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Abstract

Introduction: In the following study we describe the diagnostic process
and further case analysis of a 30-year-old woman admitted with typical
COVID-19 symptoms, who subsequently developed additional symptoms
suggesting cerebral autosomal dominant arteriopathy with sub-cortical in-
farcts and leukoencephalopathy (CADASIL).

Material and methods: Other than the standard diagnostic procedures,
whole genome sequencing (WGS) was used, which led to following findings.
A new variant of the NOTCH3 gene, which led to CADASIL-like symptomes,
was found, and it had been most likely activated by the SARS-CoV-2 infec-
tion. This novel variant in NOTCH3 has not been found in existing databases
and has never been mentioned in research concerning CADASIL before.
Results: Furthermore, after subjecting the patient’s close relatives to WGS it
was found that no other examined person demonstrated the same genetic
mutation.

Conclusions: It seems therefore that the new variant of NOTCH3 is of de
novo origin in the patient’s genome. Additionally, the relatively early onset
of CADASIL and the unexpectedly severe COVID-19 infection suggest that
the two occurred simultaneously: the infection with SARS-CoV-2 accelerated
development of CADASIL symptoms and the unusual variant of the NOTCH3
gene contributed to the more severe course of COVID-19.

Key words: SARS-CoV-2, COVID-19, encephalitis, CADASIL, whole genome
sequencing, NOTCH3 gene.

Introduction

Encephalopathy and stroke in COVID-19 patients have been repeated-
ly reported [1-5]. Previous reports indicate that SARS-CoV-2 infection is
associated with a significantly escalated risk of ischaemic stroke, espe-
cially with potential cryptogenic stroke. The incidence of ischaemic stroke
in the context of COVID-19, according to various reports, varies between
2.5% and 6.4%, but may be higher [1]. Instances of strokes comorbid
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with COVID-19 are characterised by the patients’
lower than average age, large vessel occlusion,
possible antiphospholipid antibody production,
raised inflammatory markers, concomitant venous
thromboembolism and multi-territory infarcts. Ad-
ditionally, preceding vascular comorbidities are
frequently observed, and the incidence of stroke
increases with COVID-19 severity [4, 6-8].

Encephalopathy is also present in cerebral
autosomal dominant arteriopathy with subcorti-
cal infarcts and leukoencephalopathy (CADASIL).
CADASIL is the most common monogenic vas-
cular disease which causes young-adult onset of
cerebrovascular disease. The definitive diagnosis
of CADASIL is based on sequencing the NOTCH3
gene, as it results from pathogenic, loss-of-func-
tion mutations in this specific gene [9, 10]. The
primary pathology is the accumulation of abnor-
mal transmembrane deposits on vascular smooth
muscle cells in the brain and other organs [11].
This leads to impaired vascular function, result-
ing in recurrent ischaemic incidents that manifest
with migraine with aura, transient ischaemic at-
tacks or strokes and dementia before the age of
60 [12]. CADASIL has a gradual and progressive
course in younger patients, who are often free
from classical vascular risk factors.

Hereby we present a case of a 30-year-old pa-
tient with COVID-19 and mild systemic biochem-
ical signs of inflammation associated with leuko-
encephalopathy, which was finally diagnosed as
CADASIL

Case report — COVID-19 patient

A 30-year-old woman with a history of allergic
reaction, spastic right sided hemiparesis and pa-
resis of the right abduction nerve (neurologic defi-
cit present from the age of two, never radiologi-
cally diagnosed) was diagnosed with SARS-CoV-2
infection with reverse transcription polymerase
chain reaction (RT-PCR) of nasopharyngeal swab.
The patient was free of vascular risk factors.

The onset of the infection started with tempera-
ture elevated to 37°C. Three days after the initial
symptoms the patient complained of a swollen
tongue, anosmia and general weakness. On the
11* day of the illness the patient was admitted
to an emergency department with right-sided
pulsating headache, dysarthria, fatigue and psy-
chomotor slowness. The patient’s general condi-
tion was good, and oxygen saturation and blood

pressure were normal. Leucocytosis grew to 15.7
thousand/ul. The remaining biochemical tests and
cerebrospinal fluid (CSF) were normal. Microbio-
logical tests ruled out the presence of bacteria in
urine, faeces and blood.

Chest CT revealed small peripheral areas of
ground glass opacities in the lower segments of
both lungs (3.16% lung surface occupancy).

Intravenous treatment with ceftriaxone and
acyclovir was commenced, regardless of which on
the 3rd day of treatment the patient’s conscious-
ness deteriorated and neck stiffness occurred. CSF
for JC virus and SARS-CoV-2 virus was negative.
CSF was also negative for bacteria. The levels of
class G immunoglobulins were elevated and mea-
sured at three times higher than regular values.
No oligoclonal bands were present. Infection with
hepatitis B virus (HBV), hepatitis C virus (HCV), re-
spiratory syncytial virus (RSV) and influenza virus-
es in serum was ruled out.

