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Abstract

Background: Multiple sclerosis (MS) shares clinical/radiological features with several monogenic dis-
eases that can mimic MS.

Objective: We aimed to determine if exome sequencing can identify monogenic diseases in patients diag-
nosed with MS according to the McDonald criteria thus uncovering them as being misdiagnosed.
Methods: We performed whole exome sequencing in a cohort of 278 patients with MS, clinically or radio-
logically isolated syndrome without cerebrospinal fluid-specific oligoclonal bands (CSF-OCBs) (n =228),
a positive family history of MS (n =44), or both (n = 6), thereby focusing on individuals potentially more
likely to have underlying monogenic conditions mimicking MS. We prioritized 495 genes associated with
monogenic diseases sharing features with MS.

Results: A disease-causing variant in NOTCH3 was identified in one patient without CSF-OCBs, no spinal
lesions, with non-response to immunotherapy, and a family history of dementia, thereby converting the
diagnosis to cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL). Moreover, 18 patients (6.5% of total) carried variants of unclear significance.

Conclusion: Monogenic diseases being misdiagnosed as MS seem rare in patients diagnosed with MS
according to the McDonald criteria, even in CSF-OCB negative cases. The detected pathogenic
NOTCH3 variant emphasizes CADASIL as a rare differential diagnosis and highlights the relevance of
genetic testing in selected MS cases with atypical presentations.

Keywords: Multiple sclerosis, CADASIL, misdiagnosis, genetic mimic, genetic testing, exome sequencing

Date received: 5 March 2024; accepted 5 June 2024

Introduction

The 2017 revision of the McDonald criteria for diag-
nosis of multiple sclerosis (MS) introduced the detec-
tion of cerebrospinal fluid-specific oligoclonal bands
(CSF-OCBs) as a diagnostic criterion for dissemin-
ation in time." Evaluation of CSF is recommended
to improve diagnostic certainty and exclude differen-
tial diagnoses.'* Caution is advised in cases where
CSF-OCBs cannot be detected. However, this does
not rule out the presence of MS.! Indeed, a recent
study in Sweden re-evaluated OCB-negative MS
patients and identified that 33% had been misdiag-
nosed.® Striving for early diagnosis as aimed for by
the 2017 revision of the McDonald criteria and the
desire for timely initiation of disease-modifying

therapy may increase the risk of misdiagnosis.'*
Possible differential diagnoses that resemble the clin-
ical or radiological phenotype of MS include mono-
genic diseases such as hereditary spastic paraplegias
or leukoencephalopathies. There have been numerous
cases published describing monogenic diseases in
patients initially thought to suffer from MS.> For
example, in a cohort of 38 PPMS patients, pathogenic
variants in genes causal for spastic paraplegia
(KIF5A4) or leukodystrophy (MLCI) were detected
in two cases.® Several clinical, paraclinical, and radio-
logical findings have been outlined as “red flags” that
might hint towards a monogenetic differential diagno-
sis in patients with suspected MS. Amongst others, a
positive family history of neurological symptoms or
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negative OCBs should raise suspicion for genetic dif-
ferential diagnoses.’

Comprehensive data on how many patients diagnosed
with MS instead suffer from an underlying mono-
genic disease that causes their MS-like phenotype
and thus have been misdiagnosed with MS is
lacking. The objective of this study was to investigate
the prevalence of such monogenic diseases in a
selected cohort of patients with the diagnosis of MS,
encompassing all subtypes, including those with clin-
ically or radiologically isolated syndrome (CIS or
RIS, respectively). To this end, we selected patients
who were more likely to be misdiagnosed with MS
due to negative CSF-OCBs (“OCB neg.”), a positive
family history of MS (“Familial”), or both (“Familial
OCB neg.”).

Patients and methods

Written informed consent was obtained from all
included patients prior to inclusion into our local
biobank and subsequent whole exome sequencing
(WES) analysis. The study was approved by the local
ethics committee at the Technical University of
Munich (project number 691/20S).

Patient cohort

In this retrospective study, patients diagnosed with
early MS, CIS, and RIS treated at the Department of
Neurology of the Technical University of Munich,
who donated DNA to the local biobank between
2008 and 2019 were considered.

