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Neuroimaging: MRI showed predominantly anterior periven-
tricular white matter hyperintensities and global cortical
atrophy. There was no contrast enhancement or DWI-positive
lesions. Follow-up imaging 1 year later was unchanged.

Genetic analysis: CSFIR sequencing revealed a heterozygous
¢.1987G>A mutation causing an E633K substitution in exon
14. This mutation has been reported to cause HDLS previously
in a number of reports.'?

DISCUSSION

CSFIR mutations are part of a small but growing list of
microglia-associated neurodegenerative diseases. While early
reports suggested that the mutations had a dominant-negative
effect, it has now been shown that CSF1R mutations are loss of
function. Mutant CSF1R is expressed on the cell surface and
can bind CSF1, form dimers and be internalised.'® Therefore,
heterozygous mutations result in a 75% reduction in active
CSF1/CSF1R dimers that can signal normally.

Appropriate CSF1R signalling may be essential not only for
CNS development, but also for the health of the fully developed
brain. Recently it was shown that microglia in the adult brain
are actively dependent on CSF1R signalling. Inhibition of sig-
nalling through CSF1R was found to lead to the rapid depletion
of almost all brain microglia via apoptosis, with repopulation
occurring when inhibition was withdrawn.'®

The importance of microglia in maintaining a healthy CNS is
increasingly recognised. Interestingly, homozygous mutations in
TREM2, another microglial cell surface receptor, cause an early
onset dementia, Nasu-Hakola disease.'” Heterozygous variants
in TREM2 are also a significant risk factor for Alzheimer’s
disease (AD),"® and genome-wide association studies have linked
variants in the microglial receptors CD33 and IRF8 with AD
and multiple sclerosis, respectively.'® 2® These findings clearly
point to the importance of microglia in the health of the CNS
and the need to further study how microglial dysfunction leads
to neuronal death.

In this study, we found that CSFIR mutations account for
approximately 10% of adult onset leukodystrophies in a mixed
cohort from the UK, Greece and Ireland. We identified a range
of phenotypes, with case 1 presenting with features suggesting a
CNS vasculitis; cases 2, 4 and 5 had early and late parkinsonian
features; and case 3 had a more classical cognitive phenotype.

There are at least 30 different leukodystrophies that can
present in adulthood, many of which have similar or even indis-
tinguishable presentations making accurate diagnosis challen-
ging.” Presence of axonal spheroids, pigmented cells and white
matter degeneration in diagnostic brain biopsies is highly vari-
able, subject to variable regional predilection for pathology, sam-
pling bias and disease stage. Diagnostic brain biopsies should
ideally include full thickness of the cortex and underlying white
matter to reduce the sampling bias. In many cases, extensive
and expensive testing is required to make a diagnosis. Our study
confirms previous findings that CSFIR mutations are a relatively
common cause of adult onset leukodystrophy and that CSFI1R
mutations can lead to diverse phenotypes and can mimic many
other neurological diseases, including CNS vasculitis.

As the phenotype of CSFIR mutations continues to be
refined, we recommend that patients who present with a pos-
sible CNS vasculitis or undiagnosed adult onset leukodystrophy
be screened early for mutations in CSF1R, and this should not
be limited to patients with typical neuropsychiatric or parkin-
sonian presentations. The early detection of a known patho-
genic CSF1R mutation may negate the need for a brain biopsy
and its associated risks. Early genetic diagnosis in affected

individuals will help guide clinician discussions around prognos-
tication, genetic risk in other family members and reproductive
counselling in families.

In addition, where a brain biopsy has been performed for a
suspected CNS vasculitis and a diagnosis not achieved, the
biopsy sample should be carefully examined for the presence of
axonal spheroids or pigmented glia and consideration given to
CSF1R gene sequencing.

Sharing of data and material in this report
Genetic data, DNA samples, control data and neuropathological
slides are open access for sharing with other research groups.
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Supplementary Figure 1. (A) Sequence chromatograms illustrating V596M, A763P and E825K mutations.
(B) Multiple species alignment showing conservation of residues for 3 novel mutations.
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Supplementary Table 1: Summary of all reported CSF1R mutations, exons, age at onset and age at death.

