occurs secondary to
inflammatory demyelination (outside-in model) (89). By
contrast, TMEV infection induces demyelinating lesions that
develop from the axon to the myelin (inside-out model)
(90). Although TMEV infection cannot occur naturally in
rodents or humans (91), it is a valuable model for studying the
efficacy of drugs to prevent axonal degeneration independent
of immune mechanisms. Feeding of C57BL/6 mice with the
copper-chelating agent cuprizone induced demyelination,
oligodendrocyte death, and profound activation of astrocytes
and microglia (91). Removing cuprizone from the diet led
to the regeneration of oligodendrocytes from the pool of
oligodendrocyte progenitors and the formation of myelin
sheaths, indicating the reversible nature of the disease.
Interestingly, lysolecithin injection produced focal areas of
demyelination in SJL/] mice, rats, and rabbits due to direct
toxic effects on myelin sheath without affecting other cells
and axons (91). These models help study the process of
de- and remyelination independent of the involvement of

immune mechanisms.

EAE models for investigation of MS
therapeutics

EAE models have traditionally been used to benchmark
the efficacy of various disease-modifying therapies. However,
several inconsistencies between mice and humans concerning
the outcome of these attempts have been intensely debated
(91-93). A few established MS therapies, including glatiramer
acetate (copolymer 1), mitoxantrone, and natalizumab, were
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TABLE 1 Regulation of EAE by HDAC inhibitors.

Model Clinical Drug Drug administration  Clinical Functional effect Effects on gene expression References
manifestation efficacy
C57BL/6  Acute, monophasic ~ TSA, HDAC class I, ITa, and ProphylacticfsC injection. Reduced EAE. Caspase inhibition. Upregulation of genes encoding anti-oxidants, (79)
EAE IV inhibitor-hydroxamate neuroprotection and neuronal differentiation.
C57BL/6  Acute, monophasic ~ Vorinostat (SAHA)-HDAC Prophylactic—intragastric, Reduced EAE. Limits CNS inflammation and Not determined. (80)
EAE class T and ITa daily. demyelination. Suppresses Th1, Th17
inhibitor-hydroxamate cells, and costimulatory molecules.
C57BL/6  Acute, monophasic  Valproic acid, HDAC class I Prophylactic—day 3 or Reduced EAE. Suppression of spinal cord Reduction of caspase-3,—8, and—9 mRNA in T (81)
EAE inhibitor therapeutic-day 12 onward inflammation, demyelination, and T cells.
cells.
—IP injection or oral
administration.
NOD Primary, TSA, HDAC class I, ITa, and Prophylactic- days 0 to 45 0or ~ Diminished Reduced expansion and infiltration of Transcriptional repression of IL-17A, IL-27 p28, (75-78)
progressive EAE IV inhibitor-hydroxamate therapeutic- days 15 to 45-SC ~ PEAE. granulocytes, Th1, Th1/17, and Th17 IL-27 Ebi3, iNos, and MIF in the peripheral
injection. cells and their infiltration into the CNS.  lymphoid compartment.
Diminished spinal cord inflammation, Reduced transcription of IL-4, IL-17A, iNos, MIF,
demyelination, and axonal loss. aryl hydrocarbon receptor, and Hdac11 but
increased expression of DEC-1 mRNA in the CNS.
Induction of antigen-specific T cell
tolerance.
NOD Primary, Panobinostat, Givinostat Therapeutic-day 20 No effect on Reduced T cell proliferation in vitro. Reduced transcription of Thet and Rorgt but not (78)
progressive EAE (hydroxamate, pan-lysine onward-oral PEAE or Gata3 or Foxp3 in lymphoid cells.
inhibitor), and Entinostat mortality.
Lewisrat  Acute, monophasic  Valproic acid Prophylactic and Reduced EAE Th1/Th17-Th2 shift, attenuated Suppressed mRNA levels of IFN-y, TNF-a, IL-18, (87)
therapeutic-oral. infiltration of macrophages and MMP9Y, iNos, Tbet and increased IL-4 in the spinal
lymphocytes in the spinal cord. cord.
Dark Acute, monophasic ~ Valproic acid Therapeutic-IP injection of A modest Reduced T cell proliferation and Increased Sox8 and Mog expression in the brain. (88)
Agouti multiple doses every day for decrease in decreased Th17 cells. Reduced demyelination in the spinal cord.
rat many days. chronic EAE

without affecting
the peak

response.

Mice were immunized with MOGss_s5 peptide, Lewis rats with gpMBPsg_g4 peptide, and DA rats with MOG_ 25 peptide.
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tested in animal models, which turned out to be potent non-
specific suppressors and unsuitable for all patients with MS (27).
Some DMTs were investigated in EAE models retrospectively
after disappointing outcomes in human trials (91, 92). The
failures of translational therapies for MS treatment could be
due to differences in genetics, the extent of blood-brain barrier
disruption, and individual variability in the responsiveness
of patients to treatment. Emphasis has also been placed on
discovering reliable biomarkers of MS and improving the design
of CNS drug delivery (93). Most of the multifocal symptoms of
classic MS have not been reproduced in rodent models. This
limitation should be kept in mind when discussing the lack of
efficacy of the DMTs for MS treatment since this disease is highly
heterogenous and sometimes manifest with other comorbidities.

Epigenetic approaches to control
EAE

In EAE, adaptive immune T and B cells, the innate immune
granulocytes, and the CNS-resident cells such as microglia,
astrocytes, and oligodendrocytes collectively contribute to
neurodegeneration. Gene expression is a highly regulated
process, and aberrant expression of mRNA encoding cytokines
and chemokines contributes to pathological manifestations.
Although the genome-wide association studies have implicated
genes encoding human leukocyte antigens in MS pathogenesis
(94), environmental factors such as Epstein-Barr virus infection,
smoking, and vitamin D deficiency may influence gene
expression via epigenetic mechanisms (95). Epigenetics is the
heritable changes in gene expression without altering the DNA
sequence, which can provide a mechanism by which external
factors, including drugs, produce various phenotypic variations
with identical genotypes (96). Discordance in the rate of MS
among monozygotic twins suggests that susceptible genes alone
are not enough to manifest the neuronal disease, implying the
participation of epigenetic mechanisms in disease manifestation
(97). DNA methylation (98) and microRNAs (99) have been
proposed to play a role in MS. However, direct evidence
supporting the contention that modulation of these epigenetic
mechanisms can result in neuroprotection is lacking.
the

of histone

Histone acetylation is most well-characterized

posttranslational mechanism modifications,
facilitating an open chromatin configuration and gene
transcription (96) (Figure 1). The balance between acetylation
by histone acetyltransferases and their regulation by histone
deacetylases (HDACs) dictates the outcome of transcription
of many protein-coding genes (96) and, interestingly, a non-
coding microRNA (100). Trichostatin A (TSA), a hydroxamate
member, was initially developed for cancer treatment (101)
and is the most potent broad-spectrum HDAC inhibitor
(102). TSA inhibits the transcription of class I, IIa, IIb, and

IV HDACs (76). When C57BL/6 mice were immunized with
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MOG35—_55 and treated with large doses of TSA s.c throughout
the investigation, a modest reduction in the EAE score was
noted (78) (Table 1). Similarly, daily oral administration of
vorinostat, another hydroxamate that inhibits class I and Ila
HDACs (102) throughout the period of investigation, also
reduced the acute EAE in C57BL/6 mice (79). Interestingly, the
class I HDAC inhibitor and the antiepileptic drug valproic acid
when administered prophylactically or therapeutically reduced
acute EAE in C57BL/6 mice (80). Notably, s.c administration of
a lower dose of TSA prophylactically up to 45 days on alternate
days provided irreversible and prolonged protection against
PEAE in NOD mice (74). Consistent with these encouraging
results of HDAC inhibitors to treat neurodegenerative diseases
in mice, oral treatment of Lewis rats (86) or i.p administration
of DA rats (87) with valproic acid reduced EAE induced by
immunization with gpMBPeg_g4 and MOGi_125 peptides,
respectively. In contrast to the success of reducing the clinical
scores by TSA and valproic acid in C57BL/6 and NOD mice,
oral administration of another hydroxamate panobinostat,
givinostat, a pan-lysine inhibitor, or entinostat therapeutically
from day 20 onward failed to afford protection against PEAE
(77). These data indicate that not all HDAC inhibitors can serve
as potent DMTs for ongoing neurodegeneration.

Neuroprotection provided by TSA, vorinostat (SAHA), and
valproic acid corroborated with reduced CNS inflammation
and demyelination in mice (74, 75, 79, 80). Significantly,
inhibition of axonal degeneration during PEAE was also
prominently mediated by TSA (74). Reduced T-cell proliferation
and suppression of Th17 cells were noted in HDAC inhibitor-
treated rodents (74, 79, 86, 87). Neuroprotection was also
accompanied by decreased CD4TCD44™ cells, a characteristic
of activated/memory cells (103), and reduced ability of T cells to
produce IFN-y, IL-17A, and GM-CSF in response to a challenge
with MOGs5_55 in vitro (74). Histone hyperacetylation
rendered T cells unresponsive to the MOG35_55 antigen
challenge while retaining their ability to respond to polyclonal
stimulation (74), akin to anergy (104). By contrast, daily
oral administration of HDAC inhibitors such as panobinostat,
givinostat, and entinostat from the start of clinical signs
(day 20) failed to protect NOD mice from PEAE or fatality,
despite reduced T-cell proliferation in vitro and diminished
transcription of Tbet and Roryt (77). However, the antiepileptic
drug valproic acid (54) and the anti-cancer drug, TSA (74),
administered therapeutically (after the disease onset, Table 1)
provided robust neuroprotection and thus may be useful in a
clinical setting.

Regulation of the innate immune
system in EAE by HDAC inhibitors

In MS, innate immune cells, such as infiltrating macrophages
and dendritic cells, and CNS-resident microglia, have been
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implicated in the reactivation of T cells during the effector phase
of neurodegeneration (2, 3). In NOD mice, PEAE development
was associated with the expansion of mature (MHC class IIT)
CD11b*Ly-6G™ neutrophils and, to a lesser extent (MHC
class ITT) CD11b* Ly-6CT mature monocytes in the peripheral
lymphoid compartment before the onset of the peak clinical
disease (75). Participation of neutrophils in monophasic EAE
of C57BL/6 mice was indicated by increased neutrophils in
the bone marrow, blood, and spleen during the early phase of
the disease (105). Studies suggested a role for neutrophils in
MS during the initial formation of lesions in the brain, but
not during the advanced stages of the disease, probably owing
to the short-lived nature of neutrophils (106). Treatment with
TSA concurrently afforded neuroprotection and diminished the
frequency of neutrophils in secondary lymphoid organs and
their influx into the spinal cord (75), indicating a role for these
cells in the PEAE model (Figure 1). Thus, in addition to myelin-
specific T-cell tolerance induction, selective regulation of the
innate immune system appears to be an integral part of the
regulation of neurodegeneration by the HDAC inhibitor TSA.

Implications of HDAC
inhibitor-induced regulation of EAE
to MS treatment

Impact of immune regulation

Immune responses elicited by immunization with the
whole spinal cord homogenate or various peptides derived
from the CNS-associated MBP, PLP, and MOG have been
extensively studied in mice and rats that develop monophasic
EAE, PEAE, and atypical EAE (65-80, 86, 87). Various
methodologies such as ELISA, Western blot, flow cytometry,
and quantitative reverse transcriptase-mediated polymerase
chain reaction (RTq-PCR) have provided significant insights
into the underlying immune mechanisms of EAE. However,
consensus on whether any given immune mediator can serve
as a biomarker indicating the stage and severity of the chronic
disease remains enigmatic. Most studies focused on immune
mediators typically at the peak of the clinical disease after in vitro
activation with T-cell ligands. A systematic and comprehensive
analysis of basal levels of 41 genes frequently implicated in
neurodegeneration and their regulation by TSA treatment was
assessed using RTq-PCR in the CNS and secondary lymphoid
organs longitudinally during the prolonged course of PEAE
(27 weeks) without overt activation in vitro (76). These studies
indicated that immunization of NOD mice with MOG35_55
increased the expression levels of mRNAs encoding IL-4 and
IL-17A in the CNS during the chronic phase, days 21-54.
The reduction in the level of IL-17A gene in TSA-treated
mice is consistent with the proposed role of IL-17A in EAE
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(107). Prolonged expression of Nos2 in the CNS (76) is in line
with the association of iNOS-positive macrophages, astrocytes,
and granulocytes in demyelinating pathology (108). Increased
numbers of neutrophils in the spleen and spinal cord and their
downregulation by the histone modifier treatment support this
contention (75).

On the other hand, in the peripheral lymphoid tissues,
genes encoding the heterodimeric chains of IL-27, IL-27p28,
and IL-27EBi3, implicated in EAE (109), were overexpressed
in PEAE mice, which were reduced by TSA treatment.
Augmentation of the transcriptional repressors by histone
acetylation could indirectly cause a reduction in gene expression.
Notably, in vitro activation of peripheral lymphoid cells
from TSA-treated mice exhibited compromised expression
of both intracellular and secreted IL-17A and IFN-y (74).
Interestingly, TSA treatment reduced the infiltration of Thl
and Thl7 cells from the periphery into the spinal cord
(74) (Figure 1). This is similar to the suppressive effect of
valproic acid on the influx of T cells into the spinal cord
of EAE Lewis rats (86). These data demonstrate that the
infiltration of T lymphocytes into the CNS is crucial for
neurodegeneration, and their retardation by HDAC inhibitors
facilitates neuroprotection.

Although migration inhibitory factor (MIF) has been
proposed to be crucial for EAE (110), surprisingly, it was not
transcriptionally upregulated in the CNS and lymphoid tissues
of NOD mice manifesting PEAE (76). Yet, TSA treatment
repressed the constitutive expression of Mif in protected
mice. Surprisingly, several other genes implicated in EAE,
including GM-CSF (111), prominent chemokine CCL2 (112),
transcription factors T-bet (113), and RORyt (114), were neither
overexpressed in the PEAE mice nor downregulated by TSA
treatment (76). However, in EAE rats, valproic acid treatment
suppressed the mRNA levels of IFN-y, TNF-a, IL-13, MMP9,
iNos, and Tbet and increased IL-4 in the spinal cord (86).
The transcription factor FoxP3 mRNA was neither upregulated
in the PEAE model nor modulated by chromatin modifier
treatment (76), similar to the lack of suppression of FoxP3
transcription in another study (77). TSA treatment also did
not alter the numbers of FoxP3T T regulatory cells in NOD
mice (74, 76). Although the transcription factor FoxP3 is
essential for the generation of T regulatory cells (115), it is
contentious whether these cells are involved in the regulation
of EAE (116, 117). Studies in mice indicated the upregulation
of genes encoding anti-oxidants, neuroprotection, and neuronal
differentiation by TSA treatment (78), while the expression
of Sox8 and Mog was upregulated in valproic acid-treated
rat brains (87). Valproic acid administration also reduced the
genes crucial for apoptosis, and caspase-3,—8, and—9 in T cells
(78). Collectively, these data indicate that the HDAC inhibitors
modulate the transcription of several genes crucially involved
in neurodegeneration.
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The role of histone deacetylases in EAE
and their modulation by TSA

Surprisingly, immunization of NOD mice with MOG35_55
upregulated the transcription of Hdacll in the CNS, but
none of the 11 Hdacs in the peripheral lymphoid cells (76).
The wide-spectrum HDAC inhibitor, TSA, did not diminish
the Hdacll enzymatic activity in vitro (118), indicating
the lack of correlation between Hdac expression and Hdac
activity. Nevertheless, the data demonstrating the selective
upregulation of Hdacll in the spinal cord of PEAE mice
and its downregulation by TSA treatment have implications
to the control of MS by histone modifiers. The use of high-
resolution in situ hybridization and imaging revealed abundant
expression of Hdacll in the hippocampus and Purkinje cells
of rat brains, suggesting a role in locomotor activity and ataxic
syndromes, respectively (119). However, it is unclear whether
in PEAE mice, Hdacll expression is localized to these cells
and downregulated by TSA treatment. Knockout of Hdacll
reduced the infiltration of monocytes and myeloid DC into the
CNS, expression of CCL2, clinical severity, and demyelination
(120). Although both TSA treatment and Hdacl1 gene knockout
resulted in amelioration of EAE, the protective effect of
Hdacll deletion observed may be secondary to the absence of
Hdacll in the CNS and unrelated to the impact on monocytes
and CCL2 expression (120). Nevertheless, by extrapolation,
repression of Hdacll could be beneficial in treating patients
with MS with broad-spectrum HDAC inhibitors, such as
TSA. Although Hdacs other than Hdacll was not regulated
by the histone modifier either in the peripheral lymphoid
tissues or in the CNS (74), HDAC3 mRNA was reportedly
increased in the peripheral blood mononuclear cells of patients
with RRMS (121). However, another study failed to validate
this observation (122), indicating uncertainty of the role of
HDAC3 in MS. Interestingly, TSA treatment prevented the
manifestation of type 1 diabetes in NOD mice associated with
the transcriptional repression of Hdac4, Hdac8, and Hdac9, but
not Hdacll, in the spleen (123). However, TSA administration
did not influence the transcription of Hdac genes expressed
in the target organ pancreas. These data suggest that the
overexpression of specific Hdac is tissue- and disease-specific,
which could be utilized to manipulate hard-to-treat diseases,
including MS.

Implications of HDAC inhibition to MS
treatment

Targeting multiple HDAC isoforms might be necessary

for specific indications and proof-of-concept studies. The
involvement of specific HDACs crucial for various forms of
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MS has not yet been delineated. Studying the expression
level of different HDAC genes in particular cell types in
the secondary lymphoid organs and the CNS is essential
for designing selective HDAC inhibitors for MS treatment.
Based on the data obtained, it is possible to create more
selective compounds that could prove safer by reducing off-
target effects. In addition to the downregulation of many
genes, the expression of the transcription factor Decl (Bhlhe40)
was upregulated in the CNS of TSA-treated mice (76). Thus,
HDAC inhibitors such as TSA with broad specificity might
provide benefits against complex neurodegenerative diseases
by concurrently repressing and increasing the transcription of
multiple genes. The wide range of the action of the broad-
spectrum HDAC inhibitor is likely to provide protection against
complex neurodegenerative diseases like MS. Consistently,
therapeutic intervention with HDAC inhibitors has been
proposed to enhance synaptic plasticity, learning, and memory
in Alzheimer’s disease, Huntington’s disease, and Parkinson’s
disease (124). Lysine acetylation of non-histones constitutes
a significant portion of the acetylome in mammalian cells
and is involved in several cellular functions, including gene
transcription (125). However, it is unclear whether HDAC
inhibitors can also acetylate non-histones and alter gene
transcription in conjunction with gene regulation mediated
by acetylation of histone tails. Nevertheless, changes in
gene expression due to inhibition of HDACs by small-
molecule inhibitors could have substantial impact on regulating
disease pathogenesis.