Patient data at blood sample collection date was retro-
spectively assessed using the contemporary diagnos-
tic criteria at the time when analysis of the genetic
data was conducted in 2020-2022. Thus, at blood
sample collection date, considered patients met the
diagnostic criteria for remitting relapsing MS (RRMS),
primary and secondary progressive MS (PPMS,
SPMS), and CIS according to the 2017 revised
McDonald criteria, or for RIS according to Okuda
etal., 20097 based on Barkhof criteria.!">’

Patients were included and assigned to one of three
cohorts according to the following criteria. In the
“OCB neg.” cohort, patients who underwent lumbar
puncture and did not have CSF-OCBs were included.
The “Familial” group comprised patients who reported
a positive family history of MS with at least two further
blood relatives affected. If patients fulfilled both above
mentioned criteria, they were included in the “Familial
OCB neg.” cohort. Clinical data were retrospectively
obtained from medical records.

OCB detection

Results for OCBs were retrospectively retrieved from
in-house analysis results during standard clinical
testing. Detection of OCBs in CSF/serum pairs was
done through isoelectric focusing and silver staining.
CSF-OCBs are defined as having no correspondent
band in the serum sample. At our clinic and for this
study positivity of CSF-OCBs is defined as the detec-
tion of >3 OCBs exclusively in the CSF.

Gene panel composition

We defined a comprehensive gene panel of 495 genes
(see supplementary Table A1) known to cause mono-
genic diseases that might clinically or on magnetic
resonance imaging (MRI) mimic MS. A PubMed
search in November 2020 identified genes associated
with hereditary ataxias, spastic paraplegias, leukoen-
cephalopathies, mitochondriopathies, metabolic or
autoinflammatory disorders, and vasculopathies affect-
ing the central nervous system.>*%'* Additionally, a
search in HPO was performed using the search term
“CNS demyelination” to detect further genes that can
mimic MS. Finally, in-house diagnostic unit gene
panels from Tiibingen (for HSP, ataxia, leukodystro-
phy, demyelinating syndromes) were used.

Whole exome sequencing and genetic analysis

WES of genomic DNA samples from our local
biobank was performed by Regeneron Genetics
Center (Tarrytown, New York, USA) according to
previously described methods.!" A 20-fold coverage
in>80% of target bases was needed for the generated
sequences. Moreover, quality control was performed
by assessing contamination score (contamination
<5% via verifyBamID software & heterozygous/
homozygous ratio), sample duplication, gender con-
cordance, and exome-genotype concordance, as
described previously.

Analysis of WES data was performed as previously
described.'? In short, the megSAP pipeline (https:/
github.com/imgag/megSAP) and subsequently the
GSvar graphical user interface (https:/github.com/
imgag/ngs-bits/tree/master/doc/GSvar) applying the
comprehensive gene panel described above were
used for automated variant analysis using in-house
standard predefined criteria regarding zygosity, allelic
frequency, impact on transcript/protein, and disease-
association on HGMD and ClinVar databases.'*'*
Mitochondrial DNA was included in this analysis
workflow. Additionally, copy number variants, struc-
ture variants, and repeat expansions were evaluated.
The resulting list of variants was then in a second
step manually reviewed guided by the patient’s
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phenotype. Based on the American College of
Medical Genetics and Genomics (ACMG) guidelines
pathogenicity was determined."”

Results

Patient characteristics

Exome data and clinical data including family history
were available in 1739 patients in total. Exome data
and clinical data including CSF-OCB status were
available in 990 patients in total. Based on all eligible
patients for this study, the proportion of patients with
a positive family history with at least one further
affected blood relative was 15.6% and with at least
two further affected blood relatives was 2.9%. The
proportion of CSF-OCB negative patients was 23.6%
out of all eligible patients. A total of 278 patients
that did not have CSF-OCBs (“OCB neg.”, n=228)
or had a positive family history with at least two
further affected blood relatives (“Familial”, n=44) or
both (“Familial OCB neg.”, n=6) were analyzed.
Sex distribution with 62.6% of patients being female
was typical of MS. Patient characteristics are depicted
in Table 1.

Definite monogenic disease: a case of CADASIL
mimicking MS

In one 40-year-old patient from the “OCB neg.” group
(patient 1, see Tables 2 and 3), we detected an under-
lying monogenic disease mimicking the MS pheno-
type. The detected heterozygous missense variant
c.544C>T (p.Argl82Cys) in NOTCH3 is annotated

in HGMD and ClinVar to be pathogenic for
CADASIL.