Author Year Mutation Exon Age at Age at Disease
onset death duration
Rademakers’ 2011 | G589E 13 47 58 11
Rademakers 2011 G589E 13 58 61 3
Rademakers 2011 E633K 14 42 46 4
Rademakers 2011 E633K 14 67 74 7
Rademakers 2011 E633K 14 78 84 6
Rademakers 2011 M766T 17 18 N/A N/A
Rademakers 2011 M766T 17 43 N/A N/A
Rademakers 2011 755N 17 48 N/A N/A
Rademakers 2011 A770P 17 52 63 11
Rademakers 2011 1794T 18 35 N/A N/A
Rademakers 2011 F849del 19 63 67 4
Rademakers 2011 D837Y 19 N/A N/A N/A
Rademakers 2011 F849S 19 N/A N/A N/A
Rademakers 2011 P878T 20 39 49 10
Rademakers 2011 P878T 20 39 43 4
Rademakers 2011 M875T 20 41 N/A N/A
Rademakers 2011 M875T 20 46 N/A N/A
Rademakers 2011 L868P 20 55 63 8
Rademakers 2011 M875T 20 58 N/A N/A
Rademakers 2011 M875T 20 71 N/A N/A
Rademakers 2011 M875T 20 N/A N/A N/A
Rademakers 2011 Gly585_lys619delinsAla | IVS12 36 40 4
Rademakers 2011 Gly585_lys619delinsAla | IVS12 38 41 3
Rademakers 2011 C774_N814delins IVS18 23 N/A N/A
Rademakers 2011 cys774_asn81l4del IVS18 50 55 5
Kinoshita® 2012 | R782H 18 51 N/A N/A
Kleinfeld® 2013 | 1794T 18 37 N/A N/A
Kleinfeld 2013 F828S 19 39 N/A N/A
Kleinfeld 2013 F828S 19 47 N/A N/A
Kondo* 2013 K793T 18 40 N/A N/A
Mitsui® 2012 | C653Y 14 43 N/A N/A
Mitsui 2012 C653Y 14 48 N/A N/A
Mitsui 2012 R777W 18 38 N/A N/A
Mitsui 2012 1794T 18 52 N/A N/A
Mitsui 2012 I794T 18 60 N/A N/A
Mitsui 2012 R777W 18 65 N/A N/A
Ahmed® 2013 A781V 18 32 N/A N/A
Ahmed 2013 A781V 18 54 N/A N/A




Ahmed 2013 A781V 18 58 N/A N/A
Ahmed 2013 A781V 18 60 N/A N/A
Ahmed 2013 A781V 18 67 N/A N/A
Fujioka’ 2013 | G589E 13 46 N/A N/A
Fujioka 2013 G589E 13 47 N/A N/A
Fujioka 2013 G589E 13 58 N/A N/A
Fujioka 2013 G589E 13 59 N/A N/A
Guerreiro® 2013 T567fsX44 12 24 N/A N/A
Guerreiro 2013 L630R 14 45 N/A N/A
Guerreiro 2013 E633K 14 46 N/A N/A
Guerreiro 2013 R777Q 18 44 N/A N/A
Guerreiro 2013 R777W 18 46 N/A N/A
Guerreiro 2013 1794T 18 46 N/A N/A
Guerreiro 2013 R777Q 18 58 N/A N/A
Guerreiro 2013 R777Q 18 60 N/A N/A
Guerreiro 2013 L817P 19 36 N/A N/A
Guerreiro 2013 1827T 19 44 N/A N/A
Guerreiro 2013 E847D 19 44 N/A N/A
Guerreiro 2013 Y856H 20 39 N/A N/A
Guerreiro 2013 Y856H 20 42 N/A N/A
Guerreiro 2013 Y856H 20 42 N/A N/A
Guerreiro 2013 Y856H 20 47 N/A N/A
Guerreiro 2013 Y856H 20 55 N/A N/A
Guerreiro 2013 P901S 21 20 N/A N/A
Guerreiro 2013 €2655-2A>G IVS20 50 N/A N/A
Inui® 2013 | A777Gly 18 24 N/A N/A
Karle' 2013 | 17947 18 29 N/A N/A
Karle 2013 R777Q 18 38 N/A N/A
Karle 2013 1794T 18 40 N/A N/A
Karle 2013 A781V 18 50 N/A N/A
Karle 2013 843N 19 40 N/A N/A
Karle 2013 V838L 19 53 N/A N/A
Karle 2013 Q877X 20 28 N/A N/A
Nicholson! 2013 | M766T 17 51 N/A N/A
Nicholson 2013 R782H 18 N/A N/A N/A
Saitoh™ 2013 | 17947 18 28 N/A N/A
Sundal®™ 2013 | G589E 13 58 N/A N/A
Sundal 2013 E633K 14 42 N/A N/A
Sundal 2013 E633K 14 67 N/A N/A
Sundal 2013 M766T 17 18 N/A N/A
Sundal 2013 M766T 17 27 N/A N/A