Recent work has unraveled the inheritance of non-
DNA sequence-based epigenetic information, epimutations,
across several generations in yeast to humans (126). The
signals that underpin these epimutations, including DNA
methylation, histone modification, and non-coding RNAs, and
the underlying mechanisms are beginning to be understood
(127). Treatment of the nematode Auanema freiburgensis
with class I HDAC inhibitors butyrate and valproic acid,
and the broad-spectrum HDAC inhibitor TSA increased
the acetylation of histones 3 and 4 (128). Notably, they
also exerted transgenerational effects on the offspring by
producing increased numbers of hermaphrodites, suggesting
that histone acetylation represents the histone code. The
HDAC inhibitors have successfully ameliorated several diseases,
including type 1 diabetes (123, 129-132), EAE (74-76),
asthma (133), lupus (134, 135), and colitis (136), in animal
models, indicating their usefulness to treat a variety of
diseases. Accumulating data indicate that histone modifier-
mediated hyperacetylation in lymphoid cells and the target
tissues is associated with the amelioration of type 1 diabetes
(129) and PEAE (74), and selective regulation of genes. It
remains to be seen whether the changes in gene expression
observed following treatment with HDAC inhibitors have
transgenerational consequences.
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Conclusion

This review discusses the effects of HDAC inhibitors on
EAE regulation (Table 1) and, by extrapolation, their utility in
treating MS. Neuroprotection in mice was accompanied by the
repression of mostly non-overlapping sets of genes induced by
immunization with myelin antigens and a few constitutively
expressed genes in the peripheral lymphoid system and the
CNS. Notably, TSA administration contrived the expansion of
granulocytes and induced T-cell tolerance in the periphery while
reducing the influx of immune cells into the CNS (Figure 1).
Lessons learned from the EAE models require validation, which
may provide impetus to investigate the efficacy of histone
modifiers for treating MS variants efficiently. Since HDAC
inhibitors such as valproic acid and hydroxamates are currently
used in patients for ailments unrelated to MS and are well
tolerated, these small-molecule inhibitors may be used for
treating MS.
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Genetic risk variants for multiple
sclerosis are linked to
differences in alternative
pre-mRNA splicing

Elena Putscher?, Michael Hecker™, Brit Fitzner?,
Nina Boxberger?', Margit Schwartz*, Dirk Koczan?,
Peter Lorenz? and Uwe Klaus Zettl*

'Rostock University Medical Center, Department of Neurology, Division of Neuroimmunology,
Rostock, Germany, ?Rostock University Medical Center, Institute of Immunology,
Rostock, Germany

Background: Multiple sclerosis (MS) is a chronic immune-mediated disease of
the central nervous system to which a genetic predisposition contributes. Over
200 genetic regions have been associated with increased disease risk, but the
disease-causing variants and their functional impact at the molecular level are
mostly poorly defined. We hypothesized that single-nucleotide polymorphisms
(SNPs) have an impact on pre-mRNA splicing in MS.

Methods: Our study focused on 10 bioinformatically prioritized SNP—gene
pairs, in which the SNP has a high potential to alter alternative splicing events
(ASEs). We tested for differential gene expression and differential alternative
splicing in B cells from MS patients and healthy controls. We further examined
the impact of the SNP genotypes on ASEs and on splice isoform expression
levels. Novel genotype-dependent effects on splicing were verified with
splicing reporter minigene assays.

Results: We were able to confirm previously described findings regarding the
relation of MS-associated SNPs with the ASEs of the pre-mRNAs from GSDMB
and SP140. We also observed an increased IL7R exon 6 skipping when
comparing relapsing and progressive MS patients to healthy subjects.
Moreover, we found evidence that the MS risk alleles of the SNPs rs3851808
(EFCAB13), rs1131123 (HLA-C), rs10783847 (TSFM), and rs2014886 (TSFM) may
contribute to a differential splicing pattern. Of particular interest is the
genotype-dependent exon skipping of TSFM due to the SNP rs2014886. The
minor allele T creates a donor splice site, resulting in the expression of the exon
3 and 4 of a short TSFM transcript isoform, whereas in the presence of the MS
risk allele C, this donor site is absent, and thus the short transcript isoform is
not expressed.

Conclusion: In summary, we found that genetic variants from MS risk loci affect
pre-mRNA splicing. Our findings substantiate the role of ASEs with respect to
the genetics of MS. Further studies on how disease-causing genetic variants
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may modify the interactions between splicing regulatory sequence elements
and RNA-binding proteins can help to deepen our understanding of the genetic
susceptibility to MS.

KEYWORDS

B cells, genetic disease risk, splicing reporter minigene assay, multiple sclerosis,
single-nucleotide polymorphisms, TSFM, alternative splicing

Introduction

Multiple sclerosis (MS) is a chronic immune-mediated and
neurodegenerative disease of the central nervous system (CNS)
(1, 2). Approximately 2.8 million people worldwide suffer from
MS, with women being affected two to three times more often
than men and with an average age at diagnosis of 32 years (3, 4).
MS is classified into three different clinical courses: relapsing-
remitting MS (RRMS) as the most common form (~85% of
initial diagnoses), secondary progressive MS (SPMS), and
primary progressive MS (PPMS) (~15% of initial diagnoses)
(5-7). Clinically, RRMS is characterized by episodes of disease
(relapses) followed by a partial recovery of symptoms
(remissions). As the neurological deficits worsen with disease
progression, approximately 80% of the RRMS cases convert to
SPMS within 25 years after the diagnosis (6, 8, 9). PPMS and
SPMS are characterized by a continuous worsening of symptoms
without significant recovery. The symptoms of MS include,
among others, limited mobility, impaired vision, and cognitive
deficits (10). The severity of disability is usually determined by
the Expanded Disability Status Scale (EDSS) (11).

The immune system plays a key role in the pathophysiology
of MS. Immune cells infiltrate the CNS across the blood-brain
barrier, leading to demyelination, neuroaxonal damage, the loss
of synapses, and reactive gliosis (1, 8, 12). The disruption of
neuronal signal transmission then results in clinical symptoms.
Approaches to the management of MS include the treatment of
acute relapses (13, 14), symptomatic therapies (15), and
therapies to prevent relapses and slow the progression of
disability (16-18). B cells are central players in the
pathogenesis of MS as they mediate cytokine production,
antigen presentation, intrathecal antibody synthesis, and the
formation of ectopic follicles (19). As new research findings on
MS immunopathology further underlined the functional role of
B cells, disease-modifying drugs that mediate the depletion of B
cells are now commonly used (20-24).

The etiology of MS is still unclear. However, environmental
and lifestyle factors, such as smoking, adolescent obesity, and
Epstein-Barr virus (EBV) infection, as well as genetic
predisposition have been identified as risk factors contributing
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to the development of MS (25-29). Single-nucleotide
polymorphisms (SNPs), the variations of single base pairs at
specific genome locations, are the most common type of genetic
risk factors (30, 31). Genome-wide association studies (GWASs)
have been used to identify associations between SNP alleles and
disease. In the most recent GWAS of MS, 233 SNPs have been
associated with a significantly increased risk of developing MS
[MS-associated lead SNPs (MS SNPs)] (32). However,
considering the tendency of proximal SNPs to be inherited
together (33), SNPs that are in linkage disequilibrium (LD)
with an MS SNP are also associated with MS. Most disease-
associated SNPs are considered to have regulatory implications,
which means that they are colocalized with quantitative trait loci
(QTLs) and thus can affect, e.g., gene expression (eQTL) or
alternative splicing (sQTL) (34-38).

Precursor messenger RNA (pre-mRNA) splicing is a
physiological process in the cell nucleus by which the introns
(intragenic regions) of a pre-mRNA are cut out and the
remaining exons (expressed regions) are joined together to
form a mature mRNA molecule (39). The cotranscriptional
splicing process is coordinated by a complex interplay of cis-
elements, trans-acting factors, and the spliceosome complex,
which consists of five small nuclear ribonucleoproteins
(snRNPs) (40, 41). The important sequences within the pre-
mRNA are 5 and 3 splice sites (donor and acceptor,
respectively), the branch point, the polypyrimidine tract, and
exonic or intronic motifs to enhance or silence splicing (42-45).
The RNA-binding proteins (RBPs) that recognize these
sequences are important for the recruitment of the
spliceosome complex. The regulation of the splicing process
enables the use of different splice sites, which, in turn, leads to
alternative splicing and thus to an altered exon usage compared
to the canonical splicing. This allows for the generation of
various mRNAs from one pre-mRNA, resulting in a broad
transcriptome diversity.

There are five basic types of alternative splicing events
(ASEs). While during exon skipping, an exon is excised and
not inserted into the mRNA, during intron retention, an intron is
not removed and remains in the mRNA molecule. The use of
different splice sites can also result in mutually exclusive exons,
where only one of two possible exons occurs in the mRNA, or in
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exons with different lengths due to the use of different acceptor
or donor splice sites (46). In addition to the physiological role of
alternative splice sites, genetic variants, such as SNPs, can alter
the splicing pattern and thereby contribute to the risk of
developing diseases (47). As the majority of ASEs in the
human EST database are not conserved in mice (48),
investigations on the splicing pattern in the experimental
autoimmune encephalomyelitis (EAE) mouse model for MS
are limited, and thus studies with MS patients are needed. We
previously reviewed studies in which ASEs in association with
MS have been investigated and found that alternative splicing in
MS has been little studied so far (49). The most prominent
example is exon 6 skipping in the transcript for the interleukin-7
receptor (IL7R) dependent on SNP rs6897932 (50).

In this study, we investigated ASEs related to SNPs in genetic
loci associated with the risk of MS. For this purpose, we used a
bioinformatic approach to identify SNPs that potentially alter
splicing in MS. We then measured the expression of genes and of
individual exons and exon-exon junctions in B cells from MS
patients and healthy individuals and analyzed whether the
expression is related to MS and/or the SNP. We further used

10.3389/fimmu.2022.931831

splicing reporter minigene assays to verify alternative pre-
mRNA splicing dependent on the genotype of the SNPs. Our
study provides new insights into the molecular
pathomechanisms of MS by exploring the putative functional
role of genetic variants associated with disease susceptibility.

Methods

This study is divided into in silico, ex vivo, and in vitro parts
(Figure 1). A detailed description of all methods is provided in
the supplement (Supplementary file).

Selection of multiple sclerosis—
associated genetic variants that may alter
pre-mRNA splicing

Using publicly available microarray data sets and a
literature-based screening, we identified differentially spliced
candidate genes in MS that are encoded less than 250 kb away

Database- and webtool-based selection of SNP-gene pairs
in silico

Identification of genes that are differentially spliced in MS and that are located up to 250 kb away from an
MS-associated lead SNP2.

Determination of SNPs that are located within exons or within 400 bp of the flanking introns of the identified
genes and which tend to be inherited together with MS-associated lead SNPs.

Selection of SNP-gene pairs, where the SNP potentially leads to a change in the splicing pattern.

Sample collection from MS patients and healthy subjects
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FIGURE 1

Methodical overview of the study. An in silico approach (serial workflow) was employed to identify single-nucleotide polymorphism (SNP)-gene
pairs, where the SNP has the potential to alter the splicing pattern of a gene. For the selected SNP—gene pairs, ex vivo and in vitro analyses were
conducted. ? Multiple sclerosis (MS)-associated lead SNP according to the genome-wide association study (GWAS) of MS from 2019 (32). ASE,
alternative splicing event; bp, base pairs; GWAS, genome-wide association study; kb, kilobases; MS, multiple sclerosis; PBMC, peripheral blood
mononuclear cells; gPCR, quantitative real-time PCR polymerase chain reaction; SNP, single-nucleotide polymorphism; V1/V2, minigene
construct variants, which differ in only one base and thus represent the two allelic variants of a SNP (here, V1 shows constitutive splicing and V2

shows alternative splicing).
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from an MS SNP (32). We then determined SNPs that are at
least in mild LD (+* > 0.1 and D’ > 0.7) with the MS SNPs and are
located within exons or adjacent intronic regions (up to 400 bp
from the exon) of the genes. By using the splice prediction tool
Human Splicing Finder (51) and the POSTAR2 database (52),
we finally prioritized 10 SNP-gene pairs, in which the SNP has
the potential to alter the splicing pattern of the gene (hereafter
referred to as splice SNP).

Study cohort

As part of the research projects of the Neuroimmunology
research group at Rostock University Medical Center, a total of
121 blood samples were collected and DNA and B-cell RNA
were extracted as described previously (53). The subjects were
divided into the following three subgroups: healthy controls,
PPMS patients, and RRMS patients. MS patients were diagnosed
according to the 2017 revisions of the McDonald criteria (54).
The diagnosis, treatment, and monitoring of the patients
followed routine clinical practice. For further details on the
study cohort and the B-cell samples, the reader is referred to our
previously published study (53).

Single-nucleotide polymorphism
genotyping

The genotyping of the 10 bioinformatically determined
splice SNPs was performed with the DNA extracted from the
blood samples. For the genotyping, we used custom TaqMan®
Array Cards (Applied Biosystems). Data analysis was performed
in an automated manner using the TagMan Genotyper Software
(version 1.6, Applied Biosystems). The genotype assignments
were manually validated. In case of failed genotyping, the SNP
was not considered for further analyses.

Transcriptome analysis

The isolated B-cell RNA samples were used to perform high-
density microarray measurements. This was done with Clariom
D arrays for human (Thermo Fisher Scientific), which allow to
examine the expression of more than 130,000 protein-coding
and non-protein-coding genes (transcript clusters, TC probe
sets). The arrays are designed using six oligonucleotide probes
for each probe selection region (PSR), mostly identical with an
exon, and four probes for all presumptive exon-exon junctions
(junction probe set, JUC), which enables the analysis of
expression differences with respect to single exons or exon-
exon junctions. Sample preparation and microarray
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hybridization were conducted as described in the
supplementary methods (Supplementary file). Based on the
transcriptome data for all 121 samples, we tested for
differential gene expression and splicing pattern differences in
MS patients vs. healthy controls as well as in the dependence of
the splice SNP genotypes. The analysis of the microarray data
was accomplished by using the Transcriptome Analysis Console
(TAC) software (version 4.0.2, Applied Biosystems).

Verification of splice isoform expression
via quantitative real-time PCR

After the transcriptome analysis, sufficient material was
available for 109 of the 121 B-cell RNA samples to perform
transcript isoform expression measurements by quantitative
(real-time) PCR (qPCR) assays. Custom TaqMan® Gene
Expression Array Cards (Thermo Fisher Scientific) were used
for this analysis. For each of the 10 SNP-gene pairs, two qPCR
assays were used to distinguish the different transcript isoforms
resulting from the specific ASEs under scrutiny (e.g., exon
skipping vs. exon inclusion). If a transcript isoform could not
be detected within 45 PCR cycles, the missing Cr values were
imputed with the R package nondetects (55). Primary data
analysis was conducted by using the ExpressionSuite software
(version 1.3, Thermo Fisher Scientific). The data were
normalized and converted to the linear scale (Supplementary file).

Splicing reporter minigene assay

Seven SNP-gene pairs were subjected to splicing reporter
minigene assays. The minigene assay is based on the principle of
the transient transfection of cells with a vector containing the
genomic region of interest cloned between two constitutive
exons. Our minigene constructs were generated using the
pDESTsplice vector and synthesized genomic sequences cloned
into the pDONR221 vector (BioCat). The pDESTsplice vector
was kindly gifted by Stefan Stamm (56) (Addgene plasmid
#32484; http://n2t.net/addgene:32484; RRID: Addgene_32484).
For each SNP-gene pair, our minigene assays always consisted
of two minigene constructs that differed in a single base and thus
represented the two SNP allele variants. HeLa cells were
transiently transfected with the minigene constructs. RNA
from the Hela cells was isolated 24 h after the transfection
and used for RT-PCR. The PCR products were visualized by gel
electrophoresis and validated by sequencing. The distribution of
splice isoforms was evaluated by determining the intensity of the
PCR product bands on the gel with the Image Studio Lite
software version 5.2 (LI-COR Biosciences).
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Statistics

Statistical analyses were performed in R (version 4.0) and the
TAC software (version 4.0.2). For descriptive statistics, the
(robust) means and standard deviations (SD) per group were
either calculated in R or directly obtained from the TAC
software. We computed linear models and performed pairwise
comparisons with Tukey post-hoc tests by using either the limma
(57) framework in TAC or the R packages car (58) and stats. For
the evaluation of the minigene assay outcomes, we performed
two-way analyses of variance (ANOVA) to test whether the
relative transcript abundance can be explained by an interaction
between the splice SNP allele and the splice isoform. For all
analyses, a significance level of o = 0.01 was chosen to indicate

10.3389/fimmu.2022.931831

testing and exploratory investigations. The data were visualized
with bar plots and beeswarm plots.

Results

Prioritization of splice single-nucleotide
polymorphisms in multiple sclerosis—
associated genetic loci

We identified a total of 10 SNP-gene pairs in which the splice
SNP has the potential to influence pre-mRNA splicing and for
which we sought an experimental validation of the determined
ASEs in this work (Table 1; Figure S1). For three SNP-gene pairs

significant differences in expression and splicing, respectively. (genes: GSDMB, IL7R, and SP140), an aberrant alternative splicing

This cutoff was chosen to provide a balance between multiple in MS has already been described in the literature (49).

TABLE 1 Prioritized SNPs from MS—associated genetic regions that potentially alter the splicing pattern of eight genes.

Gene  MS SNP  Splice  Splice SNP Alleles Global MS LD  Exon (Ensembl Dist. Splici% ASE
identifier SNP positionb splice  allele free RA (EUR) transcript ID) splice SNP  moti
identifier SNP* quency to exon
splice SNP (bp)®
rr D
CLECI6A 152286974  rs11074944 chr16:11003696 G/A G: 91.15%; G 0.10 1.00 exon 11 + 391 (3) ISE/ISS alt. 5’
A: 8.85% (ENST00000409790) donor
site
CLECI6A  rs6498163 rs3214361  chrl6:11125905 C/- C: 60.88%; C 0.17 0.83 exon 22 -74 (5) branch alt. last
-1 39.12% (ENST00000409790) point exon
EFCABI3 rs11079784  rs3851808  chr17:47347778 C/T T: 61.41%; C 0.55 0.98 exon 9 and 10 -30 (5, branch exon
C: 38.59% (ENST00000331493) exon 9) point skipping
GSDMB® 19909593  rs11078928 chr17:39908216 T/C T: 62.74%; C 090 0.98 exon 6 -2(5) acceptor exon
C: 37.26% (ENST00000418519) site skipping
HLA-C r$9266629 rs1131123  chr6:31271601 G/T G: 51.57%; T 013 0.71 exons 2-3 0 (exon 3)  donor site, intron
T: 48.43% (ENST00000640219) ESE/ESS retention
IL7R? rs10063294  rs6897932  chr5:35874473 C/T C: 76.97%; C 0.30 1.00 exon 6 0 ESE/ESS exon
T: 23.03% (ENST00000303115) skipping
NCAPH2 1140522 152782 chr22:50523425 C/T C: 66.04%; T 0.75 0.99 exons 19-20 0 (exon 20)  ESE/ESS intron
T: 33.96% (ENST00000299821) retention,
alt. last
exon
SP140° rs35540610  rs28445040 chr2:230245867 C/T C: 85.07%; T 0.73 0.99 exon 7 0 ESE/ESS exon
T: 14.93% (ENST00000420434) skipping
TSEM 1s701006 rs2014886  chr12:57783654 C/T C: 59.61%; C 0.62 0.93 exons 3 and 4 +2 (3, donor site  exon
T: 40.39% (ENST00000417094) exon 3) skipping
TSFM rs701006  rs10783847 chrl2:57802664 G/A G: 55.36%; G 062 092 exons 6 and 7 0 (exon 7)  ESE/ESS exon
A: 44.64% (ENST00000550559) skipping,
alt. last
exon

Ten SNPs (splice SNPs) that are in LD with nine MS SNPs from the latest GWAS (32) were identified. Those splice SNPs are located in exons or in the adjacent intronic sequences of eight
genes and are suspected to alter the splicing pattern. According to splice prediction algorithms, databases, and the existing literature, the splice SNPs potentially lead to the alterations of the
branch point, an ESE/ESS, an ISE/ISS, an acceptor splice site, or a donor splice site (splicing motif). We identified four different types of ASEs: alt. 5’ donor site (n = 1), alt. last exon (n = 3),
exon skipping (n = 6), and intron retention (n = 2). The allele distribution according to dbSNP build 151 and the splice SNP allele correlating with the MS risk allele of the MS SNP are
indicated (MS RA). * For 3 of the 10 SNP-gene pairs, alternative splicing in MS has already been described in the literature (49). ® Distances and positions according to the GRCh38
reference genome assembly. © Allele variant annotation for the + strand of the reference genome. ¢ It is usually difficult to distinguish whether a genetic variant weakens a splicing enhancer
or augments a splicing silencer. alt., alternative; ASE, alternative splicing event; bp, base pairs; dist., distance; ESE, exonic splicing enhancer; ESS, exonic splicing silencer; EUR, European
population; GWAS, genome-wide association study; ISE, intronic splicing enhancer; ISS, intronic splicing silencer; LD, linkage disequilibrium; MS, multiple sclerosis; MS SNP, MS-
associated lead single-nucleotide polymorphism; r* and D’; the measures of LD between MS SNP and splice SNP; SNP, single-nucleotide polymorphism.
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The splice SNPs are located within an exonic region (n = 5)
or within 400 bp of the adjacent intronic regions (n = 5), with all
but one of the intronic SNPs being located less than 100 bp from
the exon. Two of the 10 splice SNPs are in complete LD (D’ = 1)
with the MS SNP (32), implying that one SNP allele is always
inherited together with one specific MS SNP allele.