Patient 1 initially presented with recurrent hypoesthe-
sia, dysesthesia, as well as vertigo and multiple
FLAIR hyperintense lesions periventricular and asso-
ciated with the corpus callosum on cerebral MRI.
CSF-OCBs were negative on repeated testing. A
follow-up MRI scan showed new, multiple juxtacorti-
cal and periventricular lesions, some with contrast-
enhancement, leading to the diagnosis of RRMS.
Further follow-up MRIs repeatedly showed progres-
sion with new periventricular, subcortical, and infra-
tentorial lesions as well as in the basal ganglia. The
patient’s symptoms initially responded only partially
to methylprednisolone (MPS) pulse therapy. After
the MS diagnosis was made, immunomodulatory
therapy with interferon-beta was initiated. However,
after two clinical “relapses” with hemiparesis and
dysarthria, only limited response to MPS pulse
therapy and even plasmapheresis, and continuous
MRI progression, the immunomodulatory therapy
was escalated to natalizumab and later, due to a posi-
tive JC-virus antibody index, to rituximab. Despite
complete B-cell depletion the patient repeatedly
exhibited MR-tomographic disease progression with
progressive confluent cerebral lesions. These lesions
were markedly symmetrical, confluent, also affected
non-MS typical regions including the thalamus or
basal ganglia, and were increasingly pronounced in
the temporal poles. Additionally, singular microbleeds
cortical and pontine were detected. MRI findings are

Table 1. Patient characteristics at blood sample collection date according to subgroups.

Patient characteristics

Total OCB neg. Familial Familial OCB neg.
Number of patients 278 228 44 6
Female 174 (62.6%) 138 (60.5%) 31 (70.5%) 5 (83.3%)
Male 104 (37.4%) 90 (39.5%) 13 (29.5%) 1 (16.7%)
Diagnosis
RRMS 187 (67.3%) 145 (63.6%) 37 (84.1%) 5 (83.3%)
SPMS 22 (7.9%) 16 (7%) 6 (13.6%) 0 (0%)
PPMS 18 (6.5%) 18 (7.9%) 0 (0%) 0 (0%)
CIS 45 (16.2%) 44 (19.3%) 0 (0%) 1 (16.7%)
RIS 6 (2.2%) 5 (2.2%) 1 (2.3%) 0 (0%)
Median age in years (range) 37.5 (16-74) 38 (16-74) 34 (16-72) 42 (37-57)
Median disease duration® 1 (0-36) 1 (0-36) 3 (0-29) 0 (0-17)

in years (range)

RRMS: remitting relapsing multiple sclerosis (MS); SPMS: secondary progressive MS; PPMS: primary progressive MS;
CIS: clinically isolated syndrome; RIS: radiologically isolated syndrome.
“calculated from first manifestation to blood sample collection date.
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Table 2. Continued.
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Figure 1. MRI findings in the CADASIL patient 1. A-C. FLAIR sequences upon initial presentation of the patient showing
lesions in periventricular (arrow) and unspecific subcortical (A) and juxtacortical (arrow, B) location, as well as in the corpus
callosum (arrow, C); D-G. Latest follow-up MRI sequences depicting now CADASIL-typical findings with marked
FLAIR-hyperintense, confluent lesions increased in both temporal poles (D), lacunar post-ischemic defects in the white
matter and the basal ganglia (arrows, E), spared cortical ribbon (arrow) in subcortical lesions on T1w sequence (F), and
exemplary, unspecific microbleed (arrow) in SWI sequence (G). L =left, P =posterior.

depicted in Figure 1. Spinal MRI scans showed
no lesions and evoked potentials were normal.
Reevaluation of the family history disclosed that the
patient’s father, paternal aunt, and paternal grandpar-
ents were diagnosed with dementia at a relatively
young age of around 50 years. Although the patient
did not fulfill diagnostic criteria for migraine, episodic
headaches were reported. Regarding mood disorders,
the patient reported sleeping problems and restlessness,
as well as mild depressive symptoms.

Detected variants of unclear significance

In 18 patients (6.5% of total, 6.6% of “OCB neg.”,
6.8% of “Familial”, 0% of ‘“Familial OCB neg.”),
we detected 15 different variants of unclear signifi-
cance (VUS) in 8 different genes. Detailed variant
and patient data can be found in Tables 2 and 3. In
particular, a considerable number of VUS were iden-
tified in genes associated with cerebral small vessel
disease (NOTCH3, 4 patients; GLA, 5 patients) and
spastic syndromes (IFIHI, 3 patients; CACNAIG, 2
patients). However, upon re-evaluation of the avail-
able clinical and MRI phenotype of the respective
patients and comparison with the disease associated

with the gene carrying the detected VUS, the patho-
genicity of the detected variants still remained
unclear. Moreover, we employed multiple freely
available computational tools for variant pathogen-
icity prediction of the VUS."®* These results along
with summarized clinical and MRI data are visualized
in Table 3. Due to the limitations imposed by the
patients’ consent forms of our biobank, which
prohibited the reporting of unclear results such as
VUS back to the patients, we were prevented from
re-phenotyping the patients or performing further
diagnostic testing to further clarify the pathogenicity
of the respective VUS.

