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Colony-stimulating factor 1 receptor-related adult-onset leukoencephalopathy with axonal spheroids and pigmented glia (CSF1R-ALSP) is a rare,
fatal, autosomal-dominant neurodegenerative disorder caused by pathogenic CSFIR variants and characterized by progressive cognitive, neuro-
psychiatric, and motor dysfunction, white matter lesions on brain imaging, and white matter demyelination, swollen axons, and pigmented glial cells
on pathology. Limited data regarding clinical, biofluid or radiological biomarkers of disease severity are available, and no clinical trial endpoints have
yet been validated. The objectives of this first-of-its-kind, prospective, observational natural history study were to characterize the clinical trajectory of
CSFIR-ALSP and to identify and evaluate key biomarkers and clinical endpoints indicative of disease severity and progression. ILLUMINATE
(NCT05020743) was a multicentre, noninterventional natural history study of adults with CSF1R-ALSP and prodromal carriers of CSFIR variants.
Participants were followed for up to 36 months, with clinical assessments, fluid biomarkers and volumetric MRI assessments of brain atrophy col-
lected at screening and every 6 months. This study was terminated early (4 June 2025). The analyses reported here include data collected through 19
February 2025. Of 53 participants, 19 were prodromal and 34 were symptomatic (11 of whom had a history of haematopoietic stem cell transplant
and 23 who did not). Mean participant age was 47.8 (standard deviation, 4.5) years, and 36.4% were female. Prodromal participants remained rela-
tively stable over 36 months, with little change in neurological function, neurodegeneration biomarkers or radiological disease burden. Impaired
neurological function, MRI characteristics of CSFIR-ALSP, and elevated NfL (neurofilament light chain; neurodegeneration biomarker) and
GFAP (glial fibrillary acidic protein; astrogliosis biomarker) levels were more pronounced at baseline and often showed progression over time among
symptomatic participants who had not previously received haematopoietic stem cell transplant compared with participants who had previously re-
ceived haematopoietic stem cell transplant. Significant correlations were observed at baseline and longitudinally between MRI measures of brain
atrophy and clinical outcome measures. Based on the fluid biomarkers, MRI measures, and clinical outcome assessments evaluated here, active neu-
rodegeneration, widespread changes visualized on brain MRI, and impaired cognitive and motor function were observed in symptomatic patients
with CSFIR-ALSP. The neurological impairment can be assessed using the Montreal Cognitive Assessment and Cortical Basal ganglia Functional
Scale. Our data suggest that quantification of brain atrophy using MRI volumetry is a potential biomarker of disease severity and progression in
CSFI1R-ALSP. It is hoped that this report will contribute to the understanding of disease progression in CSFIR-ALSP and inform future drug

development.
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ILLUMINATE - CSF1R-ALSP Natural History Study

Study outline

¢ 36 months

e Multicentre

¢ Noninterventional

after HSCT

Introduction

Colony-stimulating factor 1 receptor-related adult-onset leukoence-
phalopathy with axonal spheroids and pigmented glia (CSFIR-
ALSP) is a rare, autosomal dominant and progressive fatal leukoence-
phzllopatthy.l'3 It is caused by pathogenic CSFIR gene variants,
which were recently estimated to occur with a frequency of 281 per
million individuals.* CSFIR-ALSP is characterized pathologically by
brain white matter demyelination, microglia loss, swollen axons and
pigmented glial cells."> Brain magnetic resonance imaging (MRI)
shows early white matter lesions followed by brain atrophy. L5
Neurologic examination shows progressive cognitive decline and other
cortical disturbances (e.g. aphasia, agraphia, apraxia), neuropsychiatric
symptoms (e.g. behavioural and/or personality changes), motor dys-
function symptoms (e.g. both pyramidal and extrapyramidal), speech
disturbance, and bulbar and cerebellar signs.l’é’7 Symptom onset fre-
8

quently occurs in the early 40s [mean (range) age, 43 (18—86) years]
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CSFIR-ALSP signs and symptoms substantially impact patients’ ac-
tivities of daily living, including mobility, executive functioning, mood/
behaviour, self-care and maintaining employment.l’6 In later stages, indi-
viduals progress to loss of speech and voluntary movement and become
confined to bed; death is most often due to infections such as pneumo-
nia.® CSF1R-ALSP progresses rapidly, with progression from symptom
onset to incapacitation within 3—4 years and death within 6-8 years.l’7