In total, we determined four different types of ASEs for the
10 SNP-gene pairs. In most cases, exon skipping was found (n =
6). Moreover, we identified the ASEs intron retention (n = 2),
alternative 5° donor site (n = 1), and alternative last exon (n = 3).
Note that in two cases (TSEFM exon 6 and 7 skipping and
NCAPH?2 intron 19 retention), the ASE coincided with the
usage of an alternative last exon.

Characteristics of the study
cohort groups

A total of 121 blood samples were collected. We obtained 28
samples from healthy controls, 13 samples from PPMS patients,
and 80 samples from RRMS patients. The PPMS patients were
treated with glucocorticoids. The RRMS samples were taken
from patients receiving alemtuzumab (n = 38), natalizumab (n =
29), cladribine (n = 6), fingolimod (n = 3), glatiramer acetate
(n = 3), or interferon beta-1b (n = 1).

The sex ratio was relatively balanced in the PPMS group,
whereas there was a non-significant preponderance of women in
the healthy control group and the RRMS group (Table 2). In
terms of age, the healthy controls, with an average age of 28.0
years, were significantly younger than the MS patients (mean
age: PPMS: 58.7 years, RRMS: 36.1 years, p < 0.001). The mean
disease duration was similar for PPMS patients and RRMS
patients. RRMS patients had an average of 0.4 relapses in the
year prior to the blood collection and a mean EDSS score of 2.7.
PPMS patients had a considerably higher degree of disability,
with an average EDSS score of 4.9 (p < 0.001). There were no
major imbalances in the demographic and clinical data between
the SNP genotype groups (Supplementary Table S8,
Supplementary file).

TABLE 2 Basic information on the study cohort.

10.3389/fimmu.2022.931831

Differential gene expression and
alternative splicing in B cells

The transcriptome data for the 121 B-cell RNA samples were
used to test the prioritized genes for differential gene expression
and differential alternative splicing. Comparing the gene
expression between the study groups, we found a significantly
lower IL7R mRNA expression in MS patients as compared to
healthy controls (Table 3). For two genes, we observed a significant
association with the splice SNP genotype. The transcript levels of
EFCABI3 were significantly higher when the MS risk allele C of
splice SNP rs3851808 was present. For GSDMB, a significantly
lower gene expression was observed in the homozygous carriers of
the MS risk allele C of splice SNP rs11078928.

Next, we used the transcriptome data set to examine
differences in the expression levels of individual exons and exon-
exon junctions that distinguish certain alternative pre-mRNA
splice variants. For this purpose, the data for PSR and JUC
probe sets, which correspond to the ASEs of the 10 prioritized
SNP-gene pairs, were compared between the study groups and the
splice SNP genotypes. When the MS patients were compared with
the healthy controls, an evidence of differential splicing was found
for three genes (Table 4). For the probe set interrogating the exon 6
of IL7R, we found significantly higher levels in the healthy group,
suggesting that in those individuals, the exon is frequently
incorporated into the mRNA. Similarly, we measured
significantly higher levels for the probe set corresponding to
exon 4 of TSFM in healthy controls as compared to patients
with MS. In addition, we found that the longer CLECI6A exon 11,
which belongs to the ENST00000409790 transcript variant, was
significantly more abundant in the B cells of MS patients
(especially PPMS patients) than in those of healthy controls.

For six SNP-pairs, the levels of exons and junctions were
significantly associated with the genotype of the respective splice
SNP (Figure 2). In B cells from individuals that were
homozygous for the MS risk alleles of the splice SNP, we
detected lower levels of GSDMB exon 6 and higher levels of
the SP140 exon 6 to exon 8 splice junction. The exons 9 and 10 of
EFCABI3 and the intron 2 of HLA-C were found more likely to
be included in the mRNA when the MS risk allele is present.

Group Samples Female Male Age in years, Disease duration in ~ EDSS score, mean +  Relapses in previous
(n) (n) (n) mean + SD years, mean + SD SD (MV) year, mean + SD

Healthy 28 17 11 280+ 89 — — -

subjects

PPMS 13 5 8 587+ 9.8 9.7+ 4.6 49+ 17 0.0 + 0.0

patients

RRMS 80 57 23 36.1 + 10.6 8.0+69 2.7 + 1.3 (10) 0407

patients

In this study, a total of 121 blood samples were analyzed. Demographic and clinical data were recorded at the time of blood collection. For 10 samples, no information was available on the
patients’ current degree of disability as rated by the Expanded Disability Status Scale (11). —, not available; EDSS, Expanded Disability Status Scale; MV, missing values; n, number; PPMS,
primary progressive multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis; SD, standard deviation.
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TABLE 3 Differential gene expression in the B-cell transcriptome data set.

Gene (transcript cluster)

Group (n) Mean + SD
CLECIG6A (TC1600006893.hg.1) Healthy (n = 28) 9.14 + 0.46
PPMS (n = 13) 9.38 + 0.56
RRMS (n = 80) 9.19 + 0.48
EFCABI3 (TC1700012275.hg.1) Healthy (n = 28) 921 +0.64
PPMS (n = 13) 9.52 + 0.87
RRMS (n = 80) 931 +0.55
GSDMB (TC1700010590.hg.1) Healthy (n = 28) 7.99 +0.57
PPMS (n = 13) 8.67 + 0.96
RRMS (n = 80) 8.03 +1.27
HLA-C (TC0600014257.hg.1) Healthy (n = 28) 15.09 + 0.85
PPMS (n = 13) 15.15 + 0.83
RRMS (n = 80) 15.52 + 0.91
IL7R (TC0500007138.hg.1) Healthy (n = 28) 11.28 + 1.86
PPMS (n = 13) 8.19 + 0.84
RRMS (n = 80) 9.60 + 1.94
NCAPH2 (TC2200007811.hg.1) Healthy (n = 28) 6.13 + 032
PPMS (n = 13) 6.08 + 0.36
RRMS (n = 80) 6.20 + 0.45
SP140 (TC0200011020.hg.1) Healthy (n = 28) 14.48 + 0.41
PPMS (n = 13) 14.83 £ 0.70
RRMS (n = 80) 14.85 + 0.51
TSFM (TC1200012654.hg.1) Healthy (n = 28) 564 +0.34
PPMS (n = 13) 562 +0.28
RRMS (n = 80) 572 +0.34

MS patients vs. healthy controls

10.3389/fimmu.2022.931831

Splice SNP Genotypes
p-value RA (n) Mean + SD  p-value
0.3654 rs11074944 2 RA (n = 110) 9.19 + 0.47 0.8570
1RA (n=11) 9.06 + 0.67
0RA (n=0) —
1rs3214361 genotyping failed
0.7842 rs3851808 2RA (n=22) 9.69 + 0.55 0.0007
1RA (n = 53) 9.36 + 0.61
0 RA (n = 46) 9.09 + 0.55
0.3921 rs11078928 2RA (n=12) 6.63 + 1.24 2.6e-06
1RA (n=71) 8.23 + 0.86
0 RA (n =38) 8.24 + 1.20
0.6173 rs1131123* 2 RA (n = 33) 15.25 + 0.86 0.2320
1RA (n=73) 15.53 + 0.91
O RA (n =15) 15.05 £ 0.75
2.9¢-06 156897932 2 RA (n =70) 9.86 + 2.14 0.9673
1 RA (n = 41) 9.79 + 2.02
0 RA (n = 10) 9.93 + 1.08
0.8099 rs2782 2RA (n=21) 6.16 £ 0.38 0.5645
1 RA (n = 65) 6.17 + 0.40
0 RA (n = 35) 6.16 + 0.46
0.0178 rs28445040 2RA (n=6) 14.79 £ 043 0.9303
1 RA (n = 48) 14.79 + 0.54
0 RA (n =67) 14.76 + 0.54
0.1090 rs2014886* 2RA (n=59) 575+ 0.33 0.4091
1 RA (n =51) 5.62 + 0.36
0RA (n=11) 561 + 0.32
rs10783847 2 RA (n = 60) 575+ 0.33 0.3408
1 RA (n = 50) 561 £ 0.36
0RA (n=11) 5.61 £ 0.32

The expression of the eight prioritized genes in B cells from peripheral blood is reported as Tukey biweight means and standard deviations of log2 signal intensities per group (mean + SD).A
total of 121 samples were analyzed. The numbers of samples according to the study group and splice SNP genotype are given in brackets. Significant expression differences (p < 0.01) are
shown in bold. We observed significantly lower mRNA levels in patients with MS as compared to healthy controls for IL7R. For EFCAB13 and GSDMB, we saw a genotype-dependent gene
expression. * For technical reasons, the designated splice SNP was tagged by a proximal SNP (Supplementary file). —, not available; MS, multiple sclerosis; n, number; PPMS, primary
progressive MS; RA, risk allele; RRMS, relapsing-remitting MS; SNP, single-nucleotide polymorphism.

Regarding HLA-C, we could only evaluate the ASE type intron
retention as there are no PSR/JUC probe sets on Clariom D
arrays that represent transcripts in which the intron is spliced
out. We also found that the two splice SNPs located in the TSFM
gene are associated with differential alternative splicing. These
two SNPs are in the proximity of the same MS SNP, and the
respective ASEs presumably account for a short and long
transcript isoform of TSFM (ENST00000417094 and
ENST00000550559). We observed that the levels of the exon 4
of the short transcript were significantly lower in the presence of
the MS risk allele C of splice SNP rs2014886, and that the levels
of the exon 7 of the long transcript were significantly higher
when the MS risk allele G of splice SNP rs10783847 is present.
Note that for all six SNP-gene pairs for which the splice SNP
genotype was significantly associated with exon- or junction-
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specific expression levels, the data always correlated with the
number of risk alleles carried, i.e., the average expression of the
group of heterozygotes was always between that of the two
homozygous groups (Figure 2). The full results of the
transcriptome data analysis, including those for probe sets that
capture the respective opposite events, are provided in
Supplementary Tables S9 and S10 (Supplementary file). The
transcriptome data are accessible through GEO Series accession
number GSE190847.

Validation of differential splice
isoform expression

To confirm that the splice SNPs affect ASEs and consequently
the expression of different splice isoforms, we performed qPCR

frontiersin.org


https://doi.org/10.3389/fimmu.2022.931831
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Putscher et al.

10.3389/fimmu.2022.931831

TABLE 4 Differential alternative splicing in the B-cell transcriptome data set.

Gene (PSR/JUC?) MS patients vs. healthy controls Splice SNP Genotypes
Group (n) Mean + SD p-value RA (n) Mean + SD p-value

CLECI6A Healthy (n = 28) 9.65 % 0.29 0.0055 1511074944 2 RA (n = 110) 9.86 + 0.49 0.9622
(PSR1600149031.hg 1, PPMS (n = 13) 10.03 + 0.28 1RA (n=11) 10.04 + 035
long exon 11)

RRMS (n = 80) 9.96 + 0.52 0 RA (n =0) —
CLECI6A Healthy (n = 28) 7.62 +0.53 0.3295 rs3214361 genotyping failed
(PSR1600149066.hg.1, PPMS (n = 13) 785 4 0.57
exon 22)

RRMS (n = 80) 7.79 £ 0.62
EFCABI3 Healthy (n = 28) 474 £ 125 0.5450 1s3851808 2RA (n =22) 6.73 £ 0.97 5.8¢-23
(UC1700073491 hg 1, PPMS (n = 13) 521+ 175 1 RA (n = 53) 501+ 138
exon 9 to exon 10 junction)

RRMS (n = 80) 3.96 + 1.68 0 RA (n = 46) 3.13 £ 0.48
GSDMB Healthy (n = 28) 9.91 + 0.89 03003 1511078928 2RA (n=12) 7.94 £ 0.97 1.2¢-09
(PSR1700183459.hg.1, PPMS (n = 13) 1091 + 1.1 1RA (n=71) 10.13 + 1.04
exon 6)

RRMS (n = 80) 9.97 + 1.54 0 RA (n = 38) 1047 + 1.44
HLA-C Healthy (n = 28) 15.90 + 0.79 0.6744 rs1131123* 2RA (n =33) 16.09 + 0.70 5.8¢-06
(PSR0600200977.hg.1, PPMS (n = 13) 15.87 + 0.53 1 RA (n = 73) 15.85 + 0.68
exons 2 and 3 with intron 2)

RRMS (n = 80) 15.84 + 0.83 0 RA (n = 15) 14.93 + 0.93
IL7R Healthy (n = 28) 10.50 + 1.83 4.7¢-05 156897932 2 RA (n = 70) 9.69 £ 1.89 0.2265
(PSR0500148308.hg.1, PPMS (n = 13) 8.10 + 0.65 1 RA (n = 41) 9.04 + 1.90
exon 6)

RRMS (n = 80) 922+ 1.77 0 RA (n = 10) 9.00 £ 0.58
NCAPH2 Healthy (n = 28) 544 + 043 03229 152782 2RA (n =21) 552 % 0.66 0.7605
(JUC2200052281 hg.1, PPMS (n = 13) 569+ 0.79 1 RA (n = 65) 542 + 056
exon 19 to exon 20 junction)

RRMS (n = 80) 5.46 + 0.65 0 RA (n = 35) 556 + 0.73
SP140 Healthy (n = 28) 8.62 % 1.25 0.4886 1528445040 2RA(n=6 11.24 £ 0.61 1.4e-31
(JUC0200064656.hg.1, PPMS (n = 13) 925+ 1.19 1 RA (n = 48) 9.78 + 0.68
exon 6 to exon 8 junction)

RRMS (n = 80) 877 + 1.24 0 RA (n = 67) 7.97 £ 0.70
TSEM Healthy (n = 28) 5.97 £ 0.55 0.0066 152014886* 2 RA (n = 59) 5.46 £ 0.50 5.0e-07
(PSR1200200788.hg.1, PPMS (n = 13) 582 +0.58 1 RA (n = 51) 578 + 053
exon 4)

RRMS (n = 80) 557 £ 0.56 0RA (n=11) 6.65 = 0.54
TSFM Healthy (n = 28) 3.26 + 0.40 0.8234 1510783847 2 RA (n = 60) 333 £ 045 0.0011
(® SR12)00200803-hg-1> PPMS (n = 13) 337 +049 1 RA (n = 50) 3154038
exon 7

RRMS (n = 80) 320 + 0.43 0RA (n=11) 2.85 + 0.28

The expression of specific exons and exon-exon junctions in B cells from the peripheral blood was analyzed for the ASEs of the 10 SNP-gene pairs. Tukey biweight means and standard

deviations of log2 signal intensities are reported per group (mean + SD). Data from a total of 121 samples were analyzed, with the number of samples per study group and splice SNP

genotype given in brackets. Significant expression differences (p < 0.01) are shown in bold. The data indicated genotype-dependent pre-mRNA splicing for six SNP-gene pairs. * For

technical reasons, the designated splice SNP was tagged by a proximal SNP (Supplementary file). * Summary statistics for all ASE specific PSR JUCs are provided in Supplementary Tables S9

and S10 (Supplementary file). —, not available; ASE, alternative splicing event; JUC, junction probe set; MS, multiple sclerosis; n, number; PPMS, primary progressive MS; PSR, probe

selection region; RA, risk allele; RRMS, relapsing-remitting MS; SNP, single-nucleotide polymorphism.

measurements with 109 of the 121 B-cell RNA samples. Based on
these data, we compared the expression of mRNA splice isoforms
between MS patients and healthy controls and between the splice
SNP genotypes (Table 5).

Overall, the qPCR data well reflected the transcriptome data.
In line with the transcriptome data, we saw significantly higher
levels of IL7R transcripts that contain exon 6 in the qPCR data of
healthy controls compared to those of MS patients. In addition,
in the presence of the MS risk allele, exons 9 and 10 of EFCABI3
were included more frequently, exon 7 of SPI40 was skipped
more frequently and exon 6 of GSDMB and exons 3 and 4 of
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TSFM were included at significantly lower rates (Figure 3). In the
case of TSFM | rs2014886, the short transcript isoform
(ENST00000417094) is only rarely expressed in B cells, which
explains the high number of missing values. For splice SNP
rs10783847 and TSFM exons 6 and 7 (ENST00000550559), a
non-significant trend toward preferential exon inclusion has
been observed for the carriers of the MS risk allele. In contrast
to the transcriptome data, no genotype dependence of the ASE in
HLA-C (intron 2 retention) was seen in the qPCR data. The
detailed results of the qPCR analysis are available in
Supplementary Tables S11 and S12 (Supplementary file).
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samples, the expression of individual exons and exon—exon junctions was interrogated using PSR and JUCs, respectively. Signal intensities (in
log2 scale) and group means (black lines) are depicted for the ASEs of the six SNP—gene pairs for which we found significant associations with
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TABLE 5 Differential expression of transcript isoforms in the qPCR data set.