The patient had been administered intravenous
immunoglobulins, 30 g/day, for 3 days. During the
following days impaired consciousness and dysar-
thria deepened, and neck stiffness was still pres-
ent. Convalescent plasma was given on the 20%
and 21t day (1 unit per day) when the first neu-
rological symptoms occurred. Blood samples were
collected before and after plasma administration
in order to assess the inflammatory parameters.
After convalescent plasma transfusion increases
in IL-2, IL-8 and TNF-o. were observed whereas
IL-15 was decreased (Table 1). Moreover, the con-
centrations of other cytokines (IL-1a, IL-1b, IL-4,
IL-6, IL-10, IL-12, IL-17, IL-23, INF-y, TNF-B) did not
change.

After transfusion of convalescent plasma, the
patient’s neurological condition improved [13].
Within 12 days of admission to the hospital clini-
cal symptoms subsided. Follow-up CT of the lungs
revealed no pathology. Anosmia disappeared, and
speech returned to normal. Slowness, general
weakness and sleepiness also ceased.

At discharge and during follow-up visits (1 to
6 months after hospitalization) on neuropsy-
chologic examination, discrete weakening of the
concentration, attention, direct memory and ex-
ecutive functions was still present. There was
no cognitive dysfunction, but the tendency of
reduced mood was observed. The patient report-
ed depression, general weakness, fatigue and
right-sided migraine-like headaches, which grad-
ually disappeared.

Table I. Levels of cytokine and glucose-6-phosphate dehydrogenase before and after plasma transfusion of con-

valescents (pg/ml)

Parameter IL-2 IL-8 IL-15 TNF-a
Levels before 30.60 22.94 28.10 <17.28
Levels after 40.19 38.58 < 26.88 39.09
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The process leading to CADASIL diagnosis
Neuro-radiologic data

The first MRI scans of the brain were performed
on the 12% day of the infection and as soon as
neurological symptoms began. They revealed the
presence of multiple, at least a dozen, hyperin-
tense foci in T2 WI and FLAIR, which were located
in the white matter of both hemispheres (frontal,
parietal and temporal lobes were affected), with
the most prominent lesions situated symmetri-
cally close to the lateral ventricles, and a single
one in the knee of the corpus callosum. Some of
the foci presented nodular contrast enhancement
and diffusion restriction on DWI 9 (Figures 1, 2).
There were no infratentorial lesions. MRI of the

cervical spine was normal. Apart from these le-
sions, a small subdural haematoma of the right
hemisphere was present, but there were no in-
traparenchymal microhaemorrhages. Meningeal
thickening and contrast enhancement of the right
hemisphere were present.

Subsequent control MRI scans of the brain
(13.08, 20.08.2020) showed white matter chang-
es within the cerebral hemispheres without signif-
icant dynamics, i.e., the location and morphology.
The sizes of the lesions were of similar volume
with slight contrast enhancement (Figure 2).

The follow-up MRI examination (3.09.2020) re-
vealed the lesions which showed slight diffusion
restriction on DWI and discrete contrast enhance-
ment. Meningeal thickness was no longer present.

Figure 1. Magnetic resonance imaging of the brain on admission 5/08 (A) and the dynamics of changes in the

control examinations 8/08 (B), 13/08 (C), 20/08 (D)

Figure 2. FLAIR image (A) shows confluent hyperintensities within the white matter of the anterior temporal poles.
FLAIR image at the level of lateral ventricles (B) demonstrates white matter changes within the external capsules
(mainly on the right)
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The last follow-up examination (05.11.2020)
showed the same number of lesions, showing no
diffusion restriction on DWI or enhancement after
gadolinium-based contrast administration.

Genetic data — whole genome sequencing

Considering the fact that in March 2020 the
hospital was transformed into a unit handling
solely COVID-19 patients, the opportunity arose to
participate in projects related to broadening the
knowledge about the disease and improving the
care patients can receive. One of those ongoing
projects focuses on genetic factors contributing to
the severity of COVID-19 and potential immunity.
The patient agreed to participate in the study and
therefore whole genome sequencing (WGS) was
applied, which allowed identification of the genet-
ic background of neurological symptoms.

The patient’s genome was sequenced with the
average depth of coverage 32.7x and mapped

E Stroke

to the reference genome GRCh38. The WGS ap-
proach identified heterozygous missense variant
NOTCH3(NM_000435.3):c.1320C>G p.(Cys440Trp)
in exon 8 (NC_000019.10:8.15189047G>C). Tar-
geted Sanger sequencing was done to confirm the
presence of the variant; it was also performed on
the patient’s closest relatives — both parents and
siblings (brother and sister) (Figure 3). Beside the
patient, all family members were unaffected; the
variant appeared de novo.

The identified variant was not reported in the
Genome Aggregation Database (gnomAD v.3),
1000 Genomes, or in the polymorphism database
dbSNP. No clinical information was available in
Clinvar. The only information regarding variants
in the same amino acid position (Cs440Ser and
Cys440Gly) from the LOVD database were report-
ed by Markus [14]. They were found in 2 individ-
uals affected with CADASIL and interpreted as
pathogenic on the basis of symptoms and familial
cosegregation.