Initial misdiagnosis of CSF1R-ALSP is common and occurs in
~50% of pattients,8 resulting in delays in clinical care initiation,
symptomatic treatment and genetic counselling, as well as missed
opportunities for clinical trial participation.s’9 Introduction of
the ICD-10 code (G93.44) in October 2023'° and increasing acces-
sibility of genetic testing11 may shorten the diagnostic timeline, po-
tentially mitigating the currently prolonged diagnostic odyssey for
people with CSF1R-ALSP.

Brain MRI can help in CSF1R-ALSP diagnosis and assessing dis-

1,2,6,7,

ease severity and progression. 1213154 study involving 15 patients
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Figure 1 Biological processes, their effect, and biomarkers/assessments. CSF, cerebrospinal fluid; CSF1R, colony-stimulating factor 1
receptor; GFAP, glial fibrillary acidic protein; MRI, magnetic resonance imaging; NfL, neurofilament light chain; sCSF1R, soluble

colony-stimulating factor 1 receptor.

with CSF1R-ALSP, a semiquantitative, clinician-assessed severity
(Sundal) scoring system was proposed for diagnostic evaluation and to
track disease progression.12 Additionally, results showed a distinctive
pattern of bilateral, asymmetric white matter lesions with prefrontal pre-
dominance and brain atrophy, primarily in the cortical and central re-
gions, with increased ventricle volume. Longitudinal MRI scans show
disease progression and severity,13 particularly volumetric MRI measures
(e.g. lesion volume, ventricle volume), which can be used to track disease
progression.14 Furthermore, positive association was observed between
progressive white matter degeneration and brain atrophy on MRI
with increasing functional disability, as assessed via modified Rankin
scale, and increasing disease duration in a cohort of eight patients with
CSF1R-ALSP." Thus, longitudinal white matter lesion tracking and
volumetric measurements on brain MRI patterns may be used for evalu-
ating therapeutic interventions for CSFIR-ALSP.1!41¢

No approved pharmacotherapies are yet available that can modify
CSF1R-ALSP disease course."” Haematopoietic stem cell transplant-
ation (HSCT) is the only potentially disease-modifying option but is
available and appropriate for only a subset of patients; furthermore,
data on its efficacy in CSFIR-ALSP have yielded inconsistent re-
sults."®?* HSCT efficacy in CSF1R-ALSP has not been evaluated
in controlled clinical trials*; however, stabilization of motor function,
cognitive outcomes and MRI lesions were reported following HSCT
in a small series of patients.lg‘zo’zz‘24 Similarly, in a recent study,
HSCT was found to replace CSF1R-deficient microglia in four indi-
viduals with CSF1R-ALSP, halting disease progression, with no ex-
acerbation in brain atrophy and stabilization of motor and
cognitive function.” Although long-term treatment outcomes from
these case studies were limited and post-HSCT disease course var-
jed, 18202324 5 retrospective study of 15 patients who had undergone
HSCT suggests that patients with milder cognitive impairment, pre-
dominant motor presentation and younger age before HSCT had
relatively more favourable outcomes.”’ Another retrospective study
of 17 patients found that a reduced-intensity conditioning regimen
may display similar neurological outcomes to myeloablative trans-
plantation.22 The widespread HSCT applicability for patients with

CSFIR-ALSP is currently limited by risks of complications (e.g.
chemotherapy conditioning-associated toxicity, infections resulting
from immunosuppression, graft—versus—host disease, transient worsen-
ing of symptoms, increased treatment-related mortality),19’21’26 disease
severity at diagnosis and access to appropriate transplant donors. To
provide an alternative, a phase 2 clinical trial was conducted in parallel
with the natural history study reported here to evaluate iluzanebart, a
monoclonal antibody TREM2 agonist, as a potential treatment for
CSFIR-ALSP. Although iluzanebart demonstrated a favourable
safety, tolerability and pharmacokinetic profile, no beneficial effects
on biomarker or clinical efficacy endpoints were observed.”