10.3389/fimmu.2022.931831

Gene (ASE) MS patients vs. healthy controls Splice SNP Genotypes
Group (n) MV Mean + SD p-value RA(n) MV Mean+SD p-value

CLECI6A (long exon 11) Healthy (n = 25) 0 75.54 + 20.26 0.7001 rs11074944 2 RA (n = 100) 0 74.24 *+ 26.50 0.0206
PPMS (n=11) 0 82.60 + 20.81 IRA(=9) 0 95.93 + 26.86
RRMS (n = 73) 0 7520 £ 29.92 O0RA (n=0) — —

CLECI6A (exon 22) Healthy (n = 25) 0 132.90 + 52.02 0.0125 rs3214361 genotyping failed
PPMS (n =11) 0 148.62 + 60.19
RRMS (n=73) 0 108.27 + 47.59

EFCABI3 (exon 9 & 10 inclusion) Healthy (n = 25) 5 19.77 + 20.13 0.9909 rs3851808 2 RA (n=18) 0 59.34 + 42.59 3.4e-14
PPMS (n=11) 2 1941 + 27.52 1RA(n=49) 1 21.29 + 20.96
RRMS (n = 73) 11 20.45 + 32.60 0 RA (n = 42) 17 2.13 £3.74

GSDMB (exon 6 inclusion) Healthy (n=25) 0 49.26 + 50.89 0.8156 rs11078928 2RA (n=12) 0 1.19 +2.38 5.4e-06
PPMS (n = 11) 0 61.04 + 51.63 1RA (n =64) 0 50.28 + 37.73
RRMS (n = 73) 0 53.02 + 5091 0 RA (n = 33) 0 76.99 = 64.97

HLA-C (without intron 2) Healthy (n = 25) 0 5673.15 + 4759.72  0.5373 rs1131123* 2 RA (n =29) 0 4851.27 + 3601.61  0.8859
PPMS (n = 11) 0 4423.68 + 3353.48 1 RA (n = 65) 0 4989.49 + 3830.44
RRMS (n = 73) 0 4786.48 + 3489.30 0 RA (n =15) 0 4993.27 + 4210.72

IL7R (exon 6 inclusion) Healthy (n = 25) 0 62.06 + 35.36 0.0015 156897932 2 RA (n = 64) 0 40.71 + 38.50 0.8838
PPMS (n = 11) 0 17.38 + 12.75 1RA (n=37) 0 46.77 + 38.83
RRMS (n = 73) 0 39.26 + 37.44 O0RA (n=28) 0 34.17 £10.20

NCAPH?2 (without intron 19) Healthy (n=25) 0 149.13 + 42.44 0.0495 rs2782 2RA (n=18) 0 147.47 + 54.08 0.7155
PPMS (n = 11) 0 153.54 + 43.05 1 RA (n = 60) 0 124.46 + 46.71
RRMS (n=73) 0 12643 + 49.97 ORA(n=31) 0 145.94 + 46.21

SP140 (exon 7 skipping) Healthy (n = 25) 0 88.46 + 84.25 0.0996 1528445040 2RA (n=5) 0 272.56 + 129.84 3.2¢-18
PPMS (n=11) 0 15327 +173.82 1RA(n=41) 0 156.19 + 94.40
RRMS (n = 73) 0 89.07 + 78.93 0 RA (n = 63) 0 41.80 + 28.00

TSFEM (exon 3 & 4 inclusion) Healthy (n =25) 19 0.12 £ 0.24 0.7139 rs2014886* 2RA (n=53) 47 0.02 + 0.08 1.2e-05
PPMS (n =11) 9 0.10 £ 0.20 1 RA (n =45) 24 0.24 £ 0.37
RRMS (n=73) 48 0.16 + 0.33 ORA(n=11) 5 035 + 0.4

TSFM (exon 6 & 7 inclusion) Healthy (n = 25) 6 1.02 + 0.95 0.8438 rs10783847 2 RA (n = 54) 9 1.45 + 245 0.1827
PPMS (n=11) 3 1.32 + 0.58 1RA(n=44) 6 0.98 + 0.65
RRMS (n =73) 9 1.25 +2.12 0RA (n=11) 3 0.90 + 0.76

Verification of ASE-dependent transcript expression in B cells by isoform-specific assays in a subset of 109 samples. Shown are group means and standard deviations of the qPCR data that
were normalized and transformed to linear scale (Mean + SD). The number of samples in which the corresponding transcript could not be detected and for which Cr values were thus

imputed is indicated (MV). The structure of the table is otherwise similar to Table 4, except that for HLA-C the alternative event was considered rather than intron 2 retention due to invalid

data for one of the assays used. The full summary statistics for the qPCR data analysis are given in Supplementary Tables S11 and S12 (Supplementary file). Significant expression differences
(p < 0.01) are shown in bold. For EFCAB13, GSDMB, SP140 and TSEM, we verified the corresponding ASEs as genotype-dependent. * For technical reasons, the designated splice SNP was
tagged by a proximal SNP (Supplementary file). —, not available; ASE, alternative splicing event; MS, multiple sclerosis; MV, missing values; n, number; PPMS; primary progressive MS; RA,

risk allele; RRMS, relapsing-remitting MS; SNP, single-nucleotide polymorphism.

Multiple sclerosis—associated splice
single-nucleotide polymorphism affects
splicing pattern of TSFM

Since evidence of genotype-dependent splicing was found
for 6 of the 10 SNP-gene pairs within the transcriptome and/
or qPCR data for our study cohort, we used splicing reporter
minigene assays to investigate whether the ASEs are
causally related to the splice SNP allele variants. We
focused on the seven ASEs that have not yet been
previously studied in the samples of MS patients according
to our recent systematic review (49), i.e., for CLECI16A, the
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alternative 5 donor site and the alternative last exon, exon
skipping for EFCABI13 and TSFM, and intron retention for
HLA-C and NCAPH2 (Table 1).

When the MS risk allele of the splice SNP rs2014886 is
present, there is a C two nucleotides downstream of TSFM exon
3 (variant V1). In this case, we observed TSEM exon 3 skipping
(Figure 4). On the other hand, when the minigene construct
carried the alternative allele T (variant V2), exon 3 was
frequently included between the constitutively expressed rat
insulin exons (Figures 4B, C). More precisely, the creation of
the donor splice site due to the allele T resulted in a significant
shift in the expression of the transcript isoforms: from a
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proportion of nearly 100% exon skipping to a proportion of 61%
exon skipping and 39% exon inclusion (p = 2.8e-09). We verified
that the ASE of TSFM depends on splice SNP rs2014886 by
sequencing (Figure 4D). These findings are in line with the
results from the analyses of B cells with microarrays and qPCR
assays (Tables 4, 5).

We also observed a preferential intron 2 retention for HLA-
Crelated to the MS risk allele T of SNP rs1131123 (Figure S3). In
the presence of the allele T, we saw a shift of the relative
proportion of intron 2 retention from 67% to 87% (p = 3.6e-
08). This is consistent with the observations from the microarray
data analysis (Figure 2). However, for the other five SNP-gene
pairs (CLECI6A | rs11074944, CLECIGA | rs3214361, EFCABI3 |
rs3851808, NCAPH2 | rs2782 and TSFM | rs10783847), similar
relative proportions of the different transcription products were
obtained independently of the allelic variant, and the tests for
interactions did not reach the significance level. Thus, we could
not confirm that these ASEs are causally related to the splice SNP
genotypes in the minigene assays (Figure S3).

Discussion

In this study, we combined in silico evaluations to identify
SNPs that may alter pre-mRNA splicing with expression
analyses of B cells and with cell culture experiments. We
demonstrate that the genotype of SNPs in LD with MS-
associated genetic variants can affect pre-mRNA splicing and
thus the expression of splice isoforms. We observed an

10.3389/fimmu.2022.931831

association of the splice SNP genotype with the expression of
exons and exon-exon junctions for six SNP-gene pairs
(EFCAB13 | rs3851808, GSDMB | rs11078928, HLA-C |
rs1131123, SP140 | rs28445040, TSFM | rs10783847, and
TSFM | rs2014886) in the microarray data. The differential
alternative splicing could be verified by qPCR analyses for
EFCABI13, GSDMB, SP140, and TSFM. With our findings for
GSDMB and SP140, we could support previous results in the
literature showing that the MS-associated SNPs affect alternative
splicing (49).

As a starting point, we used various bioinformatic tools to
prioritize genetic variants that are likely to alter the pre-mRNA
splicing of MS risk genes. We here focused on SNPs located in an
exon or within 400 bp of the adjacent intronic regions of these
genes. According to previous studies, most splicing factor motifs
can be found within this selected 400 bp window (59-61). For
the prediction of splicing events due to genetic variants, different
tools and databases are available (62-64). We used the Human
Splicing Finder to investigate whether a SNP may affect a cis-
element such as a branch point, a splice site, or an exonic/
intronic splicing enhancer or silencer, and we used the
POSTAR2 database to identify SNPs in experimentally
determined RBP-binding sites. Finally, we determined 10
SNP-gene pairs (10 SNPs and 8 different genes) for the
further event-focused investigations. The reliability of our
splice SNP selection procedure was supported by the
identification of ASEs for GSDMB | rs11078928, IL7R |
1rs$6897932, and SP140 | rs28445040 as an aberrant genotype-
dependent splicing in MS has been previously described for these
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FIGURE 4

Effect of MS-associated splice SNP on TSFM exon 3 skipping. (A) Simplified depiction of the minigene assay for TSFM. The sequences of TSFM
exon 3 (gray box) as well as 400 bp of the up- and downstream introns were cloned between rat insulin exon 2 and 3 (burgundy boxes) of the
pDESTsplice vector. The splice SNP rs2014886 is located in the intronic region 2 nucleotides downstream of exon 3. The matching sequences
for the PCR primers are located in the sequences of the rat insulin exons (P1 and P2). If TSFM exon 3 is included in the resulting transcript, the
PCR product has a size of 233 bp. If exon 3 is skipped, the resulting PCR product has a size of 195 bp. (B) The PCR products for the variants V1
and V2 (from triplicate measurements) were visualized by gel electrophoresis. V1 represents the MS risk allele C and V2 represents the
alternative allele T of splice SNP rs2014886. (C) The relative proportions of splice isoforms that resulted due to TSFM exon 3 skipping or TSFM
exon 3 inclusion for the allele variants V1 (green) and V2 (gray). The MS risk allele C of splice SNP rs2014886 favors TSFM exon 3 skipping. The
two splice isoforms were verified by reverse direction sequencing (D, E). —, negative control; bp, base pairs; Ex, exon; M, size standard; MS,
multiple sclerosis; NT, non-template control; P1, PCR_RatInsEx2; P2, PCR_RatInsEx3 (Supplementary Table S6, Supplementary file); SNP, single-

nucleotide polymorphism.
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three SNP-gene pairs (49), and the SNPs are also reported as
sQTL SNPs for whole-blood and EBV-transformed lymphocyte
samples in the GTEx portal (34). Most of the eight prioritized
genes are expressed with a low immune cell type specificity
according to the Human Protein Atlas (65). However, two of the
genes are expressed more specifically in certain immune cell
types: IL7R is expressed mainly in the subsets of T cells and
natural killer cells, and SP140 is expressed mainly in memory B
cells (66).

Then, we examined the association between the genotype of
splice SNPs with the expression of the genes as well as with the
levels of individual exons/junctions of the distinct splice
isoforms of these genes in B cells from MS patients and
healthy controls. Apart from the fact that we did not include
SPMS patients, the group of MS patients resembled the typical
characteristics of MS patients in European MS registries in terms
of age, disease status, and sex (67). In line with the literature (50,
68-70), we observed a significant differential expression of exon
6 of IL7R in MS patients as compared to healthy controls. In our
data, the levels of transcripts containing exon 6 were lower in MS
patients, but we could not find the previously described
association to the MS risk allele C of the non-synonymous
splice SNP rs6897932 (T244I). However, the latter might result
from the fact that we studied the expression in B cells and not in
T cells, in which IL7R is more strongly expressed (66). IL7R
encodes for a cell surface receptor for interleukin-7, which plays
an essential role for the development and survival of T cells (71).
Gregory et al. reported that the C allele of SNP rs6897932
augments an exonic splicing silencer and thus promotes exon
6 skipping, leading to a splice isoform that encodes a soluble
form of the protein (50). This is of relevance as increased levels
of soluble interleukin-7 receptor have been shown to exacerbate
the disease severity in an EAE mouse model, presumably by
increasing the activity or bioavailability of interleukin-7 (72).
Our analyses of B-cell RNA samples by microarrays and qPCR
indicated a genotype-dependent skipping of GSDMB exon 6 and
SP140 exon 7. Consistent with our findings, Cardamone et al.
(68), Garrido-Martin et al. (73), and Morrison et al. (74) found
that the MS risk allele C of SNP rs11078928 affects the acceptor
splice site of GSDMB exon 6, resulting in increased exon 6
skipping. The encoded protein Gasdermin-B mediates
pyroptosis (75) and, in addition to MS, genetic variants in the
GSDMB gene have also been associated with susceptibility to
other multifactorial autoimmune diseases like rheumatoid
arthritis (76) and ulcerative colitis (77). With regard to the
genotype-dependent splicing of SP140, Cardamone et al. (78)
and Matesanz et al. (79) could demonstrate via minigene assays
that the MS risk allele T of SNP rs28445040 leads to the skipping
of exon 7. The function of the protein encoded by SP140 is only
partially known. However, the presence of chromatin-related
protein domains indicates a role in the chromatin-mediated
regulation of gene expression (80). In addition, Karaky et al.
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reported that SP140 regulates the expression of immune-related
genes that are associated with MS (81).

For four other SNP-gene pairs (EFCABI3 | rs3851808, HLA-
C | rs1131123, TSFM | rs2014886, and TSFM | rs10783847), we
could detect differential alternative splicing in B cells in relation
to the MS risk allele. We observed increased EFCABI3
expression and preferential inclusion of exons 9 and 10 in the
presence of the MS risk allele C of splice SNP rs3851808. The
genotype dependency of this ASE is supported by an sQTL
association that is reported for EFCABI3 | rs3851808 for EBV-
transformed lymphocytes and other cell types and tissues in the
GTEx portal (34). The protein encoded by EFCABI3 contains a
calcium-binding domain that is shared by a variety of calcium
sensor proteins, which play a role in neuronal function and
plasticity (82, 83). Diseases implicated with calcium sensor
proteins are, for instance, Alzheimer’s disease (84) and various
cancer types (85, 86).

For HLA-C | rs1131123, we observed a trend toward
preferential HLA-C intron 2 retention in the presence of the
MS risk allele T of the non-synonymous splice SNP rs1131123
(D114A). This genotype dependency was also observed with the
minigene assay. HLA-C encodes a class I major
histocompatibility complex antigen. Class I molecules play a
central role in the immune system and have repeatedly been
demonstrated to contribute to the genetic susceptibility to MS
(87-89). However, there were challenges in examining the ASE
of pre-mRNA from HLA-C: first, in the microarray data, we
could only evaluate the expression of the transcript variant in
which intron 2 is retained in the mRNA because there are no
PSR/JUC probe sets for HLA-C intron 2 exclusion on the
employed chip model. Second, only one of the two qPCR
assays used to measure transcript splice isoforms of HLA-C
provided valid data, which might be due to a sensitivity of the
primer pair toward HLA-C subtypes. Since the SNP rs1131123 is
not recorded in the GTEx portal (34), further investigations, e.g.,
with RNA sequencing, could be helpful to ascertain the
presumed genotype-dependent splicing of HLA-C intron 2.

We found that exons 3 and 4 of the short transcript variant
ENST00000417094 are more frequently skipped in the presence of
the MS risk allele C of splice SNP rs2014886 and that this short
transcript is only rarely expressed in B cells. In line with our B-cell
transcriptome data and minigene assay data, an association of the
C allele of SNP rs2014886 with TSFM exon 3 skipping was
previously reported by Morrison et al. (74). However, they only
studied a small study cohort of eight individuals per genotype. In a
recently published report, which focused exclusively on the
identification of potential cryptic exons based on literature
reports and the dbSNP database, a genotype-dependent splicing
of TSFM exon 3 was also postulated (90). Moreover, an sQTL that
links the skipping of TSFM exon 3 and 4 with SNP rs2014886 is
listed for EBV-transformed lymphocytes in the GTEx portal (34).
For the second SNP-gene pair with TSFM, we found that the MS
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risk allele G of splice SNP rs10783847 showed a strong trend
toward TSEM exon 6 and 7 inclusion of the transcript isoform
ENST00000550559. TSFM encodes for a mitochondrial
translation elongation factor, which catalyzes the exchange of
GDP to GTP (91, 92). As the respiratory chain function relies on
proper mitochondrial gene expression, differential TSFM
expression is associated with various diseases such as
encephalomyopathy, hypertrophic cardiomyopathy, and MS
(93-96). Noteworthy, Alcina et al. (96) described that SNP
rs10877013 affects TSFM expression in MS by altering the
enhancer activity of a regulatory element. This SNP is in almost
perfect LD with the two splice SNPs rs10783847 and rs2014886 in
the European population (33). Further studies are needed to better
understand the functional role of the different splice isoforms of
TSFM in relation to the pathogenesis of the multifactorial disease
MS. According to the Ensembl database, ENST00000417094
codes for an 89 amino acid long protein sequence (UniProt
F8WCK?2) but it is likely a target of nonsense-mediated decay.
However, experimental evidence remains to be established.

The following limitations should be considered when
interpreting the data of this study. First, due to the stringent
restrictions on the selection of experimentally screenable SNP-
gene pairs, it is possible that we have missed some MS-specific
ASEs. For instance, we did not include rare variants (minor
allele frequency < 1%) because the sample size would be
insufficient to study such variants. In addition, we focused
only on SNPs in or near exons and thus did not capture the
potential influence of deep intronic SNPs on splicing. Such
variants have been described for other diseases (61, 97-100).
Second, some genomic regions are characterized by long-range
LD. Hence, the observed effects on splicing may not represent
the only effects underlying the genetic associations with MS.
Third, in the analyses of differences in gene expression and
alternative splicing, we cannot exclude the possibility of
confounding variables, e.g., medical treatment and
comorbidities. Specifically, we observed a shift in the
proportions of B-cell subsets in patients treated with
alemtuzumab or cladribine (53). This contributed to the
variance in the gene expression data. Fourth, we conducted
our measurements in B cells and therefore may have missed or
underestimated the differential alternative splicing of genes that
are more abundantly expressed in other cell types (101). Even
though genetic effects on splicing are usually highly shared
across tissues and cell types (34), further insights into the effects
of genetic risk variants could be obtained by studying other cell
types, e.g., other peripheral immune cells such as T cells. Fifth,
our analysis of the microarray data relied on transcript isoforms
as annotated in the reference genome. Thus, we studied known
splice isoforms and may have missed novel splicing patterns,
which can potentially be identified by using RNA sequencing
(102, 103). Fifth, as we have previously described (46), there are
issues regarding the use of the minigene assay system, such as a
possible interference by the Gateway cloning attachment sites,
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an insufficient amount of an important splicing factor in the
used cell line, or the fact that only a small and specific part of the
gene is examined. The latter may lead to the misinterpretation
of ASEs as the splicing of exons can depend on the correct
splicing of other exons of the gene that are not included in the
minigene construct.

In conclusion, in this study, we focused on SNPs located in
genetic risk loci for MS that presumably affect pre-mRNA
splicing and thus may have an influential role in the
pathogenesis of the disease. We were able to support findings
from previous studies on MS-related ASEs for the pre-mRNAs
of GSDMB, IL7R, and SP140. For four novel SNP-gene pairs, we
found an association of the splice SNP genotypes with
differential alternative splicing in the B-cell transcriptome data.
Except for two SNP-gene pairs, we were able to validate the
findings of the microarray data analysis with the qPCR assays. In
addition, we were able to further substantiate our observations
from the B-cell expression data on TSFM exon 3 skipping by
using minigene assays. The MS risk allele C of the SNP
rs2014886 almost always led to TSFM exon 3 skipping,
whereas the alternative allele led to a low expression of
ENST00000417094 transcripts. However, the potential
functional impact of this ASE remains unclear. Further
functional studies are needed to identify the disease-causing
genetic variants and to explore their effects on splicing and the
resulting consequences of an aberrant expression of splice
isoforms to improve our understanding of the molecular
pathomechanisms of MS.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/
Supplementary Material.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethics committee of the University of Rostock.
The patients/participants provided their written informed
consent to participate in this study.

Author contributions

EP performed the bioinformatic prioritization of SNP-gene
pairs as well as the majority of the experiments. EP evaluated and
interpreted the obtained data. Furthermore, EP drafted the
manuscript and prepared the figures and tables. MH provided

frontiersin.org


https://doi.org/10.3389/fimmu.2022.931831
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Putscher et al.

support for the bioinformatic and statistical analyses of the data
and critically revised the manuscript. MS coordinated the sample
collection and gathered the clinical-demographic data. EP, NB
and BF processed the blood samples. NB performed the SNP
genotyping. DK was responsible for performing the microarray
measurements. PL provided valuable advice concerning the
splicing reporter minigene assays. MH, BF and UKZ
conceptualized the study. MH, EP, NB and UKZ secured
research funding. UKZ provided important intellectual insights
and supervised the research. All authors contributed to the
article and approved the submitted version.