Father
NOTCH3 wild-type

170 180 190
GTCGGGGCCCTGCCNAAACCAGGC!

O

Mother
66
Stroke at 46
NOTCHS3 wild-type

170 180 190
GTCGGGGCCC TGCCNAAACCAGGC!H

Patient
30
Neurological COVID-19
NOTCH3 mutated p.(Cys440Trp)

170 180 190
GTCGGGGCCCTGNCGAAACCAGGC

Sister
42
NOTCHS3 wild-type

170 180 190
‘CTGTCGGGGCCCTGCCGAAACCAG

Brother
33
NOTCH3 wild-type

170 180 190
TGTCGGGGCCCTGCCNAAACCAGGC

Figure 3. Pedigree of the patient’s family. Affected individuals marked in red. The patient was analysed using
the WGS approach and following targeted Sanger sequencing validation. All other family members were tested
only with targeted Sanger sequencing. Corresponding electropherograms are located below each family member

representation
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The variant is located in the hot-spot region
related to pathogenic mutations (all other known
non-VUS missense/in-frame variants in this 51-nt
long region were pathogenic). The identified vari-
ant was also evaluated to be deleterious/patho-
genic by 11/12 online in silico prediction tools
(based on pathogenic predictions from BayesDel_
addAF, DEOGEN2, EIGEN, FATHMM-MKL, LIST-S2,
M-CAP  MVP MutationAssessor, MutationTaster,
REVEL and SIFT vs only one benign prediction from
PrimateAl) [15-26]. Pathogenicity was confirmed
using ACMG/AMP guidelines (PS2, PM1, PM2,
PM5, PP2, PP3, PP4) [27]. The identified variant in
the NOTCH3 gene allowed us to make the diagno-
sis of CADASIL.

In addition to the NOTCH3 finding we regis-
tered a 4-fold lower level of blood mitochondrial
DNA in the patient than the average of the Polish
population (lower than the 3rd percentile). While
the average blood mtDNA in our 890 healthy do-
nor group was 79 copies per cell, the patient dis-
played only 20 genomes per diploid cell.

Although ADEM is thought to be a post-infec-
tious disorder, the aetiology is still poorly under-
stood. There was a single report on a mitochondri-
al genetic factor that could be the cause of ADEM
in a paediatric patient. POLG — the nuclear gene
coding a mitochondrial protein — was hypothe-
sized to be causative or at least contribute to the
disease [28].

The adult patient described in our report was
not diagnosed with mitochondrial depletion syn-
drome as she displayed no clinical symptoms,
apart from childhood-onset hemiparesis of un-
known aetiology. As most congenital neurological
syndromes that could have mimicked ADEM occur
in children, we find it unlikely that such an en-
cephalomyelitis type developed in an adult.

Nonetheless, we cannot exclude that a very
mild mitochondrial depletion as well as NOTCH3
variant could have contributed to ADEM, which
was triggered mainly by viral infection.

Methods and materials of whole genome
sequencing

The integrity of the proband’s isolated DNA
was verified in 1% agarose gel. A library of 550 bp
DNA fragments was prepared using the TruSeq
DNA PCR Free kit (lllumina Inc, San Diego, CA,
USA) and the quality of this library was examined
using a 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). Next, 2 x 150 bp paired-end
WGS was performed by Macrogen (Amsterdam,
Netherlands), on the Illumina NovaSeq 6000 plat-
form, yielding > 30x mean depth of coverage.

Data quality was assessed using FastQC
v0.11.7 [14]. Reads were aligned to the GRCh38
reference genome using the Speedseq v0.1.2 tool-

kit [29] (BWA MEM 0.7.10 [30] alignment, Sam-
bamba v0.5.9 [31] deduplication), and SNVs and
indels identified by DeepVariant 0.8.0 software
[32]. Copy number variants were called using
CNVnator v0.4 [33]. All variants were annotated
using Variant Effect Predictor [34], and analysis
constrained to variants in a predefined set of 885
genes associated with neurological diseases (list
available in supplementary material). SNVs with
population frequency above 1% in the gnomAD
population were excluded from the analysis. Re-
sources used when assessing pathogenicity of
candidate variants included: gnomAD v2.1.1 [35],
dbSNP (153) [36], ClinVar [37], the Human Gene
Mutation Database v2019.1 [38], OMIM [39], Uni-
Prot [40], KEGG v91.0 [41], and pathogenicity pre-
diction scores such as SIFT [42], PolyPhen-2 [43]
and CADD [44]. Targeted Sanger sequencing was
performed on DNA samples of all family members
subjected to genetic testing to confirm WGS re-
sults.

Results

Pathogenic variants in the NOTCH3 gene were
described as related to cerebral autosomal dom-
inant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) — the most com-
mon inherited stroke disorder [45]. The clinical
spectrum of the disease includes recurrent isch-
aemic episodes, progressive cognitive deficits, mi-
graine and psychiatric disorders.