Thus, a significant unmet need remains for disease-modifying treat-
ment for CSFIR-ALSP to reverse, delay or stop discase progres-
sion.>® Since the 2011 report of the genetic and aetiological basis of
CSF1R-ALSP,? limited data have been published on biomarkers of dis-
ease biology and severity, and no clinical endpoints have yet been estab-
lished that measure the range of neurological manifestations of
CSFIR-ALSP. The investigators, therefore, considered data from clin-
ical research in other neurological diseases with characteristics similar to
CSF1R-ALSP.?*?? Of interest were biomarkers that would link the
underlying CSF1R-ALSP (i.e. a pathogenic CSFIR gene variant) to
the purported primary disease mechanism of microglial dysfunction
by targeting the cascade of resulting neurodegeneration (Fig. 1). The
aim of this first prospective, observational study was to better under-
stand the natural history of CSFIR-ALSP and develop and evaluate
potential key markers of disease progression in patients with
CSFIR-ALSP and asymptomatic carriers of CSFIR gene variants.

Materials and methods
Study design

ILLUMINATE was a noninterventional, prospective, multicentre,
observational study (ClinicalTrials.gov identifier: NCT05020743)
of patients with definitive CSF1R-ALSP and those with prodromal
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36-month observation period
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Figure 2 ILLUMINATE (A) study design and (B) participant disposition. *Screening/baseline assessments could be completed at more
than 1 study visit; however, all assessments were completed within 28 days. POptional substudy. “Collected at study site in Brazil only.
dScreen failure. °Does not include 3 additional participants who enrolled after the 19 February 2025, data cut-off date. Discontinued
to enrol in phase 2 IGNITE clinical study. eDiscontinued due to lost to follow-up. "Discontinued due to withdrawal by subject. ‘Were
active in study as of 19 February 2025, data cut-off date. CSF, cerebrospinal fluid; HSCT, haematopoietic stem cell transplant; MRI,

magnetic resonance imaging.

CSF1R-ALSP with a documented CSFIR gene variant. The study
was conducted at 12 sites in Brazil, Canada, Germany, the
Netherlands, the United Kingdom and the United States®® between
September 2021 and June 2025. Eligible participants entered the
observation period for up to 36 months, with study visits to assess
disease status at screening/baseline and every 6 months thereafter
(Fig. 2A). The study included an optional substudy conducted at
select sites to assess cerebrospinal fluid (CSF) biomarkers at screen-
ing/baseline, 12, 24 and 36 months (all sites) and additionally at

month 6 (Brazil only). The study was terminated on 4 June 2025,
by the sponsor after a lack of efficacy was demonstrated in the spon-
sor’s IGNITE phase 2 CSF1R-ALSP interventional study
(NCT05677659).”” Therefore, ILLUMINATE data through 19
February 2025 were analysed and are reported here.

This study was conducted in accordance with consensus
ethical principles derived from international guidelines, including
the Declaration of Helsinki and Council for International
Organizations of Medical Sciences International Ethical
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Guidelines, International Council for Harmonization guidelines
for Good Clinical Practice, and all applicable laws and regulations.
The study protocol and all related documents were reviewed
and approved by the institutional review board or independent
ethics committee at each participating site (Supplementary
Table 1). All participants or their legally authorized representative
(with subject assent) provided written informed consent before
participation.