Funding

EP received a scholarship from the Landesgraduiertenférderung
Mecklenburg-Vorpommern. NB was funded by the Stiftung der
Deutschen Wirtschaft (sdw). Research funding for this work was
provided by the Rostock University Medical Center (FORUN
program, grant 889034). In addition, this study was partially
funded by Sanofi Genzyme (grant GZ-2016-11560) and Merck
Serono GmbH (Darmstadt, Germany, an affiliate of Merck
KGaA, CrossRef Funder ID: 10.13039/100009945, grant
4501860307). The funder was not involved in the study design,
collection, analysis, interpretation of data, the writing of this
article or the decision to submit it for publication.

Acknowledgments

We thank Alexander Winkelmann, Stefanie Meister, and
Ales Dudesek for patient care and Antje Bombor and Ina
Schroder for coordinating the clinical visits and blood draws.
We wish to thank Nele Retzlaff and Deborah Sonnenberg for
reviewing the medical records. Our thanks go to Hans-Jiirgen
Thiesen, and Robert Jaster for providing access to technical
equipment. We thank the Core Facility for Cell Sorting and

References

1. Filippi M, Bar-Or A, Piehl F, Preziosa P, Solari A, Vukusic S, et al.
Multiple sclerosis. Nat Rev Dis Primers (2018) 4:43. doi: 10.1038/s41572-018-
0041-4

2. Lassmann H. Multiple sclerosis pathology. Cold Spring Harb Perspect Med
(2018) 8:a028936. doi: 10.1101/cshperspect.a028936
3. Walton C, King R, Rechtman L, Kaye W, Leray E, Marrie RA, et al. Rising

prevalence of multiple sclerosis worldwide: Insights from the atlas of MS, third
edition. Mult Scler (2020) 26:1816-21. doi: 10.1177/1352458520970841

4. Blaschke SJ, Ellenberger D, Flachenecker P, Hellwig K, Paul F, Péhlau D, et al.
Time to diagnosis in multiple sclerosis: Epidemiological data from the German
multiple sclerosis registry. Mult Scler (2022) 28:865-71. doi: 10.1177/
13524585211039753

5. Lublin FD, Reingold SC, Cohen JA, Cutter GR, Serensen PS, Thompson AJ,
et al. Defining the clinical course of multiple sclerosis: the 2013 revisions.
Neurology. (2014) 83:278-86. doi: 10.1212/WNL.0000000000000560

Frontiers in Immunology

182

10.3389/fimmu.2022.931831

Cell Analysis headed by Brigitte Miiller-Hilke for providing
the FACS equipment and technical support. We are grateful
to Ildiko Toth for laboratory support and to Felix Steinbeck
for his input on computational tools for analyzing
genetic data.

Conflict of interest

EP received travel funds from Novartis. MH received
speaking fees and travel funds from Bayer HealthCare, Biogen,
Merck, Novartis, and Teva. UKZ received research support as
well as speaking fees and travel funds from Alexion, Almirall,
Bayer HealthCare, Biogen, Bristol Myers Squibb, Janssen, Merck
Serono, Novartis, Roche, Sanofi Genzyme, and Teva as well as
EU, BMBF, BMWj, and DFG.

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

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.931831/full#supplementary-material

6. Zettl UK, Stiive O, Patejdl R. Immune-mediated CNS diseases: a review on
nosological classification and clinical features. Autoimmun Rev (2012) 11:167-73.
doi: 10.1016/j.autrev.2011.05.008

7. Reich DS, Lucchinetti CF, Calabresi PA. Multiple sclerosis. N Engl ] Med
(2018) 378:169-80. doi: 10.1056/NEJMral401483

8. Dendrou CA, Fugger L, Friese MA. Immunopathology of multiple sclerosis.
Nat Rev Immunol (2015) 15:545-58. doi: 10.1038/nri3871

9. Frahm N, Ellenberger D, Fneish F, Christoph K, Warnke C, Zettl UK, et al.
Characteristics of secondary progressive multiple sclerosis: Disease activity and
provision of care in Germany - a registry-based/multicentric cohort study. Mult
Scler Relat Disord (2021) 56:103281. doi: 10.1016/j.msard.2021.103281

10. Rommer PS, Eichstidt K, Ellenberger D, Flachenecker P, Friede T, Haas J,
et al. Symptomatology and symptomatic treatment in multiple sclerosis: Results
from a nationwide MS registry. Mult Scler (2019) 25:1641-52. doi: 10.1177/
1352458518799580

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.931831/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.931831/full#supplementary-material
https://doi.org/10.1038/s41572-018-0041-4
https://doi.org/10.1038/s41572-018-0041-4
https://doi.org/10.1101/cshperspect.a028936
https://doi.org/10.1177/1352458520970841
https://doi.org/10.1177/13524585211039753
https://doi.org/10.1177/13524585211039753
https://doi.org/10.1212/WNL.0000000000000560
https://doi.org/10.1016/j.autrev.2011.05.008
https://doi.org/10.1056/NEJMra1401483
https://doi.org/10.1038/nri3871
https://doi.org/10.1016/j.msard.2021.103281
https://doi.org/10.1177/1352458518799580
https://doi.org/10.1177/1352458518799580
https://doi.org/10.3389/fimmu.2022.931831
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Putscher et al.

11. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an expanded
disability status scale (EDSS). Neurology. (1983) 33:1444-52. doi: 10.1212/wnl.33.11.1444

12. Frischer JM, Bramow S, Dal-Bianco A, Lucchinetti CF, Rauschka H,
Schmidbauer M, et al. The relation between inflammation and neurodegeneration in
multiple sclerosis brains. Brain. (2009) 132:1175-89. doi: 10.1093/brain/awp070

13. Galea I, Ward-Abel N, Heesen C. Relapse in multiple sclerosis. BMJ (2015)
350:h1765. doi: 10.1136/bmj.h1765

14. Ellenberger D, Eichstidt K, Flachenecker P, Friede T, Haas J, Kleinschnitz C,
et al. Decreasing longitudinal use of glucocorticosteroids in multiple sclerosis. Mult
Scler Relat Disord (2018) 25:173-4. doi: 10.1016/j.msard.2018.07.040

15. Skierlo S, Rommer PS, Zettl UK. Symptomatic treatment in multiple
sclerosis-interim analysis of a nationwide registry. Acta Neurol Scand (2017)
135:394-9. doi: 10.1111/ane.12612

16. Giovannoni G. Disease-modifying treatments for early and advanced
multiple sclerosis: a new treatment paradigm. Curr Opin Neurol (2018) 31:233-
43. doi: 10.1097/WC0.0000000000000561

17. Linemann JD, Ruck T, Muraro PA, Bar-Or A, Wiendl H. Immune
reconstitution therapies: concepts for durable remission in multiple sclerosis. Nat
Rev Neurol (2020) 16:56-62. doi: 10.1038/s41582-019-0268-z

18. Rommer PS, Milo R, Han MH, Satyanarayan S, Sellner J, Hauer L, et al.
Immunological aspects of approved MS therapeutics. Front Immunol (2019)
10:1564. doi: 10.3389/fimmu.2019.01564

19. Comi G, Bar-Or A, Lassmann H, Uccelli A, Hartung H-P, Montalban X,
et al. Role of b cells in multiple sclerosis and related disorders. Ann Neurol (2021)
89:13-23. doi: 10.1002/ana.25927

20. Milo R. Therapies for multiple sclerosis targeting b cells. Croat Med J (2019)
60:87-98. doi: 10.3325/cm;j.2019.60.87

21. Baker D, Herrod SS, Alvarez-Gonzalez C, Zalewski L, Albor C, Schmierer K.
Both cladribine and alemtuzumab may effect MS via b-cell depletion. Neurol
Neuroimmunol Neuroinflamm (2017) 4:¢360. doi: 10.1212/NXI.0000000000000360

22. Hauser SL, Cree BAC. Treatment of multiple sclerosis: A review. Am | Med
(2020) 133:1380-1390.e2. doi: 10.1016/j.amjmed.2020.05.049

23. Rommer P, Zettl UK. Treatment options in multiple sclerosis and
neuromyelitis optica spectrum disorders. Curr Pharm Des (2022) 28:428-36.
doi: 10.2174/1381612827666210920151231

24. Wiendl H, Gold R, Berger T, Derfuss T, Linker R, Maurer M, et al. Multiple
sclerosis therapy consensus group (MSTCG): position statement on disease-
modifying therapies for multiple sclerosis (white paper). Ther Adv Neurol Disord
(2021) 14:17562864211039648. doi: 10.1177/17562864211039648

25. Belbasis L, Bellou V, Evangelou E, Toannidis JPA, Tzoulaki I. Environmental
risk factors and multiple sclerosis: an umbrella review of systematic reviews and meta-
analyses. Lancet Neurology (2015) 14:263-73. doi: 10.1016/S1474-4422(14)70267-4

26. Olsson T, Barcellos LF, Alfredsson L. Interactions between genetic, lifestyle
and environmental risk factors for multiple sclerosis. Nat Rev Neurol (2017) 13:25—
36. doi: 10.1038/nrneurol.2016.187

27. Bjornevik K, Cortese M, Healy BC, Kuhle J, Mina M]J, Leng Y, et al
Longitudinal analysis reveals high prevalence of Epstein-Barr virus associated
with multiple sclerosis. Science (2022) 375:296-301. doi: 10.1126/science.abj8222

28. Hecker M, Bithring J, Fitzner B, Rommer PS, Zettl UK. Genetic,
environmental and lifestyle determinants of accelerated telomere attrition as
contributors to risk and severity of multiple sclerosis. Biomolecules. (2021)
11:1510. doi: 10.3390/biom11101510

29. Rommer PS, Ellenberger D, Hellwig K, Haas J, P6hlau D, Stahmann A, et al.
Relapsing and progressive MS: the sex-specific perspective. Ther Adv Neurol Disord
(2020) 13:1756286420956495. doi: 10.1177/1756286420956495

30. Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, et al.
dbSNP: the NCBI database of genetic variation. Nucleic Acids Res (2001) 29:308—
11. doi: 10.1093/nar/29.1.308

31. Brookes AJ. The essence of SNPs. Gene. (1999) 234:177-86. doi: 10.1016/
$0378-1119(99)00219-x

32. International Multiple Sclerosis Genetics Consortium. Multiple sclerosis
genomic map implicates peripheral immune cells and microglia in susceptibility.
Science (2019) 365:eaav7188. doi: 10.1126/science.aav7188

33. Machiela MJ, Chanock SJ. LDlink: a web-based application for exploring
population-specific haplotype structure and linking correlated alleles of possible
functional variants. Bioinformatics. (2015) 31:3555-7. doi: 10.1093/bioinformatics/
btv402

34. GTEx Consortium. The GTEx consortium atlas of genetic regulatory effects
across human tissues. Science (2020) 369:1318-30. doi: 10.1126/science.aaz1776

35. James T, Lindén M, Morikawa H, Fernandes SJ, Ruhrmann S, Huss M, et al.
Impact of genetic risk loci for multiple sclerosis on expression of proximal genes in
patients. Hum Mol Genet (2018) 27:912-28. doi: 10.1093/hmg/ddy001

Frontiers in Immunology

183

10.3389/fimmu.2022.931831

36. Vandiedonck C. Genetic association of molecular traits: A help to identify
causative variants in complex diseases. Clin Genet (2018) 93:520-32. doi: 10.1111/
cge.13187

37. Zhernakova DV, Deelen P, Vermaat M, van Iterson M, van Galen M,
Arindrarto W, et al. Identification of context-dependent expression quantitative
trait loci in whole blood. Nat Genet (2017) 49:139-45. doi: 10.1038/ng.3737

38. Chen L, Ge B, Casale FP, Vasquez L, Kwan T, Garrido-Martin D, et al.
Genetic drivers of epigenetic and transcriptional variation in human immune cells.
Cell. (2016) 167:1398-1414.e24. doi: 10.1016/j.cell.2016.10.026

39. Shi Y. Mechanistic insights into precursor messenger RNA splicing by the
spliceosome. Nat Rev Mol Cell Biol (2017) 18:655-70. doi: 10.1038/nrm.2017.86

40. Lee Y, Rio DC. Mechanisms and regulation of alternative pre-mRNA
splicing. Annu Rev Biochem (2015) 84:291-323. doi: 10.1146/annurev-biochem-
060614-034316

41. FuX-D, Ares M. Context-dependent control of alternative splicing by RNA-
binding proteins. Nat Rev Genet (2014) 15:689-701. doi: 10.1038/nrg3778

42. Manning KS, Cooper TA. The roles of RNA processing in translating
genotype to phenotype. Nat Rev Mol Cell Biol (2017) 18:102-14. doi: 10.1038/
nrm.2016.139

43. Anna A, Monika G. Splicing mutations in human genetic disorders:
examples, detection, and confirmation. ] Appl Genet (2018) 59:253-68.
doi: 10.1007/s13353-018-0444-7

44. Pineda JMB, Bradley RK. Most human introns are recognized via multiple
and tissue-specific branchpoints. Genes Dev (2018) 32:577-91. doi: 10.1101/
gad.312058.118

45. Yabas M, Elliott H, Hoyne GF. The role of alternative splicing in the control
of immune homeostasis and cellular differentiation. Int J Mol Sci (2015) 17:3.
doi: 10.3390/ijms17010003

46. Putscher E, Hecker M, Fitzner B, Lorenz P, Zettl UK. Principles and
practical considerations for the analysis of disease-associated alternative splicing
events using the gateway cloning-based minigene vectors pDESTsplice and
pSpliceExpress. Int ] Mol Sci (2021) 22:5154. doi: 10.3390/ijms22105154

47. Scotti MM, Swanson MS. RNA Mis-splicing in disease. Nat Rev Genet
(2016) 17:19-32. doi: 10.1038/nrg.2015.3

48. Yeo GW, van Nostrand E, Holste D, Poggio T, Burge CB. Identification and
analysis of alternative splicing events conserved in human and mouse. Proc Natl
Acad Sci U S A. (2005) 102:2850-5. doi: 10.1073/pnas.0409742102

49. Hecker M, Riige A, Putscher E, Boxberger N, Rommer PS, Fitzner B, et al.
Aberrant expression of alternative splicing variants in multiple sclerosis - a systematic
review. Autoimmun Rev (2019) 18:721-32. doi: 10.1016/j.autrev.2019.05.010

50. Gregory SG, Schmidt S, Seth P, Oksenberg JR, Hart J, Prokop A, et al.
Interleukin 7 receptor alpha chain (IL7R) shows allelic and functional association
with multiple sclerosis. Nat Genet (2007) 39:1083-91. doi: 10.1038/ng2103

51. Desmet F-O, Hamroun D, Lalande M, Collod-Béroud G, Claustres M,
Béroud C. Human splicing finder: an online bioinformatics tool to predict splicing
signals. Nucleic Acids Res (2009) 37:e67. doi: 10.1093/nar/gkp215

52. Zhu'Y, Xu G, Yang YT, Xu Z, Chen X, Shi B, et al. POSTAR2: deciphering
the post-transcriptional regulatory logics. Nucleic Acids Res (2019) 47:D203-11.
doi: 10.1093/nar/gky830

53. Hecker M, Fitzner B, Putscher E, Schwartz M, Winkelmann A, Meister S,
et al. Implication of genetic variants in primary microRNA processing sites in the
risk of multiple sclerosis. EBioMedicine. (2022) 80:104052. doi: 10.1016/
j.ebiom.2022.104052

54. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G,
et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria.
Lancet Neurol (2018) 17:162-73. doi: 10.1016/S1474-4422(17)30470-2

55. McCall MN, McMurray HR, Land H, Almudevar A. On non-detects in
qPCR data. Bioinformatics. (2014) 30:2310-6. doi: 10.1093/bioinformatics/btu239

56. Kishore S, Khanna A, Stamm S. Rapid generation of splicing reporters with
pSpliceExpress. Gene. (2008) 427:104-10. doi: 10.1016/j.gene.2008.09.021

57. Ritchie ME, Phipson B, Wu Di, Hu Y, Law CW, Shi W, et al. Limma powers
differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res (2015) 43:e47. doi: 10.1093/nar/gkv007

58. Fox J, Weisberg S. An r companion to applied regression. 3rd ed. Thousand
Oaks: SAGE (2018).

59. Barash Y, Calarco JA, Gao W, Pan Q, Wang X, Shai O, et al. Deciphering the
splicing code. Nature. (2010) 465:53-9. doi: 10.1038/nature09000

60. Carazo F, Romero JP, Rubio A. Upstream analysis of alternative splicing: a

review of computational approaches to predict context-dependent splicing factors.
Brief Bioinform (2019) 20:1358-75. doi: 10.1093/bib/bby005

61. Vaz-Drago R, Custodio N, Carmo-Fonseca M. Deep intronic mutations and
human disease. Hum Genet (2017) 136:1093-111. doi: 10.1007/s00439-017-1809-4

frontiersin.org


https://doi.org/10.1212/wnl.33.11.1444
https://doi.org/10.1093/brain/awp070
https://doi.org/10.1136/bmj.h1765
https://doi.org/10.1016/j.msard.2018.07.040
https://doi.org/10.1111/ane.12612
https://doi.org/10.1097/WCO.0000000000000561
https://doi.org/10.1038/s41582-019-0268-z
https://doi.org/10.3389/fimmu.2019.01564
https://doi.org/10.1002/ana.25927
https://doi.org/10.3325/cmj.2019.60.87
https://doi.org/10.1212/NXI.0000000000000360
https://doi.org/10.1016/j.amjmed.2020.05.049
https://doi.org/10.2174/1381612827666210920151231
https://doi.org/10.1177/17562864211039648
https://doi.org/10.1016/S1474-4422(14)70267-4
https://doi.org/10.1038/nrneurol.2016.187
https://doi.org/10.1126/science.abj8222
https://doi.org/10.3390/biom11101510
https://doi.org/10.1177/1756286420956495
https://doi.org/10.1093/nar/29.1.308
https://doi.org/10.1016/s0378-1119(99)00219-x
https://doi.org/10.1016/s0378-1119(99)00219-x
https://doi.org/10.1126/science.aav7188
https://doi.org/10.1093/bioinformatics/btv402
https://doi.org/10.1093/bioinformatics/btv402
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1093/hmg/ddy001
https://doi.org/10.1111/cge.13187
https://doi.org/10.1111/cge.13187
https://doi.org/10.1038/ng.3737
https://doi.org/10.1016/j.cell.2016.10.026
https://doi.org/10.1038/nrm.2017.86
https://doi.org/10.1146/annurev-biochem-060614-034316
https://doi.org/10.1146/annurev-biochem-060614-034316
https://doi.org/10.1038/nrg3778
https://doi.org/10.1038/nrm.2016.139
https://doi.org/10.1038/nrm.2016.139
https://doi.org/10.1007/s13353-018-0444-7
https://doi.org/10.1101/gad.312058.118
https://doi.org/10.1101/gad.312058.118
https://doi.org/10.3390/ijms17010003
https://doi.org/10.3390/ijms22105154
https://doi.org/10.1038/nrg.2015.3
https://doi.org/10.1073/pnas.0409742102
https://doi.org/10.1016/j.autrev.2019.05.010
https://doi.org/10.1038/ng2103
https://doi.org/10.1093/nar/gkp215
https://doi.org/10.1093/nar/gky830
https://doi.org/10.1016/j.ebiom.2022.104052
https://doi.org/10.1016/j.ebiom.2022.104052
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1093/bioinformatics/btu239
https://doi.org/10.1016/j.gene.2008.09.021
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1038/nature09000
https://doi.org/10.1093/bib/bby005
https://doi.org/10.1007/s00439-017-1809-4
https://doi.org/10.3389/fimmu.2022.931831
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Putscher et al.