The NOTCH3 gene encodes a single-pass trans-
membrane receptor containing 34 epidermal
growth factor repeats (EGFr). Each EGFr is com-
posed of approximately 40 amino acids, all con-
taining 6 cysteine amino acids that form disulfide
bridges [46]. NOTCH3 mutations in CADASIL invari-
ably lead to an uneven number of cysteines and
disrupt normal disulfide bridge formation, causing
misfolding of EGFr and increased NOTCH3 multim-
erization [47]. This NOTCH 3 aggregation has a tox-
ic effect on vascular smooth muscle cells. These
changes lead to impaired cerebrovascular reactiv-
ity and decreased cerebral blood flow, believed to
cause both chronic cerebral ischaemia and acute
ischaemic events [48, 49]. Acute infection in the
course of COVID-19 may stimulate inflammatory
reactions, hypoxia and coagulopathy, which can
additionally trigger ischaemic infarctions even in
patients without classic vascular risk factors. A few
patients with acute SARS-CoV-2 infection and
CADASIL, who presented with multiple ischaemic
infarcts, have recently been reported [50-52].

The identified variant p.(Cys440Trp) is locat-
ed in EGFr 11, which has been related to a much
milder phenotype and neurological symptoms oc-
curring 12 years later than those with pathogenic
variants located in EGFr [53].
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Another interesting finding in our patient is
the strikingly low level of mitochondrial DNA in
the blood, below the 3" percentile in the distri-
bution of our reference healthy donor group. Sev-
eral studies have shown the correlation between
mtDNA blood levels and general fitness, risk of
cardiovascular diseases and neurological func-
tioning, especially in the elderly [54-56]. The low
copy number of mtDNA in our proband could have
been involved in the patient’s condition, acting
as a genetic modifier of the underlying condition.
This finding may be at least partially responsible
for the relatively early age of CADASIL onset and
clinical display in the presented patient.

The simultaneous COVID-19 infection could
probably provoke an exacerbation of a previous-
ly asymptomatic CADASIL patient and could lead
to acute ischaemic multi-infarct encephalopathy,
as the association between CADASIL and SARS-
CoV-2 infection as a trigger mechanism has been
described [50, 51, 57, 58]. There is also an associ-
ation between CADASIL and influenza A infection.
The infection can cause the appearance of new
neurological symptoms [59]. Additionally, there is
evidence suggesting that worsening of neurologi-
cal symptoms can appear when treating migraine
in CADASIL patients with anti-migraine drugs (e.g.
drugs blocking CGRP), but this needs further in-
vestigation [60]. There are rare descriptions of the
coexistence of autoimmunity in CADASIL patients
which may possibly worsen clinical symptoms and
signs [61].

Our patient developed symptoms of encepha-
lopathy prior to clinical and radiological pulmonary
symptoms. Moreover, the pulmonary symptoms
during hospitalization were mild. The patient had
radiologic features of pneumonia, which did not
require any treatment other than high-flow oxy-
gen therapy 20 |/min. The levels of IL-6 and other
inflammatory markers outside the CNS were rel-
atively low. The patient was initially treated with
iv.immunoglobulins, as the differential diagnosis
included ADEM.

Many inflammatory and noninflammatory
disorders can have similar clinical and radiologic
features and should be considered in the differ-
ential diagnosis. Bacterial and viral inflammatory
process were excluded (cerebrospinal fluid pleocy-
tosis, the level of cerebrospinal fluid proteins and
immunoglobulin index, gadolinium enhancement
in MRI). Anti-MOG associated encephalomyelitis
was also within the differential diagnosis. It was
excluded due to the absence of anti-MOG anti-
bodies. ADEM was suspected on the basis of clin-
ical features and neuroimaging results. Magnetic
resonance abnormalities in ADEM are frequently
present in T2 weighted and fluid attenuated inver-
sion recovery (FLAIR) sequences as non-uniform,

poorly marginalized areas of increased signal in-
tensity. They are usually large, multiple and asym-
metric, and occur in subcortical and cortical areas.
Periventricular white matter is also often involved.
This correlated well with the radiological picture
in our patient.

Thereafter the patient was administered conva-
lescent plasma. Convalescent plasma, due to the
high titre of SARS-CoV-2 neutralizing antibodies, is
effectively used in the prevention and treatment of
epidemic infections. These antibodies prevent the
virus from entering the human cell by attacking one
of the functional subunits of the S-glycoprotein,
and therefore play a key role in direct virus neu-
tralization. In the study by Tworek et al., unlike in
many other publications, shortened hospitalization
was not observed in COVID-19 patients [13]. On the
other hand, it was found that sufficiently early ad-
ministered convalescent plasma may significantly
reduce the development of acute respiratory failure
and the need for mechanical ventilation.