Incidental finding

In one 42-year-old female patient with RRMS from
the “OCB neg.” cohort a heterozygous duplication
encompassing the entire PMP22 gene (chrl7:
14095285-15472415) was detected by copy number
variant analysis. Heterozygous duplications of
PMP22 constitute the most common cause of
Charcot-Marie-Tooth neuropathy (CMT), namely
CMTI1A. This patient suffered from sensory impair-
ment of the left arm lasting two weeks but did not
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show clinical symptoms of peripheral neuropathy.
However, nerve conduction studies showed marked
demyelination with a motor velocity of the median
nerve of 20 m/s. Family history was positive as the
father was affected by a peripheral neuropathy.
Therefore, a neuropathy was already suspected con-
comitant with the MS disease.

Discussion

This study screened a cohort of MS patients without
CSF-OCBs and/or with a positive family history of
MS for an underlying monogenic disease that might
mimic their MS phenotype. Genetic diseases were
not frequently mistaken in these cohorts. In one
patient of our cohort of 228 MS patients without
CSF-OCBs, we identified a clearly pathogenic
NOTCH3 variant causing CADASIL, which mim-
icked the MS phenotype. Although dual pathology
of concomitant MS and CADASIL disease cannot
ultimately be excluded, we consider it very unlikely.
Throughout the disease course, the patient never
developed spinal lesions, did not have CSF-OCBs,
and had no signs of demyelinating disease when
repeatedly testing evoked potentials. Furthermore,
the patient demonstrated consistent progression
under immunomodulatory therapy, even when com-
pletely B-cell depleted and alleged relapses only
showed limited response to cortisone pulse therapy
or even plasmapheresis. Therefore, we corrected the
diagnosis from MS to CADASIL in this patient.
Several other patients with CADASIL initially mis-
diagnosed as MS have already been reported.**2¢
The heterozygous missense variant p.Argl82Cys
detected in our patient 1 is one of the most common
mutations causing CADASIL and genotype-phenotype
correlation analysis showed a broader phenotypic spec-
trum.?” Our case highlights that CADASIL is an
important genetic disease that should be considered in
patients with suspected MS, particularly when
CSF-OCBs are negative, there are no spinal cord
lesions, and no response to highly active treatment.

No further clearly pathogenic variants in other genes
from our comprehensive gene panel were detected,
which could definitively explain the respective
patient’s MS phenotype. However, several VUS in
eight different genes were identified. We frequently
detected VUS in NOTCH3 (n=4, in patients 2—4
and 17). The temporopolar region, typically affected
in CADASIL, was only altered in patients 2 and
17.2% The clinical picture did match CADASIL in
patients 3 and 17, but not perfectly in patient 2 due
to isolated neuritis nervi optici (NNO) and patient 4
due to a chronic progressive disease course. In

patient 2 the variant p.Val322Met was detected; the
clinical relevance of this variant is unclear. While
described as likely benign on ClinVar, it has been
reported in a patient with CADASIL and skin biopsies
revealing CADASIL-specific deposits of granular
osmiophilic material in the vascular smooth-muscle
cells.® Patient 3 carried the VUS p.Arg592Ser,
which is located in EGF-like 15 domain close to a
cysteine residue, thereby possibly disturbing the
domain’s structure and has previously been described
as a VUS for CADASIL.> The VUS p.Glu813Lys
detected in patient 17 was modeled to result in a sig-
nificant alteration in protein structure.*®

In addition to NOTCH3 variants, we detected VUS in
seven further genes associated with either cerebral
small vessel disease (HTRAI, COL4A1, GLA),
spastic syndromes (CACNAIG, IFIHI, GFAP), or
optic nerve atrophy (OPAI) in a total of 14 patients.
Noteworthy, in five patients two different VUS in
GLA in the heterozygous/hemizygous state were
detected (patients 7-10 and 18, four females). It is
now widely accepted that also females with heterozy-
gous GLA variants can develop symptoms of Fabry
disease.’! The VUS p.Alal43Thr has previously
been reported in a female patient initially misdiag-
nosed with MS, and it was postulated that
p-Asp313Tyr causes a milder form of Fabry disease
with predominantly neurologic manifestations includ-
ing stroke.**** Nevertheless, the pathogenicity of both
variants remains unclear. Only patient 7 showed
further symptoms typical of Fabry disease, such as
significantly decreased kidney function.*' Regarding
spastic syndromes, we found a VUS in [FIHI
(p.Thr520Ala, p.Asn455Lys and p.Asp408Asn) in
three patients (patients 12—14). Heterozygous [FIH1
variants can cause a spectrum of neuroimmune pheno-
types including spastic paraparesis and white matter
disease, but there are also clinically asymptomatic car-
riers.** Additional information on other detected VUS
can be found in Supplement 1. In conclusion, the
pathogenicity of the detected VUS remains unclear
as existing data on the variants and/or phenotypic fea-
tures of the patients were inconclusive.