62. YiY, Zhao Y, Huang Y, Wang D. A brief review of RNA-protein interaction
database resources. Noncoding RNA. (2017) 3:6. doi: 10.3390/ncrna3010006

63. Ohno K, Takeda J-I, Masuda A. Rules and tools to predict the splicing effects
of exonic and intronic mutations. Wiley Interdiscip Rev RNA. (2018) 9:e1451.
doi: 10.1002/wrna.1451

64. Ptok J, Miiller L, Theiss S, Schaal H. Context matters: Regulation of splice
donor usage. Biochim Biophys Acta Gene Regul Mech (2019) 1862:194391.
doi: 10.1016/j.bbagrm.2019.06.002

65. Uhlen M, Karlsson MJ, Zhong W, Tebani A, Pou C, Mikes J, et al. A
genome-wide transcriptomic analysis of protein-coding genes in human blood
cells. Science (2019) 366:eaax9198. doi: 10.1126/science.aax9198

66. Monaco G, Lee B, Xu W, Mustafah S, Hwang YY, Carrée C, et al. RNA-Seq
signatures normalized by mRNA abundance allow absolute deconvolution of human
immune cell types. Cell Rep (2019) 26:1627-1640.¢7. doi: 10.1016/j.celrep.2019.01.041

67. Ohle L-M, Ellenberger D, Flachenecker P, Friede T, Haas J, Hellwig K, et al.
Chances and challenges of a long-term data repository in multiple sclerosis: 20th birthday
of the German MS registry. Sci Rep (2021) 11:13340. doi: 10.1038/s41598-021-92722-x

68. Cardamone G, Paraboschi EM, Rimoldi V, Duga S, Solda G, Asselta R. The
characterization of GSDMB splicing and backsplicing profiles identifies novel
isoforms and a circular RNA that are dysregulated in multiple sclerosis. Int J
Mol Sci (2017) 18:576. doi: 10.3390/ijms18030576

69. Galarza-Mufoz G, Briggs FBS, Evsyukova I, Schott-Lerner G, Kennedy EM,
Nyanhete T, et al. Human epistatic interaction controls IL7R splicing and increases
multiple sclerosis risk. Cell. (2017) 169:72-84.13. doi: 10.1016/j.cell.2017.03.007

70. Hoe E, McKay FC, Schibeci SD, Gandhi K, Heard RN, Stewart GJ, et al.
Functionally significant differences in expression of disease-associated IL-7
receptor alpha haplotypes in CD4 T cells and dendritic cells. J Immunol (2010)
184:2512-7. doi: 10.4049/jimmunol.0902900

71. Mazzucchelli R, Durum SK. Interleukin-7 receptor expression: intelligent
design. Nat Rev Immunol (2007) 7:144-54. doi: 10.1038/nri2023

72. Lundstrom W, Highfill S, Walsh STR, Beq S, Morse E, Kockum I, et al.
Soluble IL7Ro. potentiates IL-7 bioactivity and promotes autoimmunity. Proc Natl
Acad Sci U S A. (2013) 110:E1761-70. doi: 10.1073/pnas.1222303110

73. Garrido-Martin D, Borsari B, Calvo M, Reverter F, Guigo R. Identification
and analysis of splicing quantitative trait loci across multiple tissues in the human
genome. Nat Commun (2021) 12:727. doi: 10.1038/s41467-020-20578-2

74. Morrison FS, Locke JM, Wood AR, Tuke M, Pasko D, Murray A, et al. The
splice site variant rs11078928 may be associated with a genotype-dependent
alteration in expression of GSDMB transcripts. BMC Genomics (2013) 14:627.
doi: 10.1186/1471-2164-14-627

75. Zhou Z, He H, Wang K, Shi X, Wang Y, Su Y, et al. A from cytotoxic
lymphocytes cleaves GSDMB to trigger pyroptosis in target cells. Science (2020)
368:aaz7548. doi: 10.1126/science.aaz7548

76. Eyre S, Bowes ], Diogo D, Lee A, Barton A, Martin P, et al. High-density
genetic mapping identifies new susceptibility loci for rheumatoid arthritis. Nat
Genet (2012) 44:1336-40. doi: 10.1038/ng.2462

77. McGovern DPB, Gardet A, Torkvist L, Goyette P, Essers J, Taylor KD, et al.
Genome-wide association identifies multiple ulcerative colitis susceptibility loci.
Nat Genet (2010) 42:332-7. doi: 10.1038/ng.549

78. Cardamone G, Paraboschi EM, Solda G, Cantoni C, Supino D, Piccio L, et al.
Not only cancer: the long non-coding RNA MALAT]1 affects the repertoire of
alternatively spliced transcripts and circular RNAs in multiple sclerosis. Hum Mol
Genet (2019) 28:1414-28. doi: 10.1093/hmg/ddy438

79. Matesanz F, Potenciano V, Fedetz M, Ramos-Mozo P, Del Abad-Grau MM,
Karaky M, et al. A functional variant that affects exon-skipping and protein
expression of SP140 as genetic mechanism predisposing to multiple sclerosis.
Hum Mol Genet (2015) 24:5619-27. doi: 10.1093/hmg/ddv256

80. Zucchelli C, Tamburri S, Quilici G, Palagano E, Berardi A, Saare M, et al.
Structure of human Sp140 PHD finger: an atypical fold interacting with Pinl. FEBS
J (2014) 281:216-31. doi: 10.1111/febs.12588

81. Karaky M, Fedetz M, Potenciano V, Andres-Leon E, Codina AE,
Barrionuevo C, et al. SP140 regulates the expression of immune-related genes
associated with multiple sclerosis and other autoimmune diseases by NF-xB
inhibition. Hum Mol Genet (2018) 27:4012-23. doi: 10.1093/hmg/ddy284

82. Burgoyne RD, Haynes LP. Understanding the physiological roles of the
neuronal calcium sensor proteins. Mol Brain (2012) 5:2. doi: 10.1186/1756-6606-5-2

83. Heizmann CW. Ca2+-binding proteins of the EF-hand superfamily:
Diagnostic and prognostic biomarkers and novel therapeutic targets. Methods
Mol Biol (2019) 1929:157-86. doi: 10.1007/978-1-4939-9030-6_11

Frontiers in Immunology

184

10.3389/fimmu.2022.931831

84. Braunewell K-H. The darker side of Ca2+ signaling by neuronal Ca2
+-sensor proteins: from alzheimer's disease to cancer. Trends Pharmacol Sci
(2005) 26:345-51. doi: 10.1016/j.tips.2005.04.008

85. Laitinen VH, Rantapero T, Fischer D, Vuorinen EM, Tammela TLJ,
Wahlfors T, et al. Fine-mapping the 2q37 and 17q11.2-q22 loci for novel genes
and sequence variants associated with a genetic predisposition to prostate cancer.
Int J Cancer (2015) 136:2316-27. doi: 10.1002/ijc.29276

86. Natanzon Y, Earp M, Cunningham JM, Kalli KR, Wang C, Armasu SM, et al.
Genomic analysis using regularized regression in high-grade serous ovarian cancer.
Cancer Inform (2018) 17:1176935118755341. doi: 10.1177/1176935118755341

87. Hollenbach JA, Oksenberg JR. The immunogenetics of multiple sclerosis: A
comprehensive review. J Autoimmun (2015) 64:13-25. doi: 10.1016/
jjaut.2015.06.010

88. Link J, Lorentzen AR, Kockum I, Duvefelt K, Lie BA, Celius EG, et al. Two
HLA class I genes independently associated with multiple sclerosis. J
Neuroimmunol (2010) 226:172-6. doi: 10.1016/j.jneuroim.2010.07.006

89. Yeo TW, de JPL, SG G, LF B, Walton A, Goris An, et al. A second major
histocompatibility complex susceptibility locus for multiple sclerosis. Ann Neurol
(2007) 61:228-36. doi: 10.1002/ana.21063

90. Keegan NP, Fletcher S. A spotter's guide to SNPtic exons: The common
splice variants underlying some SNP-phenotype correlations. Mol Genet Genomic
Med (2022) 10:e1840. doi: 10.1002/mgg3.1840

91. Cai YC, Bullard JM, Thompson NL, Spremulli LL. Interaction of
mitochondrial elongation factor tu with aminoacyl-tRNA and elongation factor
ts. J Biol Chem (2000) 275:20308-14. doi: 10.1074/jbc.M001899200

92. D'Souza AR, Minczuk M. Mitochondrial transcription and translation:
overview. Essays Biochem (2018) 62:309-20. doi: 10.1042/EBC20170102

93. Boczonadi V, Ricci G, Horvath R. Mitochondrial DNA transcription and
translation: clinical syndromes. Essays Biochem (2018) 62:321-40. doi: 10.1042/
EBC20170103

94. Gil-Varea E, Fedetz M, Eixarch H, Spataro N, Villar LM, Urcelay E, et al. A
new risk variant for multiple sclerosis at 11q23.3 locus is associated with expansion
of CXCR5+ circulating regulatory T cells. J Clin Med (2020) 9:625. doi: 10.3390/
jem9030625

95. Handel AE, Handunnetthi L, Berlanga AJ, Watson CT, Morahan JM,
Ramagopalan SV. The effect of single nucleotide polymorphisms from genome
wide association studies in multiple sclerosis on gene expression. PloS One (2010) 5:
€10142. doi: 10.1371/journal.pone.0010142

96. Alcina A, Fedetz M, Fernandez O, Saiz A, Izquierdo G, Lucas M, et al.
Identification of a functional variant in the KIF5A-CYP27B1-METTL1-FAM119B
locus associated with multiple sclerosis. ] Med Genet (2013) 50:25-33. doi: 10.1136/
jmedgenet-2012-101085

97. Bergougnoux A, Délétang K, Pommier A, Varilh ], Houriez F, Altieri JP,
et al. Functional characterization and phenotypic spectrum of three recurrent
disease-causing deep intronic variants of the CFTR gene. J Cyst Fibros (2019)
18:468-75. doi: 10.1016/j.jcf.2018.10.012

98. Bauwens M, Garanto A, Sangermano R, Naessens S, Weisschuh N, de ZJ,
et al. ABCA4-associated disease as a model for missing heritability in autosomal
recessive disorders: novel noncoding splice, cis-regulatory, structural, and
recurrent hypomorphic variants. Genet Med (2019) 21:1761-71. doi: 10.1038/
541436-018-0420-y

99. Jung H, Lee KS, Choi JK. Comprehensive characterisation of intronic mis-
splicing mutations in human cancers. Oncogene. (2021) 40:1347-61. doi: 10.1038/
541388-020-01614-3

100. Moles-Fernandez A, Doménech-Vivo ], Tenés A, Balmana J, Diez O,
Gutiérrez-Enriquez S. Role of splicing regulatory elements and in silico tools
usage in the identification of deep intronic splicing variants in hereditary Breast/
Ovarian cancer genes. Cancers (Basel) (2021) 13:3341. doi: 10.3390/
cancers13133341

101. Kim-Hellmuth S, Aguet F, Oliva M, Mufioz-Aguirre M, Kasela S, Wucher

V, et al. Cell type-specific genetic regulation of gene expression across human
tissues. Science (2020) 369:eaaz8528. doi: 10.1126/science.aaz8528

102. Zhao S, Fung-Leung W-P, Bittner A, Ngo K, Liu X. Comparison of RNA-
seq and microarray in transcriptome profiling of activated T cells. PloS One (2014)
9:€78644. doi: 10.1371/journal.pone.0078644

103. Rao MS, van Vleet TR, Ciurlionis R, Buck WR, Mittelstadt SW, Blomme
EAG, et al. Comparison of RNA-seq and microarray gene expression platforms for
the toxicogenomic evaluation of liver from short-term rat toxicity studies. Front
Genet (2018) 9:636. doi: 10.3389/fgene.2018.00636

frontiersin.org


https://doi.org/10.3390/ncrna3010006
https://doi.org/10.1002/wrna.1451
https://doi.org/10.1016/j.bbagrm.2019.06.002
https://doi.org/10.1126/science.aax9198
https://doi.org/10.1016/j.celrep.2019.01.041
https://doi.org/10.1038/s41598-021-92722-x
https://doi.org/10.3390/ijms18030576
https://doi.org/10.1016/j.cell.2017.03.007
https://doi.org/10.4049/jimmunol.0902900
https://doi.org/10.1038/nri2023
https://doi.org/10.1073/pnas.1222303110
https://doi.org/10.1038/s41467-020-20578-2
https://doi.org/10.1186/1471-2164-14-627
https://doi.org/10.1126/science.aaz7548
https://doi.org/10.1038/ng.2462
https://doi.org/10.1038/ng.549
https://doi.org/10.1093/hmg/ddy438
https://doi.org/10.1093/hmg/ddv256
https://doi.org/10.1111/febs.12588
https://doi.org/10.1093/hmg/ddy284
https://doi.org/10.1186/1756-6606-5-2
https://doi.org/10.1007/978-1-4939-9030-6_11
https://doi.org/10.1016/j.tips.2005.04.008
https://doi.org/10.1002/ijc.29276
https://doi.org/10.1177/1176935118755341
https://doi.org/10.1016/j.jaut.2015.06.010
https://doi.org/10.1016/j.jaut.2015.06.010
https://doi.org/10.1016/j.jneuroim.2010.07.006
https://doi.org/10.1002/ana.21063
https://doi.org/10.1002/mgg3.1840
https://doi.org/10.1074/jbc.M001899200
https://doi.org/10.1042/EBC20170102
https://doi.org/10.1042/EBC20170103
https://doi.org/10.1042/EBC20170103
https://doi.org/10.3390/jcm9030625
https://doi.org/10.3390/jcm9030625
https://doi.org/10.1371/journal.pone.0010142
https://doi.org/10.1136/jmedgenet-2012-101085
https://doi.org/10.1136/jmedgenet-2012-101085
https://doi.org/10.1016/j.jcf.2018.10.012
https://doi.org/10.1038/s41436-018-0420-y
https://doi.org/10.1038/s41436-018-0420-y
https://doi.org/10.1038/s41388-020-01614-3
https://doi.org/10.1038/s41388-020-01614-3
https://doi.org/10.3390/cancers13133341
https://doi.org/10.3390/cancers13133341
https://doi.org/10.1126/science.aaz8528
https://doi.org/10.1371/journal.pone.0078644
https://doi.org/10.3389/fgene.2018.00636
https://doi.org/10.3389/fimmu.2022.931831
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Putscher et al.

Glossary

Alt.
ANOVA
ASE
bp
CNS
Cr
dist.
EAE
EBV
EDSS
EDTA
eQTL
ESE
ESS
EUR
GEO
GWAS

HGNC
ISE

1SS
Juc

kb

LD
mRNA
MS

MS RA
MS SNP
MV

ng

PBMC
PPMS
pre-mRNA
PSR

qPCR

RBP
RRMS

RT
RT-PCR
SD

SNP
snRNPs
SNP splice

SPMS
sQTL
TAC

not available

alternative

analysis of variance

alternative splicing event

base pairs

central nervous system

threshold cycle

distance

experimental autoimmune encephalomyelitis
Epstein-Barr virus

Expanded Disability Status Scale
ethylenediaminetetraacetic acid
expression quantitative trait locus
exonic splicing enhancer

exonic splicing silencer

European population

Gene Expression Omnibus
genome-wide association study

hours

HUGO Gene Nomenclature Committee
intronic splicing enhancer

intronic splicing silencer

junction probe set

kilobase

linkage disequilibrium

messenger RNA

multiple sclerosis

MS risk allele

MS-associated lead SNP according to the most recent GWAS (32)
missing values

number

nanogram

peripheral blood mononuclear cells
primary progressive multiple sclerosis
precursor messenger ribonucleic acid
probe selection region

quantitative (real-time) polymerase chain reaction
risk allele

RNA-binding protein
relapsing-remitting multiple sclerosis
reverse transcription

reverse transcription polymerase chain reaction
standard deviation

single-nucleotide polymorphism

small nuclear ribonucleoproteins

potentially splice-altering SNP that is located in or near an exonic
region of a gene and that is in LD with an MS SNP

secondary progressive multiple sclerosis
splicing quantitative trait locus

Transcriptome Analysis Console

Frontiers in Immunology

185

10.3389/fimmu.2022.931831

frontiersin.org


https://doi.org/10.3389/fimmu.2022.931831
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

.‘ frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Robert Weissert,
University of Regensburg, Germany

REVIEWED BY
Bruce James Brew,

St. Vincent's Hospital Sydney, Australia
Chai K. Lim,

Macquarie University, Australia

Trevor William Stone,

University of Oxford, United Kingdom

*CORRESPONDENCE
Mohammadreza Hajiesmaeili
mrhajiesmaeili@sbmu.ac.ir
Fatemeh Sayehmiri
Fsayehmiri@yahoo.com

These authors have contributed
equally to this work and share first
authorship

SPECIALTY SECTION
This article was submitted to
Multiple Sclerosis

and Neuroimmunology,

a section of the journal
Frontiers in Immunology

RECEIVED 07 August 2022
AccepTED 04 October 2022
PUBLISHED 02 November 2022

CITATION

Fathi M, Vakili K, Yaghoobpoor S,
Tavasol A, Jazi K, Mohamadkhani A,
Klegeris A, McElhinney A, Mafi Z,
Hajiesmaeili M and Sayehmiri F (2022)
Dynamic changes in kynurenine
pathway metabolites in multiple
sclerosis: A systematic review.

Front. Immunol. 13:1013784.

doi: 10.3389/fimmu.2022.1013784

COPYRIGHT

© 2022 Fathi, Vakili, Yaghoobpoor,
Tavasol, Jazi, Mohamadkhani, Klegeris,
McElhinney, Mafi, Hajiesmaeili and
Sayehmiri. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Immunology

TYPE Systematic Review
PUBLISHED 02 November 2022
D01 10.3389/fimmu.2022.1013784

Dynamic changes in kynurenine
pathway metabolites in multiple
sclerosis: A systematic review
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Mohammadreza Hajiesmaeili® and Fatemeh Sayehmiri*
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Pancreatobiliary Diseases Research Center, Digestive Disease Research Institute, Shariati Hospital,
Tehran University of Medical Sciences, Tehran, Iran, “Department of Biology, Faculty of Science,
University of British Columbia, Kelowna, BC, Canada, *Faculty of Medicine, Shahid Beheshti
University of Medical Sciences, Tehran, Iran, ¢Critical Care Quality Improvement Research Center,
Loghman Hakim Hospital, Shahid Beheshti University of Medical Sciences, Tehran, Iran

Background: Multiple sclerosis (MS) is a debilitating neurodegenerative
disorder characterized by axonal damage, demyelination, and perivascular
inflammatory lesions in the white matter of the central nervous system
(CNS). Kynurenine pathway (KP), which is the major route of tryptophan
(TRP) metabolism, generates a variety of neurotoxic as well as
neuroprotective compounds, affecting MS pathology and the severity of
impairments. Alterations in KP have been described not only in MS, but also
in various psychiatric and neurodegenerative diseases. The purpose of this
systematic review is to investigate the previously reported dysregulation of KP
and differences in its metabolites and enzymes in patients with MS compared to
healthy control subjects.

Method: Electronic databases of PubMed, Scopus, Cochrane Database of
Systematic Reviews, and Web of Science were searched to identify studies
measuring concentrations of KP metabolites and enzymes in MS patients and
control subjects. The following metabolites and enzymes implicated in the KP
were investigated: TRP, kynurenine (KYN), kynurenic acid (KYNA), quinolinic
acid (QUIN), picolinic acid (PIC), hydroxyindoleacetic acid (HIAA),
indoleamine 2,3-dioxygenase (IDO), kynurenine aminotransferase (KAT),
and their related ratios.