Referring to the above, we suggest that the
speed of disease progression, neurological defi-
cits correlating with numerous diffuse changes in
the brain imaging and the coexistence of preced-
ing SARS-CoV-2 infection can lead to a hypothesis
that this infection was responsible for the devel-
opment of encephalopathy, with predominant
white matter changes.

To improve the clarity of the results, a timeline
of patient management (Figure 4) and a list of
genes in the neurological panel (Table Il) are pre-
sented.

Discussion

The diagnosis of white matter changes requires
a broad approach combining sequential neuroim-
aging, clinical features, the course of the disease
and laboratory data. White matter diseases affect
the pattern of myelination and include a large di-
versity of acquired processes, e.g., autoimmune,
infectious, vascular. These processes could play
a role in the present case.

In our CADASIL patient, the restriction of diffu-
sion of the lesions and its slow normalization over
time could also suggest subcortical lacunar infarcts
(Figure 1). However, this radiologic feature may
also be present in ADEM associated with SARS-
CoV-2 infection. Differential diagnosis between the
two — ADEM and CADASIL — may be a great chal-
lenge [50], as it was in the present case.

One of the essential features of the white mat-
ter lesions’ radiological assessment is the analysis
of their distribution and evolution over time. Some
studies have suggested that both anterior temporal
lobe involvement and external capsule involvement
are characteristic markers that may differentiate
CADASIL from other diseases [62—64].
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————— 25.07.2020 — anosmia

> 3.08.2020 — positive test for SARS-CoV-2
————> 4.08.2020 — admission to the hospital

———— 5.08.2020 — first MRI of the head

——> 7-9.08.2020 — infusion of immunoglobulins

> 8.08.2020 - control MRI

13.08.2020 — control MRI

> 20.08 2020 — control MRI
> 3.09.2020 - follow-up MRI examination

> 5.11.2020 - final follow-up MRI examination

Figure 4. Timeline

Furthermore, the blood vessels of CADASIL pa-
tients are directly exposed to a variety of endog-
enous or exogenous inflammatory stimuli. Ling
et al. analysed the expression levels of cytokines,
chemokines and adhesion molecules in vascular
smooth muscle cells (VSMC) and vascular endothe-
lial cells (VEC) and TNF-a-induced inflammation
was increased in both CADASIL VSMC and VEC. The
ELISA assay further confirmed the upregulation
of IL-6 protein in CADASIL VSMC and VEC culture
medium in TNF-a-induced inflammation. In addi-
tion, they found increased adhesion of monocytes
to CADASIL VEC in TNF-a-induced inflammation.
Together, CADASIL VSMC and VEC showed higher
sensitivity to inflammatory stimuli [26].

In addition, cytokine release in response to
SARS-CoV-2 infection may lead to mild to severe
clinical symptoms. Patients with severe condi-
tions showed serum profiles with dramatically
increased plasma levels of interleukins up to the
state of “cytokine storm”, including IL-6, IL-2, IL-7
and IL-10 [65]. In severely ill SARS patients, the
concentrations of IFN-y, IL-1, IL-6, IL-12, TGF-B,
MCP-1 and IL-8 were higher than in patients with
mild to moderate symptoms [66, 67]. Historically,
IL-1B, IL-6 and IL-8 levels were also increased in
patients with severe MERS-CoV infection [68].

With regard to the decreased level of IL-15, it
is a critical immunoregulatory cytokine with an-
tiviral properties [69]. IL-15 is expressed by bone
marrow cells to help with T cell responses, acti-

———— 22.07.2020 — first symptoms — temperature elevated up to 37°C

——> 7.08.2020 — lumbar puncture; admission to anesthesiology and intensive care unit

11-12.08.2020 — administration of convalescents’ plasma

16.08.2020 — resolution of the clinical symptoms

vate NK cells, and modulate inflammation [70].
Deficiency of IL-15 has previously been shown to
promote airway resistance in mice, while IL-15 in-
hibits pro-inflammatory cytokines, reduces goblet
cell hyperplasia and regulates allergen-induced
airway obstruction in mice by inducing interferon
(IFN-y) and IL-10-producing regulatory T cells [71].

In the present case, there were confluent white
matter changes in the anterior temporal lobes and
in the area of both external capsules (Figure 2).
Similar localization of the lesions was described
in another case recently reported by Zhang [49].
Some authors also emphasize the frequent loca-
tion of the radiological changes in the upper fron-
tal gyri, which is not present in our patient [64].
Other locations in which changes in the course of
CADASIL syndrome may occur include the posteri-
or temporal and occipital white matter, the basal
ganglia, thalamus, internal capsule and the pons
[64]. The involvement of the corpus callosum is
a typical multiple sclerosis (MS) feature, could be
present in ADEM and affects about 40% of pa-
tients with CADASIL [72]. The involvement of the
corpus callosum is present in our case (Figure 5),
but it was absent in the report of Zhang. In con-
trast, the occurrence of lesions in all infratentorial
regions except the pons is unusual [49, 64, 72].