Sundal 2013 | M766T 17 43 N/A N/A
Sundal 2013 | 1755Asn 17 48 N/A N/A
Sundal 2013 | A770P 17 52 N/A N/A
Sundal 2013 | 1794T 18 35 N/A N/A
Sundal 2013 | 1794T 18 57 N/A N/A
Sundal 2013 | M875T 20 58 N/A N/A
Sundal 2013 | M875T 20 71 N/A N/A
Sundal 2013 Gly585_lys619delinsAla | IVS12 36 N/A N/A
Sundal 2013 Gly585_lys619delinsAla | IVS12 38 N/A N/A
Sundal 2013 cys774_asn814del IVS18 23 N/A N/A
Sundal 2013 | cys774_asn8l4del IVS18 50 N/A N/A
Terasawa™ 2013 | A823V 19 52 N/A N/A
Battisti® 2014 | C653R 14 48 N/A N/A
Battisti 2014 | 1843F 19 56 N/A N/A
Battisti 2014 | 11906T 21 37 N/A N/A
Hoffmann'® 2014 | R777Q 18 22 N/A N/A
Hoffmann 2014 R777Q 18 29 N/A N/A
Hoffmann 2014 | R777Q 18 30 N/A N/A
Hoffmann 2014 R777Q 18 40 N/A N/A
Kitani Morii'’ 2014 | 1794T 18 N/A N/A N/A
Konno'® 2014 | S688Efx13 15 41 N/A N/A
Konno 2014 | G765D 17 37 N/A N/A
Konno 2014 | A781E 18 36 N/A N/A
Konno 2014 | 1794T 18 40 N/A N/A
Konno 2014 | 1794T 18 55 N/A N/A
Konno 2014 | P842S 19 45 N/A N/A
Konno 2014 C2442+1G>T IVS18 53 57 4

La Piana® 2014 | V784M 18 39 N/A N/A
Levin® 2014 | v838L 19 N/A N/A N/A
Schuberth® 2014 | L582P 12 54 N/A N/A
Schuberth 2014 | E633K 14 41 N/A N/A
Schuberth 2014 | v838L 19 45 N/A N/A
Sundal® 2015 | Asn854Lys 20 29 N/A N/A
Sundal 2015 Asn854Lys 20 38 N/A N/A
Sundal 2015 Asn854Lys 20 42 N/A N/A
Sundal 2015 | Asn854Lys 20 44 N/A N/A
Sundal 2015 Asn854Lys 20 45 N/A N/A
Sundal 2015 | Asn854Lys 20 50 N/A N/A
Kim % 2015 | M766V 17 39 N/A N/A
Kim 2015 | R782H 18 37 42 5

Kim 2015 | A781V 18 41 N/A N/A




Kim 2015 A781V 18 44 49 5
Lynch 2015 V596M 13 31 36 5
Lynch 2015 E633K 14 29 N/A N/A
Lynch 2015 A763P 17 45 51 6
Lynch 2015 G825L 19 42 N/A N/A
Lynch 2015 c2442+1 G>a IVS18 44 N/A N/A
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Supplementary Table 2: Summary of the clinical presentations of the 43 patients in whom a CSF1R mutation was not found.

Case Sex Ageatonset Clinical MRI Additional
(v) Features Features
Cognitive Behavioural Seizures Spasticity Ataxia WML
Decline Change
1 m 28 - - - + - +
2 f 25 - - ¥ - - +
3 f 43 + + - + - +
4 f 36 - - - ¥ - 5 Vertigo, migraine
4 f 53 + + - - - +
5 m 33 + + - - - + AD Family History
6 m 51 + - - - - + AD Family History
7 f 42 + - - - - +
8 f 55 + + - - - +
9 m 57 + + - - - + AD Family History
10 m 18 + + - + - +
11 m 52 + + - + - + Myoclonus
12 m 35 - - - - - + Migraine
13 f 76 - - - + - + Lower limb sensory
disturbance
14 m 57 + + - - + +
15 f 21 - - - + +
16 m 18 - + - - - + Upper limb tremor
17 m 46 + - - - - +
18 m 64 + - - - + + Myoclonus
19 m 30 - - - + + +




30 m 44 - - - - - + Visual Change,
dysarthria

WML: Symmetric T2 hyperintense white matter lesions, m: male, f: female, +: present, -:absent, AD: Autosomal Dominant