Result: Ten studies were included in our systematic review. Our review
demonstrates that IDO expression is reduced in the peripheral blood
mononuclear cells (PBMCs) of MS patients compared to healthy controls.
Also, increased levels of QUIN and QUIN/KYNA in the serum and
cerebrospinal fluid (CSF) of MS patients is observed. Differences in levels of
other metabolites and enzymes of KP are also reported in some of the reviewed
studies, however there are discrepancies among the included reports.
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Conclusion: The results of this investigation suggest a possible connection
between alterations in the levels of KP metabolite or enzymes and MS. QUIN
levels in CSF were higher in MS patients than in healthy controls, suggesting
that QUIN may be involved in the pathogenesis of MS. The data indicate that
differences in the serum/blood or CSF levels of certain KP metabolites and
enzymes could potentially be used to differentiate between MS patients and

control subjects.

KEYWORDS

multiple sclerosis, kynurenine pathway, kynurenine, tryptophan, picolinic acid,
hydroxyindoleacetic acid, kynurenic acid, quinolinic acid

Introduction

Multiple sclerosis (MS) is one of the most prevalent
neurological disorders worldwide, with an annual incidence
rate of approximately 2 per 100,000 (1). MS is a disabling
neurodegenerative, autoimmune, inflammatory, and
demyelinating disease of the central nervous system (CNS) (2),
predominantly affecting young adults during their most
productive years which is from 20 to 50 (3, 4).

MS is characterized by axonal damage, demyelination, and
perivascular inflammatory lesions in the CNS white matter. T
lymphocytes autoreactive against CNS antigens may initiate MS
pathogenesis (5). Numerous proinflammatory factors and
cytokines have been found to be altered in the blood, brain
tissues, and cerebrospinal fluid (CSF) of MS patients (6). The
kynurenine pathway (KP) in MS is induced by proinflammatory
cytokine cascades resulting in altered levels of KP metabolites
(7, 8).

The KP is critical for providing cellular energy to the
immune system under physiological conditions, by generating
nicotinamide adenine dinucleotide (NAD"). However, the
metabolites of KP with neuroactive function, collectively
referred to as “kynurenines” play an important role in chronic
neuroinflammation. Under inflammatory conditions, these
metabolites are typically considered neurotoxic and gliotoxic
due to their adverse effects on glutamatergic neurotransmission
and direct toxicity towards neurons and glial cells (9, 10). In
addition, tryptophan (TRP) and some intermediate metabolites

Abbreviations: CSF, cerebrospinal fluid; MS, multiple sclerosis; RBC, red
blood cell; PBMC, peripheral blood mononuclear cell; TRP, tryptophan;
KYN, kynurenine; KYNA, kynurenic acid; QUIN, quinolinic acid; PIC,
picolinic acid; HIAA, hydroxyindoleacetic acid; LC, Liquid
chromatography; GC, gas chromatography; IDO,Indolacamine 2,3-
Dioxygenase; HK,3-hydroxykynurenine; AA, anthranilic acid; XA,
xanthurenic acid; KMO, Kynurenine 3 Monooxygenase; ROS, Reactive

oxygen species; BBB, Blood brain barrier.
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in the KP exhibit immunomodulatory properties. It is also well
established that the indoleamine 2,3-dioxygenase (IDO) enzyme
significantly contributes to immune regulation by depleting TRP
and producing kynurenine (KYN) (11, 12). A link between the
aryl hydrocarbon receptor and IDO is identified in the
expansion of Th1l7 and regulatory T cells, which plays a
significant role in various autoimmune disorders and cancer
(13, 14). Kynurenic acid (KYNA), which is a metabolite
produced through the KP, acts as a neuroprotective agent,
while quinolinic acid (QUIN) is an established neurotoxic
agent (15-20). Overall, alterations in the KP and in TRP
metabolism are critical in MS pathogenesis, since
abnormalities in TRP metabolism have been shown to impair
regulation of T cell activity (21).

In the KP, TRP is the first substrate converted to KYN by
two enzymes named IDO and tryptophan-2,3-
dioxygenase (TDO). KYN is subsequently catalyzed by
kynurenine aminotransferase (KAT) and kynurenine-3-
monooxygenase (KMO) to produce two different metabolites,
3-hydroxykynurenine (3-HK) and KYNA, respectively. 3-HK is
altered to 3-hydroxyanthranillic acid (3-HANA) by an enzyme
called kynureninase, and the next metabolite produced from 3-
HANA is QUIN. At last, NAD" is the ultimate metabolite of
TRP produced through the KP (22).

While activation of some KP enzymes have short-term
benefits, such as decreased T cell proliferation and
immunosuppression, their chronic activation results in the
production of neurotoxic metabolites and impairs the innate
repair mechanism of remyelination (23). In MS patients,
proinflammatory cytokine levels rise in the serum, resulting in
IDO activation (7). TRP levels are decreased in the CSF and
serum of patients with MS, suggesting the role of KP metabolism
in MS pathogenesis (24-26). In all stages of MS, changes in the
balance between neurotoxic and neuroprotective kynurenine
metabolites have been observed (27). The CSF levels of HIAA
are lower in MS patients compared to healthy control subjects
(28). Finally, any alteration in each of the KP metabolites and
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enzymes can affect neurons and contribute to the MS
pathogenesis and neurodegeneration. Therefore, the purpose
of this systematic review is to ascertain whether altered
metabolites and enzymes of KP can be measured in MS.

Materials and methods
Search strategy

We searched the following four databases for relevant
studies published up to March 2021: PubMed, Scopus,
Cochrane Database of Systematic Reviews, and Web of
Science. Two authors conducted an independent search using
the following query: (tryptophan OR kynurenine OR kynurenate
OR kynurenic OR anthranilic OR anthranilate OR quinolinate
OR quinolinic OR picolinate OR picolinic OR xanthurenic OR
xanthurenate) AND (multiple sclerosis OR disseminated
sclerosis). Additionally, we searched the reference lists of
related articles to avoid overlooking relevant studies. All 678
papers found during the search were inserted into the Endnote
software for screening. Following that, 366 duplicate
publications were deleted. Subsequently, the Newcastle-Ottawa
scale was used to evaluate the included studies (Table 2).

Inclusion and exclusion criteria

We included all observational studies published in English
that measured KP metabolites or enzymes in MS patients and
corresponding control subjects. We excluded animal studies,
those that lacked a control group, and those without randomized
sampling. After excluding duplicates (366), two authors
independently screened the initially identified articles based on
their titles and abstracts (31 studies remained). They examined
the full text of the selected studies and then shortlisted the
studies that met the inclusion criteria (10). Potential
disagreements were resolved by a third author (Figure 1).

Data extraction

All relevant data from eligible studies were extracted, including
first author name, country of origin, publication date, metabolite
measurement methods, patient and control group characteristics,
and measured levels of TRP, KP metabolites and enzymes. To this
end, two authors extracted data independently and then compared
their results. The current study was approved by the Shahid
Beheshti University of Medical Sciences ethics committee
IR.SBMU.RETECH.REC.1400.919.
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Results

The current study has been performed based on PRISMA
checklist. After screening the titles and abstracts of the initially
searched studies, 41 potentially relevant studies remained, of
which 17 articles were included in the systematic review
following full-text screening (3, 8, 16-18, 29-39) (Figure 1). It
should be regarded that we also excluded some potentially
relevant studies due to their designs. For instance, some
studies assessed KP metabolites only in animals, and some did
not compare KP metabolites levels with a healthy control group
(19, 40, 41). All studies included were published in English and
published up to March 2021. Two studies assessed the variables
in two distinct populations (32, 39). One study utilized two
cohorts, one of which met our inclusion criteria and was
included in the systematic review (16). Table 1 summarizes the
study characteristics and significant findings from the
included studies.

Kynurenine

Eleven studies (3, 8, 16, 29, 31, 33, 35, 37-39, 42) involving
730 individuals provided data on KYN levels (468 MS patients
and 262 healthy controls). Three studies (8, 16, 33) used CSF as
the sample source, four studies utilized serum (3, 29, 37, 38), one
study employed peripheral blood mononuclear cells (PBMCs)
(35), one study used urine as the sample source (31), and two
studies utilized both CSF and serum (39, 42). Negrotto et al. (35)
reported that RRMS patients in the remission phase had
remarkably lower KYN levels than controls in PBMCs (P<
0.001). Moreover, according to a study by Gaetani et al. (31),
RRMS patients had significantly lower KYN levels than controls
in the urine sample (P=0.010). In contrast, a study conducted by
Rajda et al. (8) illustrated that MS patients had significantly
higher levels of kynurenine in their CSF than healthy controls
(P=0.049). Moreover, Sadowska-bartosz et al. (38) and
Adamczyk-sowa et al. (29) stated in their studies that RRMS
patients without treatment have considerably increased levels of
KYN than healthy controls in their serum (P<0.05).
Additionally, Sadowska-bartosz et al. (38) and Adamczyk-sowa
et al. (29) reported significantly elevated levels of KYN in the
serum of RRMS patients without treatment compared with
RRMS patients treated with IFN-B1b (P<0.05 and P<0.01,
respectively). Besides, Herman et al. (33) illustrated that SPMS
patients had remarkably higher KYN levels in their CSF in
comparison to healthy controls and RRMS patients (P<0.05).
Also, in studies by Aeinehband et al. (16) on CSF (p>0.05),
Mancuso et al. (3) on serum (P>0.05), Lim et al. (42) on serum
and CSF, Olsson et al. on serum, and Tomosi et al. (39) on both
CSF and serum samples (P=0.169 and P= 0.894, respectively), no
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PRISMA 2020 flow diagram for new systematic reviews which included searches of databases.

significant difference in kynurenine levels was observed between
MS patients and controls. ()

Tryptophan

Eight studies (3, 8, 16, 35, 37-39, 42) involving 559 individuals
(361 MS patients and 198 healthy controls) provided data on TRP
levels. Two studies (8, 16) used CSF as the sample source, three
studies utilized serum (3, 37, 38), one study used PBMCs as the
sample source (35), and two studies employed both CSF and
serum (39, 42). Negrotto et al. (35) reported significantly higher
TRP levels in the PBMCs of RRMS patients who are in the
remission phase compared to controls (p=0.0007). However, in a
study by Rajda et al. (8), CSF levels of TRP were insignificantly
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lower in MS patients than in healthy controls (p=0.12). Three
other studies by Aeinehband et al. (16), Tomosi et al. (39), and
Lim et al. (42) demonstrated no significant differences in the CSF
levels of TRP in MS patients in comparison to controls (p>0.05,
p=0.92, and P>0.05 respectively). Similarly, five studies conducted
by Tomosi et al. (39), Mancuso et al. (3), Lim et al. (42), Olsson
et al. (37), and Sadowska-bartosz et al. (38) reported that TRP
levels in the serum samples of MS patients did not change
significantly (p> 0.05).

Kynurenic acid

Eight studies (8, 16-18, 32, 37, 39, 42) collected comparative
data on KYNA levels in 478 individuals (299 patients and 179
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TABLE 1 Summary of the main findings from studies included in the systematic review.

Study Place Patients (No) Controls (No) Age (mean (SD)) Types Treatment
(ref) of MS
All Male Female All Male Female Patients Controls

Rajda C (8) Hungary 37 18 19 22 11 11 34.10 38.60 ? None

Gaetani L Italy 47 7 40 43 16 27 31.80 32.70 RRMS 11 (None), 15

(31) (9.70) (10.60) (Interferons), 10
(Glatiramer acetate),
6
(Dimethylfumarate),
3 (Fingolimod), 1
(Natalizumab), 1
(Alemtuzumab)

Hartai Z Hungary 13 6 7 14 5 9 35.40 33.50 RRMS  None

(32) (13.10) (11.70)

Hartai Z Hungary 13 6 7 14 5 9 35.40 33.50 RRMS  None

(32) (13.10) (11.70)

Hartai Z Hungary 13 6 7 14 5 9 35.40 33.50 RRMS  None

(32) (13.10) (11.70)

Hartai Z Hungary 13 6 7 14 5 9 35.40 33.50 RRMS  None

(32) (13.10) (11.70)

Tomosi F Hungary 20 0 20 14 33.84 37.57 RRMS -

(39) (9.14) (10.09)
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Patients
phase

1 to 3 days
after the
appearance
of new
neurological
signs

Materials

CSF

urine

plasma

plasma

RBCs

RBCs

CSF

Methods

Mass spectrometry

HPLC-Mass
spectrometry/Mass
spectrometry

Mass spectrometry

spectrophotometrically

Mass spectrometry

spectrophotometrically

UHPLC- Mass
spectrometry/Mass
spectrometry

Metabolites

TRP, KYN,
KYNA, QUIN,
PIC, HIAA

KYN, KYN/
TRP

KYNA

KAT I, KAT I

KYNA

KAT I, KAT I

TRP, KYN,
KYNA, QUIN,
PIC, HIAA,

Key findings

No significant
difference in TRP,
KYNA, PIC, AND
HIAA levels
between the two
groups,

KYN and QUIN
levels higher in
patients

Lower KYN levels
and KYN/TRP in
patients

Higher KYNA
levels in patients

No significant
change in the
activities of the
KATSs in the plasma

No significant
difference in KYNA
levels between the
two groups

Higher KAT I and
KAT II activities in
the RBC of the
patients

with MS than in the
control group.

Lower levels of
KYNA, PIC, and
KYNA/KYN in

(Continued)
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TABLE 1 Continued

Study Place Patients (No) Controls (No) Age (mean (SD)) Types Treatment
(ref) of MS
All Male Female All Male Female Patients Controls
Tomosi F Hungary 20 0 20 14 33.84 37.57 RRMS -
(39) (9.14) (10.09)
Mancuso R Austria 36 13 23 15 5 10 37.94 37.83 RRMS  Glucocorticoid
(3) (8.52) (9.55) treatment for AMS
patients
Mancuso R Austria 36 13 23 15 5 10 37.94 37.83 RRMS  Glucocorticoid
(3) (8.52) (9.55) treatment for AMS

patients

191

Patients
phase

21 AMS
15 SMS

21 AMS
15 SMS

Materials

serum

Serum

PBMCs

Methods

UHPLC- Mass
spectrometry/Mass
spectrometry

HPLC

spectrophotometrically

Metabolites

QUIN/KYNA,
KYNA/KYN,
KYN/TRP

TRP, KYN,
KYNA, QUIN,
PIC, HIAA,
QUIN/KYNA,
KYNA/KYN,
KYN/TRP

TRP, KYN,
KYN/TRP

IDO mRNA

Key findings

patients.

No significant
difference in KYN,
TRP, HIAA levels,
and KYN/TRP
between the two
groups.

Higher levels of
QUIN and QUIN/
KYNA in patients

Lower levels of
HIAA in patients.
No significant
difference in TRP,
KYN, KYNA, PIC,
KYNA/KYN, and
KYN/TRP between
the two groups.
Higher levels of
QUIN and QUIN/
KYNA in patients

No significant
difference in TRP,
KYN, and KYN/
TRP between SMS
patients and HCs.
KYN levels and
KYN/TRP were
significantly higher
in SMS patients,
AMS patients
before the initiation
of glucocorticoids,
and HCs compared
with AMS patients
after the initiation
of glucocorticoids.
IDO expression was
decreased in SMS
patients compared
to HCs and AMS
patients before the

(Continued)
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TABLE 1 Continued

Study Place
(ref)
Nergotto L Argentina
(35)
Nergotto L Argentina
(35)

Aeinehband  Sweden
S (16)

Patients (No)

Controls (No)

Age (mean (SD))

All Male Female All Male Female Patients Controls

40

40

86

13 27
13 27
34 52

30 10 20
30 10 20
20 8 12

32.00
(7.90)

32.00
(7.90)

43.30
(11.80)

32.00
(5.90)

32.00
(5.90)

36.50
(9.30)

Types
of MS

RRMS

RRMS

72
RRMS,
5 PPMS,
and 9
SPMS

Treatment

16 (IFN-Bla) and 9
(glatiramer acetate)

16 (IFN-Bla) and 9
(glatiramer acetate)

77 (None), 7
(interferons), 1
(rituximab), 1
(glatiramer acetate)

192

Patients
phase

Remission

Remission

8 AMS, 19
SMS

Materials

PBMCs

PBMCs

CSF

Methods

reversed phase HPLC

Real time PCR, ELISA

HPLC- Mass
spectrometry/Mass
spectrometry

Metabolites

TRP, KYN

IDO mRNA,
IDO protein

TRP, KYN,
KYNA, QUIN,
QUIN/KYNA,
KYNA/KYN,
KYN/TRP

Key findings

initiation of
glucocorticoids.
IDO expression was
higher in SMS
patients than AMS
patients after the
initiation of
glucocorticoids.
Higher levels of
TRP in patients,
Lower levels of
KYN in patients

Reduced levels of
IDO expression in
patients both at
mRNA and protein
levels

Significant lower
levels of TRP, KYN,
KYNA, QUIN,
KYN/TRP, and
KYNA/KYN in MS
patients compared
with iOND
patients.

No significant
difference in QUIN/
KYNA between MS
and iOND patients.
Significant lower
levels of QUIN/
KYNA in RRMS-
relapse patients
compared with
OND patients.

No significant
difference in TRP,
KYN, KYNA,
QUIN, KYN/TRP,
and KYNA/KYN
between RRMS-
relapse patients and

(Continued)
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TABLE 1 Continued

Study
(ref)

Agliardi C
(30)

Huang YM
(34)

Nejati A

(36)

Lim (42)

Olsson (37)

Place

Italy

Sweden

Iran

Australia

Denmark

Patients (No)

Controls (No)

Age (mean (SD))

All Male Female All Male Female Patients Controls

675

37

84

87

58

235

24

29

14

440

37

60

58

44

680

37

70

49

50

271

20

14

16

409

37

50

35

34

50.0

31.59
(6.54)

34,55
(8.83)

47.44
(10.39)

34

64.17

31.19
(6.27)

34.16
(8.26)

4529
(11.7)

33

Types
of MS

596
RRMS,
79
PPMS

RRMS

RRMS

50
RRMS,
20
SPMS,
17
PPMS

RRMS

Treatment

None

7 (None), 74
(Interferon), 1
(Zidovudine), 1
(Mitoxantrone), 1
(Glatiramer acetate)

None

193

Patients Materials Methods Metabolites
phase

- Blood Spectrophotometrically IDO2 mRNA
expression

Remission PBMCs Spectrophotometrically IDO mRNA
expression

- PBMCs Spectrophotometrically IDO mRNA
expression

Serum, CSF UHPLC TRP, KYN,

KYNA, KYN/
TRP

Before Serum Mass spectrometry TRP, KYN,

initiation of KYNA, IDO

Key findings

OND patients.
The levels of TRP
and KYNA were
significantly higher
in PPMS patients
than in SPMS and
RRMS patients.
The levels of QUIN
and KYNA were
significantly higher
in PPMS patients
than in OND
patients.