It has been suggested that white matter chang-
es in ADEM should regress over time [73], while
in our case the changes are still significant after
7 months of observation.
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Table Il. List of genes in the neurological panel

ABAT CLN8 KCNT1 SLC6A1 FOLR1 PLP1 CHMP2B
ABCD1 CNTNAP2 KCTD7 SLC6AS8 FOXG1 PNKP DCTN1
ADAR COL4A1 KDM5C SLC9A6 FOXRED1 PNPO FIG4
ADSL COX15 KIF1A SMS GABRA1 POLG FUS
AFG3L2 COX6B1 L2HGDH SNAP25 GABRB2 POLR3A GBE1
AGA CPT2 LGI1 SNORD118 GABRB3 POLR3B HEXA

AIFM1 CSF1IR LMNB1 SOX10 GABRG2 PPT1 HNRNPA1
AIMP1 CSTB LRPPRC SPATAS GALC PRICKLE1 KIAA0196
ALDH3A2 crca LYRM7 SPTAN1 GAMT PRIMA1 KIF5A
ALDH5A1 CTsD MAGI2 ST3GAL3 GCDH PRODH OPTN
ALDH7A1 CTSF MARS2 ST3GAL5 GCH1 PRRT2 PRF1
ALG13 cuL4B MBD5 STX1B GFAP PSAP REEP1
AMACR CYP27A1 MECP2 STXBP1 GFM1 PTS SETX
AMT D2HGDH MED12 SUMF1 GJC2 PURA SLC52A2
AP4B1 DARS MEF2C SUOX GLB1 PYCR2 SLC52A3
AP4E1 DARS2 MFSD8 SYN1 GLDC QDPR SOD1
AP4M1 DCX MLC1 SYNGAP1 GLRB RAB39B SPAST
AP4S1 DDC MOCS1 SYNJ1 GNAO1 RARS SPG11
APOPT1 DEPDC5 MRPL44 SZT2 GNB1 RELN SPG20
ARG1 DHFR MTFMT TAF1 GNE RMND1 SQSTM1
ARHGEF9 DNAJC5 MTHFR TBC1D24 GOSR2 RNASEH2A TARDBP
ARSA DNM1 MTOR TBCD GPHN RNASEH2B TUBA4A
ARX DNM1L NACC1 TBCE GRIA3 RNASEH2C UBQLN2
ASAH1 DOCK7 NDUFAF5 TBCK GRIK2 RNASET2 VAPB
ASNS DPYD NDUFAF6 TBL1XR1 GRIN1 RNF216 VCP
ASPA DPYS NDUFS2 TCF4 GRIN2A ROGDI ADNP
ATP13A2 EARS2 NDUFS4 TPP1 GRIN2B SAMHD1 BCL11A
ATP1A3 ECHS1 NDUFS7 TREX1 GRN SCARB2 CACNA1C
ATRX ECM1 NDUFS8 TSC1 GTPBP3 SCN1A CNOT3
BRAT1 EEF1A2 NDUFV1 TSC2 HACE1 SCN1B CNTN6
BTD EFHC1 NECAP1 TTC19 HCN1 SCN2A COL4A3BP
CACNALA EIF2B1 NEU1 TUBB4A HECW2 SCN8A CTNND2
CACNA1H EIF2B2 NFU1 UBAS5 HEPACAM SCN9A DHCR?
CACNB4 EIF2B3 NHLRC1 UBE2A HIBCH SCO1 EN2
CASK EIF2B4 NOTCH3 UBE3A HNRNPU SDHAF1 FOXP1
CASR EIF2B5 NRXN1 UNC80 HSD17B10 SERAC1 KMT5B
CC2D1A EPM2A NUBPL VPS13A HSPD1 SERPINI1 NLGN3
CDKL5 ETFA OFD1 WDR26 HTRA1 SIK1 NLGN4X
CERS1 ETFB OPHN1 WDR45 HTT SLC12A5 NSD1
CHD2 ETFDH PCDH19 WWOX IBA57 SLC13A5 POGZ
CHRNA2 ETHE1 PGK1 YY1 IQSEC2 SLC19A3 PTCHD1
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Table II. Cont.
CHRNA4 FA2H PHF6 ZEB2 KCNA1 SLC25A1 PTEN
CHRNB2 FAM126A PIGA ZFYVE26 KCNA2 SLC25A15 RPL10
CLCN2 FAR1 PIGN ALS2 KCNB1 SLC25A22 SHANK3
CLCN4 FARS2 PIGO ANG KCNC1 SLC2A1 TCF20
CLN3 FGF12 PIGT ATL1 KCNH1 SLC35A2 TRIP12
CLN5 FH PIGV BSCL2 KCNQ2 SLC39A8 CcCm2
CLN6 FLNA PLCB1 CHCHD10 KCNQ3 SLC46A1 KRIT1
PDCD10 CDON NDE1 TIMM8A TRPV4 SLC16A2 EEF2
RASA1 FGF8 NHEJ1 TK2 UBA1 SMC1A ELOVL4
ADCK3 FGFR1 PCNT TMEM126A ACSL4 SOX3 ELOVL5
ANO10 FOXH1 PHGDH TUBB3 AFF2 SYP FBXL4
APTX GLI2 PLK4 TYMP AP1S2 TSPAN7 FGF14
CoQ2 GLI3 PQBP1 WEFS1 ARHGEF6 UPF3B FLVCR1