No relevant variants were identified in genes asso-
ciated with hereditary spastic paraplegia, as previ-
ously detected in a phenocopy study in progressive
MS patients.® Notably, we did not detect any relevant
variants in genes causing autoinflammatory syn-
dromes, which would constitute a relevant differential
diagnosis, especially in familial MS cases. Although
mitochondrial DNA was included in our analysis
and the sex distribution of our cohort was shifted
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towards females, no relevant genetic variant causing
a mitochondrial disorder, which is increasingly
described as mimickers of MS,5 was detected.
Moreover, we cannot exclude that other diseases
than monogenic ones mimicking MS might be
present in our cohort. Further limitations of this
study are its retrospective approach with further
family members not being available for genetic
testing and the nature of WES data, as mutations in
introns or regulatory regions might be overlooked.
Moreover, repeat expansions — being the genetic
cause, e.g., of several spinocerebellar ataxias — and
intronic variants might have been missed by exome
sequencing. Due to the selected patient cohorts, the
study methods preclude any conclusions about apply-
ing genetic testing in typical cohorts of MS patients,
e.g., with positive CSF-OCBs or in patients first pre-
senting for MS evaluation. Moreover, the patients’
consent forms did not allow for further biochemical
or lab testing to investigate the pathogenicity of
detected VUS. Lastly, the small sample size and
monocentric design with samples from our local
biobank cannot entirely exclude a possible selection
bias. The slightly higher proportion of CSF-OCB
negative patients out of all eligible patients, compared
to published MS cohorts,*” is attributed to the fact that
a high rate of CIS/RIS patients and mostly early MS
cases at initial evaluation at our center participate in
the local biobank and thus could be included in our
study. The proportion of patients with a positive
family history out of all eligible patients was in
accordance with previous studies.*®

In summary, a definitive underlying monogenic
disease in our MS cohorts was rare with 0.44% in our
“OCB neg.” and 0% in our “Familial” and “Familial
OCB neg.” cohorts. However, several further VUS
that cannot conclude or exclude an underlying mono-
genic disease were identified in 6.5% of our total
cohort. The detected pathogenic NOTCH3 variant (n
=1, 0.36% of total) and, subordinately, the multiple
VUS in NOTCH3 (n=4, 1.4% of total) highlight the
importance of CADASIL as a relevant disease
causing an MS-like phenotype. As familial clustering
in MS is well known and given the current findings,
genetic screening for all familial MS cases should be
decided on a case-by-case basis considering atypical
clinical presentation or negative CSF-OCBs. Although
in CSF-OCB negative cases physicians should be
more doubtful regarding the MS diagnosis, our results
also show that testing of all CSF-OCB negative patients
for CADASIL is low yield and would not be
cost-effective.

Nevertheless, genetic testing must be considered in
selected cases with clinical and radiographic “red
flags” of CADASIL, such as our patient. The applied
testing strategy might be modified based on the speci-
ficity of phenotypic features, available sequencing
platforms, and reimbursement regulations. In our
setting, we currently recommend exome or genome
sequencing in MS patients who meet a combination
of the following criteria: (1) atypical clinical course,
such as a lack of response to highly active MS
therapy, (2) abnormal MRI findings, such as the
absence of spinal lesions or a specific distribution
and shape of lesions, (3) a positive family history,
not only of MS but exceeding symptoms such as
dementia, and (4) negative CSF-OCBs. These criteria
are also part of the further refined and recently
published clinical and paraclinical red flags and diag-
nostic approach recommendations in suspected MS
patients.>” Nevertheless, it is important to note that
family history can be normal, as many monogenic dis-
eases such as CADASIL may arise from de novo muta-
tions, and even CSF-OCBs have been described in
single CADASIL patients.”>*® To supplement the
diagnostic process and verify the pathogenicity of
detected variants, biochemical tests and histochemical
analyses should be considered. By identifying an
underlying monogenic disease in a suspected MS
patient, the administration of unnecessary and ineffect-
ive immunomodulatory therapies, along with the
respective potentially harmful side effects, can be pre-
vented. Furthermore, if available, a specific therapy
might be initiated. Moreover, genetic counseling of
patients and their families could be offered.
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