No significant
differences in IDO2
activity between
multiple sclerosis
patients and HCs

Lower levels of IDO
mRNA expression
in all the Multiple
sclerosis patients
compared to all
HCs

Lower levels of IDO
mRNA expression
in Multiple sclerosis
patients compared
to HCs

Increased KYN/
TRP in the serum
of all the MS
subtype groups,
higher KYNA
serum levels in the
RRMS group
relative to HCs and
progressive MS
groups

Lower KYNA levels
in MS patients, No

(Continued)
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TABLE 1 Continued

Study
(ref)

Sadowska-
bartosz (38)

Rejdak (17)

Rejdak (18)

Herman
(33)

Adamczyk-
sowa (29)

Place

poland

poland

poland

sweden

poland

Patients (No)

Controls (No)

Age (mean (SD))

All Male Female All Male Female Patients Controls

60

26

20

46

14

18
10 4 6
10
11 5 6

26-50 26-45
28 29
45.6 (13.6) 39

40.65 34.54 (9.6)
(10.01)

Types Treatment
of MS
RRMS, INF Bla, INF Blb,
SPMS  mitoxantrone
RRMS, None
SPMS
RRMS  None
16 -
SPMS,
30
RRMS
RRMS  IFNB, melatonin

Patients

phase

the first
disease
modifying
therapy

Remission

Relapse

Materials

Serum

CSF

CSF

CSF

Serum

Methods

Fluorescence
assessment

HPLC

HPLC

HPLC

Fluorescence
assessment

Metabolites

TRP, KYN

KYNA

KYNA

KYN

KYN

Key findings

differences in IDO1
expressions between
the two groups

KYN increased in
RRMS patients
without treatment
and RRMS patients
treated with IFN-
B1b

Lower KYNA levels
in MS patients
compared with
patients with non-
inflammatory
neurological
disorders

The CSF KYNA
was higher in the
RRMS group

SPMS patients had
higher KYN levels
compared with
healthy controls,
and RRMS patients

Levels of KYN were
elevated in non-
treated RRMS

CSF, cerebrospinal fluid; RBC, red blood cell; PBMCs, peripheral blood mononuclear cell; HPLC, High-performance liquid chromatography; UHPLC, Ultra-high performance liquid chromatography; TRP, tryptophan; KYN, kynurenine; KYNA, kynurenic
acid; QUIN, quinolinic acid; PIC, picolinic acid; HIAA, hydroxyindoleacetic acid HCs, healthy controls; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; AMS, MS patients in acute phase; SMS, MS patients in stable phase.
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controls). Four studies (8, 16-18) used CSF as the source of the
sample; two studies utilized both CSF and serum (39, 42), one
study used serum samples (37), and one study employed both
red blood cells (RBCs) and plasma as the source of the sample
(32). Rejdak and his colleagues (17) reported in a study that
KYNA levels in the CSF of MS patients in the remission phase
are lower than in patients with non-inflammatory neurological
disorders (P<0.01). However, in another study by Rejdak et al.
(18), they reported significantly elevated KYNA levels in the CSF
of RRMS patients who are in the relapse phase (P=0.01). Also,
KYNA levels in the CSF were significantly lower in RRMS
patients than in controls in the studies conducted by Tomosi
et al. (39) (p=0.04). In a study done by Olsson et al. (37) it was
shown that RRMS patients without any treatment had lower
serum KYNA concentrations (P<0.05), but there were no
significant differences between MS patients and controls in the
studies performed by Aeinehband et al. (16) and Rajda et al. (8)
(p>0.05 and p=0.42, respectively). On the other hand, Hartai
et al. (32) discovered that MS patients had a remarkably higher
level of KYNA in their plasma than controls (p<0.05).
Additionally, Lim et al. revealed that RRMS patients have
higher serum KYNA in comparison to healthy controls and
progressive MS patients (P<0.0001). However, studies were done
by Tomosi et al. (39) on serum, and Hartai et al. (32) on RBCs,
reported no significant difference in KYNA levels between MS
patients and healthy controls (p=0.16 and p>0.05, respectively).

Quinolinic acid

Three studies (8, 16, 39) collected data on QUIN levels in
151 individuals (95 MS patients and 56 healthy controls). In two
studies (8, 16), the sample source was CSF; in one study, the
sample source was both CSF and serum (39). Rajda et al. (8) and
Tomosi et al. (39) showed that the QUIN levels in CSF were
remarkably higher in MS patients than in healthy controls
(p=0.001 and p<0.0001, respectively). Likewise, Tomosi et al.
(39) reported a higher level of QUIN in serum samples of MS
patients compared with controls (p=0.030). Conversely, there
was no significant difference in the CSF levels of QUIN in a study
conducted by Aeinehband et al. (16) (p>0.05).

Picolinic acid

Two studies (8, 39) collected data on the picolinic acid (PIC)
levels of 93 individuals (75 MS patients and 18 controls). In one
study (8), the sample was obtained from CSF, while in another
study, the sample was obtained from both CSF and serum (39).
Tomosi et al. found that PIC levels were significantly lower in the
CSF sample of MS patients than in healthy controls (39)
(p=0.02). However, according to Rajda et al. (8) and Tomosi
etal. (39), there was no significant difference in PIC levels of CSF
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and serum samples, respectively, between MS patients and
controls (p=0.59 and p=0.25, respectively).

Kynurenine, tryptophan, quinolinic acid
ratio

Five studies measured KYN/TRP ratios (3, 16, 31, 39, 42) in
354 individuals (213 MS patients and 141 healthy controls). One
study used urine as the sample source (31), one used CSF (16),
two used both serum and CSF (39, 42), and the last study used
serum samples (3). It has been elucidated by Lim et al. (42) that
KYN/TRP was significantly increased in the serum samples of all
the MS subtype groups (RRMS, PPMS, and SPMS) compared to
healthy controls (P<0.0001). Also, Mancuso et al. (3) showed
that KYN/TRP was higher in MS patients in the stable phase, MS
patients in the acute phase before the initiation of
glucocorticoids, and healthy controls compared with AMS
patients after the initiation of glucocorticoids (P<0.05).
Gaetani et al. (31) found that MS patients had remarkably
lower KYN/TRP ratio in urine samples than the controls
(p=0.04). In three studies were done by Aeinehband et al. (16),
Mancuso et al. (3), and Tomosi et al. (39), no significant
differences in KYN/TRP ratios were observed between MS
patients and controls in CSF or serum samples (3, 16, 39).

Two studies (16, 39) assessed QUIN/KYNA ratios in 92
individuals (58 MS patients and 34 healthy controls). In one
study, the sample source was CSF (16), while the other study
used serum and CSF (39). According to the result of the study by
Tomosi et al. (39), QUIN/KYNA ratios were significantly higher
in MS patients compared to healthy controls in both CSF and
serum samples (p=0.0015 and p=0.0183, respectively). However,
Aeinehband et al. (16) reported that there was no significant
difference in CSF QUIN/KYNA ratios between MS patients and
controls (p>0.05).

Two studies (16, 39) involving 92 participants determined
the KYNA/KYN ratio (58 MS patients and 34 healthy controls)
in MS patients and controls. Tomosi et al. (39) discovered that
MS patients had significantly lower KYNA/KYN ratios
compared to controls when CSF samples were analyzed
(p=0.0041), but there was no significant difference when
serum samples were measured (p=0.0832). Aeinehband et al.
(16) reported no statistically significant difference in KYNA/
KYN ratios between MS patients and controls (p>0.05).

Indoleamine 2,3-dioxygenase

The expression of IDO mRNA was analyzed in six studies (3,
30, 34-37), including 1812 individuals (930 MS patients and 882
healthy controls). five studies (3, 30, 34-36) assessed IDO
mRNA in mononuclear cells. One study (37) used whole
blood for assessment. Four studies were done by Huang et al.
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(34), Mancuso et al. (3), Negrotto et al. (35), and Nejati et al. (36)
reported reduced levels of IDO mRNA expression in MS patients
in comparison to controls (p<0.05, p=0.01, p<0.001, and
p<0.0001 respectively). However, Agliardi et al. (30) and
Olsson et al. (37) showed no difference in IDO mRNA
expression between MS patients and healthy controls.
Additionally, Negrotto et al. (35) measured IDO1 protein
levels in PBMCs and detected reduced IDO1 protein
expression in MS patients when compared to healthy
controls (p<0.001).

Kynurenine aminotransferase

One study, including 27 individuals (13 MS patients and 14
healthy controls) measured the enzymatic activity of both KAT I
and KAT II in plasma and RBCs (32). It showed that the
activities of both KAT I and KAT II enzymes are significantly
higher in RBCs of MS patients compared with healthy controls
(p<0.05). However, no significant difference in KAT I and KAT
IT plasma enzymatic activity could be detected between MS
patients and healthy controls.

Discussion

In recent years, there has been mounting evidence that KP
plays a significant role in neurodegenerative diseases such as MS
(27). Inflammation or degeneration of the CNS induces the
metabolism of TRP primarily through the production of KYN
and related breakdown products (43). As MS progresses, levels
of inflammatory cytokines, including interferon-y (IFN-y) and
Tumor necrosis factor-o. (TNF-at), increase, activating KP (44,
45). This study systematically reviewed 10 published primary
research articles investigating differences between MS patients
and healthy controls in serum, CSF, and urine levels of six major
metabolites and two enzymes associated with the KP. We
focused on TRP, KYN, KYNA, QUIN, and PIC levels as well
as IDO mRNA expression and KAT activity.

MS pathogenesis likely involves several different
mechanisms. One of the most popular hypotheses is that the
infiltration of immune-activated macrophages and T cells causes
death of oligodendrocytes that are responsible for myelinating
axons in a healthy CNS (46, 47). KP metabolites have been
suggested to promote both immune tolerance and autoimmunity
according to this model of MS pathogenesis. Studies have
revealed significantly lower TRP levels in the serum and CSF
of MS patients, suggesting that KP activation may play a role in
the disease pathogenesis (24, 25). In the human CNS, TRP is
mostly metabolized through KP. Nevertheless, there are cells
that do not express the entire enzymatic pathway. Only reactive
microglia, infiltrating macrophages, and active neurons contain
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the complete pathway (43, 48). A study using urine samples
from 47 Relapsing Remitting Multiple Sclerosis (RRMS) patients
and 43 healthy controls reported that women had lower levels of
urinary TRP and KYN than men (31). After adjusting for age
and gender, urine concentrations of TRP did not show a
significant difference between the RRMS and control group.
Although the expanded disability scale (EDSS) has shown
significant correlation with TRP urinary concentrations,
disease duration has not been associated with KP metabolite
levels (31). In contrast, another study reported significantly
higher levels of TRP in PBMCs of RRMS patients compared to
healthy controls (35). Aeinehband et al. (16) investigated cross-
sectional cell-free CSF samples from patients with RRMS in both
the relapse and remission phases, Primary-Progressive Multiple
Sclerosis (PPMS), Secondary-Progressive Multiple Sclerosis
(SPMS), for KP metabolites, using patients living with other
neurological diseases, including syringomyelia, vertigo, anxiety,
postcommotio syndrome, alcohol-related spastic paraparesis,
neurasthenia, and unspecific sensory symptoms, as controls.
They found that although there was no absolute difference in
CSF concentrations of KP metabolites between PPMS and SPMS
patients, PPMS patients displayed increased levels of all
metabolites except for TRP in comparison to SPMS patients
(16). In addition, disparities in TRP concentrations could be
associated with variable characteristics of the enrolled patients
reflecting the correlation between disease activity as well as
disease courses with changes in KP metabolites. Moreover,
inflammatory processes that initiate KP metabolism are
associated with fluctuations in cytokine concentrations
throughout the various phases of MS (3), which may
contribute to the controversial results reported in recent
publications. Future studies should compare concentrations of
KP metabolites and MS disease activity in order to find novel
therapeutic targets and prognostic markers.

The conversion of TRP to KYN is the first and rate-limiting
step in KP metabolism, and is regulated by IDO-1 in most
human tissues and TDO in liver cells (49). There have been
multiple studies indicating that KYN influences the proliferation
of several T cell subtypes, including CD4" T lymphocytes and
CD8" T lymphocytes (50-52). In addition, it has been
demonstrated that KYN can compromise the function of
natural killer cells while simultaneously showing pro-apoptotic
effects (53, 54). Therefore, KYN levels have been measured in the
serum, CSF, PBMCs, and urine of MS patients and compared to
healthy controls. There have been substantial differences among
published results. RRMS patients had considerably lower urinary
KYN concentrations when compared to healthy controls (31);
however, KYN concentrations in CSF did not differ significantly
between MS and non-inflammatory neurological disorders
patients (16). When RRMS patients treated with IFN-B were
compared to untreated RRMS patients, an increase in KYN level
was observed (29, 55, 56). In contrast, another study did not find
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any alterations of KP activation resulting from IFN-f therapy in
untreated MS patients (16).

The KYN/TRP ratio is indicative of the IDO activity as well
as KP. IDO expression could potently be induced by several
mediators including IFN-y, TGF-f, toll-like receptor ligands,
polyamines, TNF-q, platelet activating factor, and human
immunodeficiency virus (HIV) proteins (51, 57-61). IDO
mRNA expression was found to be lower in MS patients
compared to healthy controls (3, 31, 34-36). Lower KYN
along with a decreased urine KYN/TRP ratio in RRMS
patients was found to be inversely related to the intensity of
disability, suggesting a reduced TRP metabolism in the earliest
stages of the disease (31, 62). Contrarily, some studies
determined a significantly increased KYN/TRP ratio in MS
patients compared to healthy controls (42), in addition to
other studies demonstrating no meaningful difference in KYN/
TRP ratios between MS patients and healthy subjects (3, 16, 39).
These discrepancies could result from different biofluid samples
analyzed, indicating different phases of TRP metabolism and
variation in KP enzymes involved in each site. Moreover, the
treatment that MS patients receive may affect the KP
metabolites. For example, in the study conducted by Gaetani
et al. (31), most MS patients received MS treatment, especially
interferons. Thus, to elucidate the variation in KP metabolite
concentrations in different organs and tissues, further controlled
studies on different body fluids such as urine, blood, and CSF
concurrently in the same subjects are needed.

Enzyme KAT converts KYN to KYNA (63). The KYNA/
KYN ratio was increased in the CSF of MS patients compared to
controls, while no difference was detected in serum ratios from
the same subjects (39). Authors, in line with previous studies,
also demonstrated lower CSF levels of KYNA among MS
patients compared to healthy controls (17). Lim et al.
demonstrated decreases in the levels of both enzymes that
produce KYNA in the postmortem MS brain sections,
correlating with lower levels of KYNA (64). In disagreement,
KYNA concentrations were found to be significantly higher in
the plasma and cerebrospinal fluid of patients with MS
compared to healthy subjects. Additionally, researchers have
stated that KYNA has a neuroprotective role in progressive MS
(32, 65). PPMS patients are unique in having significantly
increased levels of KYNA, which has been found to display
neuroprotective effects both experimentally and clinically,
decelerating disease progression (66, 67). Further research has
revealed elevated KYNA levels during the acute relapse phase of
MS (18). Conversely, SPMS patients show a decreased
neuroprotection index (68), confirming the idea of altered KP
activation among patients with different MS clinical courses.

In contrast to neuroprotective KYNA, QUIN is considered a
neurotoxic metabolite of KP (6, 6, 19), thus, shifting KP toward
KYNA instead of QUIN could be a potential therapeutic
strategy. Although astrocytes do not utilize the full enzymatic
pathway, they produce high levels of KYN that can be
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metabolized to QUIN by microglia, monocytes, or infiltrating
macrophages and result in neurotoxicity (69-71). The higher
QUIN/KYN ratio during the relapse phase of MS patients
compared with remission phase, confirms that the QUIN-
induced apoptosis of myelin producing oligodendrocytes as a
sign of failed remyelination (16, 68, 69, 72). Furthermore, QUIN
was found to be responsible for the impaired phosphorylation of
tau protein in progressive MS (73). Indeed, QUIN could be a
potential biomarker of active relapse and demyelinating phases
of MS (Figure 2).

Very few studies have measured PIC in MS patients and
controls. PIC induces inflammatory macrophage proteins in
association with IFN-y at low concentrations and acts as an
activator of macrophages (74-76). This process of macrophages
co-activation by PIC emphasizes the importance of PIC
neuroprotection in neurodegenerative conditions (77). Decreased
PIC levels in MS are consistent with its protective role in this and
other degenerative disorders. Notably, another study demonstrated
the inverse relationship between PIC and QUIN, with PIC being
higher in RRMS groups but lower in PPMS groups (78).

In summary, the importance of KP metabolites as prognostic,
diagnostic, and therapeutic biomarkers is commonly known. It is
still unknown whether KP is beneficial in the pathogenesis of MS by
acting as a protective pathway or whether its activation is a sign of
deterioration; however, it is well established that prolonged KP
metabolism and the accumulation of neurotoxic metabolites
accelerate the progression of MS. More controlled studies on
specific fluid samples from particular disease phases are needed to
unravel the changes the KP undergoes during MS pathogenesis.
Further research is necessary to evaluate the KP metabolism rate
and its possible subtypes in patients with MS at all stages while also
considering demographic data of patients, including age and sex.
Moreover, due to changes in KP during different phases of MS and
in different types of MS and the effect of MS treatment on KP, it is
suggested to report data about the type and phase of MS in patients
and the treatment that they have been received when measuring the
KP metabolites. Moreover, given the effect of disease-modifying
therapies such as IFN-1 on KP metabolite levels and the effect of
KP activation on treatment efficacy, additional research should
focus on the effect of available therapies on KP metabolite
concentrations and their effects on treatment efficacy.

Limitations

Our study has important limitations. First, reported details
of patient characteristics were limited, consequently, findings
could not be conclusively extrapolated to MS in general. Second,
only a small number of selected articles met our criteria for
covering all MS stages. This could be one of the reasons for the
discrepancies mentioned above. Third, the studies that were
investigated included samples collected from different tissues,
which made it difficult to comprehensively compare the results.
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Kynurenine pathway and roles of QUIN in MS pathogenesis. Inflammatory cytokines such as TNF-o and INF-a which are increased in MS
patients blood circulation. These induce increased activity and levels of IDO and KMO in macrophages. Higher activity of these enzymes leads
to KP activation and thus high levels of QUIN is secreted to the blood. The increased QUIN can pass the BBB and enter the brain parenchyma.
This QUIN is together with the QUIN secreted by microglia lead to several pathological mechanisms: 1) NMDA receptor activation in the cells
and therefore higher intracellular calcium. 2) increased glutamate release by neurons and decreased glutamate uptake into synaptic vesicles by
astrocytes. These cause higher glutamate levels in the micro-environment which cause neurotoxicity. 3) Increased ROS formation which causes
neurotoxicity. 4) Lipid peroxidation that can lead to demyelination. 5) Energy depletion 6) Tau phosphorylation. The mentioned mechanisms,
generally cause apoptosis of astrocytes, oligodendrocytes (an important cell in myelin production), and neurons. Parts of the figure were drawn
by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported
License (https://creativecommons.org/licenses/by/3.0/).
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TABLE 2 Evaluation of quality of included studies using the QUADOMICS tool.

Study (ref) 1 2 3 41 4.2 5 6

Rajda C (8)

Gaetani L (31)

Hartai Z (32)

Tomosi F (39)

Mancuso R (3)

Nergotto L (35)

Aeinehband S (16)

~ 0 ® ® 0@ @

Agliardi C (30)

~ 90000 00

Huang YM (34)

Nejati A (36)

Lim (42)

Olsson (37)

Sadowska-bartosz (38)

Rejdak (17)

Rejdak (18)

Herman (33)

Adamczyk-sowa (29)

Conclusion

In conclusion, this study established a potential link
between altered KP metabolite levels and MS disease
progression. Based on our systematic review, different KYN
metabolites can be measured in MS, highlighting the potential
role of KP in the pathophysiology of MS. This finding is
critical for future research, which would benefit from larger
scale studies comparing KP metabolites in individuals with MS.
QUIN has previously been suggested to contribute to
neurodegeneration. In this review we found that QUIN levels
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in the CSF of MS patients was higher compared to healthy
controls, indicating that QUIN may play a role in MS
pathogenesis. Although it was suggested that KYNA is
neuroprotective and have beneficial effects in MS, the
difference of KYNA levels between MS patients and controls
was not significant. Also, different levels of other KP metabolites,
including KYN, TRP, PIC and their ratio were also found
between MS patients and controls; however, there were
discrepancies between studies. Further high-quality studies on
peripheral and central KP metabolite concentrations are
required to better understand the dynamics of these metabolite
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levels in MS. Further research is also necessary to overcome our
study limitations and to evaluate the rate of KP metabolism and
its possible subtypes in patients with MS at all stages and ages.
Moreover, given the effect of disease-modifying therapies such as
IFN-B1 on KP metabolite levels and the eftect of KP activation
on treatment efficacy, additional research should focus on the
effect of available therapies on KP metabolite concentrations and
their likely effects on treatment efficacy.
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