COQ4 NODAL RARS2 DNAJC6 ATP6AP2 USPIX FXN
COQ5 PTCH1 RTTN FBXO7 BCOR ZC4H2 GBA2
COQ6 SHH SEPSECS LRRK2 BRWD3 ZCCHC12 GRID2
coQ7 SIX3 STAMBP PARK2 DDX3X ZDHHC9 GRM1
C0Q9 TGIF1 STIL PARK7 DKC1 ZNF41 GSS
PDSS1 Z1C2 TSEN2 PDGFB DLG3 INF674 HARS2
PDSS2 ACTB TSEN54 PDGFRB ELK1 ZNF711 INPP5E
SLC25A26 ACTG1 TUBGCP4 PINK1 FANCB ZNF81 ITM2B
AGRN ATP6VOA2 TUBGCP6 PLA2G6 FGD1 ABCB7 ITPR1
CHAT FKTN VRK1 PRKRA FMR1 ABHD12 KCNC3
CHRNA1 ISPD WDR62 SLC20A2 FTSJ1 AHI1 KCND3
CHRNB1 KATNB1 WDR?73 SLC6A3 GDI1 ARL13B KCNJ10
CHRND LAMB1 XRCC4 SPR GK ARL6 KIF1C
CHRNE LARGE ACO2 TH GPC3 ATCAY KIF7
CHRNG PAFAH1B1 ANTXR1 VPS35 HCCS ATM LAMA1
coLQ POMGNT2 C100RF2 ADGRG1 HPRT1 ATP8A2 LARS2
DOK7 POMT1 C120RF65 GPSM2 HUWE1 BBS1 MKKS
DPAGT1 TUBA1A CHN1 KIF1BP IDS BBS10 MKS1
FLAD1 TUBB2B CIsD2 LAMC3 IGBP1 BBS12 MME
GFPT1 TUBG1 FDXR NSDHL ILIRAPL1 BBS2 MTPAP
LAMB2 VLDLR FRMD7 OCLN KIAA2022 BBS4 MTTP
MUSK YWHAE GPR143 RAB18 KLF8 BBS5 NOL3
PLEC AKT3 HESX1 SRPX2 L1CAM BBS7 NPHP1
RAPSN AMPD2 KIF21A TUBA8 LAMP2 BBS9 PDYN
SCN4A ASPM MFN2 TUBB2A MAGT1 BEAN1 PEX7
STIM1 ATR NDUFS1 AARS MAOA C50RF42 PHYH
ABCA7 CDK5RAP2 NR2F1 ATP7A MBTPS2 CA8 PNKD
APOE CENPF OPA1 BICD2 MID1 CAMTAL1 PNPLA6
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Table II. Cont.
APP CENPJ OPA3 DNAJB2 MTM1 CAPN1 PPP2R2B
MAPT CEP152 0TX2 EXOSC8 NDP CC2D2A PRKCG
PRNP CEP63 PAX6 FBX038 NDUFA1 CCcbC8sc RPGRIP1L
PSEN1 DYNC1H1 PHOX2A GARS NHS CEP290 RUBCN
PSEN2 DYRK1A PRPS1 HSPB1 NXF5 CEP41 SACS
SIGMAR1 EFTUD2 ROBO3 HSPB3 OCRL CLPP SIL1
SNCA EXOSC3 RRM2B HSPB8 oTC COASY SLC1A3
SORL1 KANSL1 RTN4IP1 IGHMBP2 PAK3 COX20 SNX14
TREM2 KIF11 SALL4 LAS1L PDHA1 CP SPTBN2
DMD LIG4 SLC25A4 PLEKHG5S PHF8 CWF19L1 STUB1
EMD MCPH1 SLC25A46 SCO2 PORCN CYP2U1 SYNE1
FHL1 MFSD2A SLC38A8 SLC5A7 RBM10 DNAJC19 SYT14
LMNA MRE11A SOX2 SMN1 RPS6KA3 DNMT1 TCTN1
TMEM43 MYCN SPG7 SMN?2 SHROOM4 EBF3 TCTN2
TCTN3 MARS FLNC DHCR24 CACNA1S
TDP1 MCM3AP GAA DIS3L2 CLCN1
TGM6 MED25 GMPPB DNMT3A KCNJ2
TMEM138 MPZ ITGA7 EED ALAD
TMEM216 MTMR2 KBTBD13 EZH2 ALAS2
TMEM231 MYOT KLHL40 KPTN CPOX
TMEM237 NDRG1 KLHL41 MPDZ FECH
TMEM240 NEFH LAMA?2 NFIX HFE
TMEM67 NEFL LIMS2 PIK3CA HMBS
TRIM32 NGF LMOD3 PIK3R2 PPOX
TTBK2 NTRK1 MEGF10 RNF135 UROD
TTC8 PDK3 MICU1 SETD2 UROS
TTPA PMP22 MYH7 ACAD9 B4GALNT1
VAMP1 PRDM12 NEB ACADL C190RF12
WDPCP PRX PABPN1 ACADM CTNNB1
WDR81 RAB7A PNPLA2 ACADVL CYP7B1
ZNF423 SBF1 POGLUT1 AGL DDHD1
ARHGEF10 SBF2 RBCK1 AHCY DDHD2
ATAD3A SCN11A SELENON ALDOA NIPA1
ATL3 SEP9 SGCA AMPD1 PAH
BAG3 SH3TC2 SGCB ENO3
CCT5 SLC12A6 SGCD GYG1
COX10 SMAD3 SGCG GYS1
COX6A1 SPTLC1 SMCHD1 HADHA
CTDP1 SPTLC2 SPEG ISCU
DCAF8 SURF1 TCAP LDHA
DHTKD1 TFG TMEM126B LPIN1
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Table II. Cont.

DNM?2 TRIM2 TNNT1 MYH3
DST TTR TNPO3 PFKM
EGR2 WNK1 TOR1AIP1 PGAM?2

FAM134B YARS TPM2 PGM1

FBLNS COL12A1 TPM3 PHKA1
FGD4 COL4A2 TRAPPC11 POLG2
GAN COL6A1l VMA21 PYGM

GDAP1 COL6A2 GATM RYR1
GJB1 COL6A3 ADCY5 SLC22A5
GNB4 ACTA1 ANO3 SLC25A20

HADHB ANO5 BCAP31 SUCLA2
HARS ATP2A1 DCAF17 TANGO?2

HINT1 B3GALNT2 GNAL ATP1A2
HK1 CAPN3 KMT2B KCNK18

IKBKAP CAV3 SGCE ARFGEF2
INF2 CFL2 THAP1 EMX2
KARS CRYAB TORIA FAT4
KIF1B DES AKT1 FLVCR2
LDB3 DNAJB6 CCND2 RAB3GAP1
LITAF DYSF CDKN1C RAB3GAP2

LRSAM1 FKRP CHD8 TMEM5

Figure 5. The lesion in the genu of the corpus callosum shows high signal intensity on T2 WI (A) and FLAIR (B) and
punctate enhancement after intravenous contrast administration (C)

Although absent in our case, microbleeds may
occur in 30-70% of CADASIL patients, and their
frequency of occurrence increases with patient’s
age; intracerebral haemorrhage have also been
described in a number of patients [5, 74, 75]. Our
patient was only 30 years old and did not have
any vascular risk factors.

Contrast enhancement present in the acute
phase of the disease does not significantly narrow

the differential diagnosis and may occur in many
white matter diseases [72].

Subcortical lacunar infarcts on a back-
ground of chronic microangiopathic ischaemic
changes, and white matter of the anterior tem-
poral poles, superior frontal lobes, and external
capsules are typically affected. These are the
key diagnostic features of CADASIL, present in
our patient.
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In spite of de novo origin of the identified
NOTCH3 variant in the patient, the patient’s
mother suffered an early stroke episode at the
age of 46. The event was not related to COVID-19
and she had no other predisposing conditions.
The phenocopy could be uncorrelated to the
proband’s CADASIL; other unknown, potential-
ly female-specific, genetic factors could cause
neurological conditions; or there could be an ob-
scured mosaicism in the mother. Notably, Markus
et al. reported that 19.5% of tested individuals,
in whose families CADASIL occurred, suffered an
ischaemic stroke but did not harbour the patho-
genic mutations [14].

Recently, it has been shown that CADASIL
pathogenic variants may occur in 1 : 300 indi-
viduals in the general population [49]. This fre-
quency is higher than the minimal estimated
CADASIL prevalence, which means that CADASIL
may be underdiagnosed. It could be suggested
that a number of pathogenic mutations in the
population are associated with milder phenotype
or are non-penetrant. The awareness of a poten-
tially high number of asymptomatic CADASIL in-
dividuals in the population may have important
implications for the diagnosis and treatment of
patients with neurological symptoms related to
COVID-19 and other acute infections. Determin-
ing the process which causes ischaemic infarcts
in CADASIL patients with COVID-19 could enable
appropriate measures of prevention to be applied
in the foreseeable future.

In conclusion, this case underlines diagnostic
difficulties associated with making the proper
diagnosis as the clinical features and radiologic
findings may be similar in a number of different
entities. The proper diagnosis is of paramount
importance as it can lead to applying successful
treatment. The diagnostic process undertaken in
this study strongly supports the value of wide-
spread use of WGS, as it can contribute in future
to lowering the number of undiagnosed CADASIL
patients and therefore resolve the problem of un-
derdiagnosing CADASIL in the general population.
The same could be said about other underdiag-
nosed health conditions with underlying genetic
factors, which were not a part of this study.
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