All participants must be >18 years of age at screening, have a docu-
mented CSFIR variant and have brain MRI findings consistent
with CSF1R-ALSP (i.e. bilateral cerebral white matter lesions).
Participants with definitive (symptomatic) CSF1R-ALSP who
were ambulatory with or without aids must have demonstrated
clinical progression of CSF1R-ALSP within the past year, a base-
line Montreal Cognitive Assessment Scale (MoCA) score of >12,
and more than two clinical sign or symptom findings in any of the
following categories: cognitive impairment or psychiatric prob-
lem, pyramidal signs on neurological examination, extrapyramidal
features (e.g. rigidity, tremor, abnormal gait and bradykinesia) or
epilepsy. Participants with prodromal CSFIR-ALSP must have
none or two or fewer CSF1R-ALSP-related clinical signs or symp-
toms. Participants were excluded if they had any other neurologic-
al or psychiatric disease associated with cognitive, motor or
behavioural impairment similar to CSFIR-ALSP. Participants
who had previously undergone HSCT were enrolled if they met
screening criteria.

Participants who met the criteria for symptomatic CSF1R-
ALSP were required to have a designated study partner (i.e. care-
giver) who was able to spend >4 h per week with them, able and
willing to assist the participant in complying with study require-
ments, provide information during study visits and sign a study
partner informed consent form. Participants with prodromal
CSF1R-ALSP who later progressed during the study to definitive
CSF1R-ALSP were also required to have a designated study part-
ner for subsequent visits.

Serum for measurement of neurofilament light chain (NfL) and
glial fibrillary acidic protein (GFAP) levels was collected at baseline
and months 6, 12, 18, 24, 30 and 36/end of treatment (ET). Blood
samples were collected in Vacutainer® SST™ gold-cap tubes con-
taining clotting activators (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) and were allowed to clot at room tem-
perature and centrifuged at 1000xg for 15 min. Extracted serum
was stored in aliquots of up to 0.5 ml at —80°C.

CSF was collected for measurement of NfL, GFAP, soluble
TREM?2 (sSTREM2), soluble CSF1R (sCSF1R) and osteopontin/
secreted phosphoprotein 1 (OPN/SPP1) levels at baseline and
months 12, 24 and 36/ET; for the study site in Brazil, CSF was
also collected at month 6. Lumbar punctures were performed at
the same time of day across visits, from which 10 ml of CSF was

D.S. Lynch et al.

collected and divided into 0.5-ml aliquots and stored at less than
—70°C, avoiding freeze—thaw cycles.

Detailed methods for quantification of fluid biomarkers are in
Supplementary Methods and Supplementary Table 2.

Volumetric and structural brain MRI measurements were con-
ducted at baseline and at months 6, 12, 18, 24, 30 and 36/ET.
MRI scans included 3D Tl-weighted and T2-weighted
fluid-attenuated inversion recovery sequences. Image acquisition
guidelines were established to standardize MRI acquisition across
participating sites. Objective volumetric measurements of different
brain regions (ventricle, total grey matter, whole brain volume, cor-
pus callosum thickness, corpus callosum volume and white matter
lesions) were conducted by trained, independent expert neuroima-
ging data analysts, blinded to participant-specific data, including
clinical status (prodromal or definitive) and prior treatment status
(non-HSCT or HSCT), using a semi-automated image analysis
pipeline (details are provided in Supplementary Methods).

Sundal MRI severity score'? was assessed by two independent,
board-certified neuroradiologists who were blinded to participant-
specific data, imaging time points, clinical status, prior treatment
status and any other information that could affect the blinding
protocol validity. Derived from visual assessment of an MRI scan
for signal intensity abnormalities across 34 brain areas, the Sundal
score (range, 0—57 points) quantifies the degree and distribution
of white matter lesions, atrophy, and abnormal T2 hyperintensities
using a point system (e.g. 0=none, 1 =mild, 2 =marked), with
greater disease burden indicated by higher scores (mild, 1.0-6.0;
moderate, 7.0-15.0; severe, 16.0-57.0)."% If scores from the two
neuroradiologists differed by >5 points, a consensus meeting was
held to agree on the new scoring; otherwise, the two scores were
averaged.

Cognitive and functional assessments were conducted by trained
raters at local sites at screening/baseline and months 6, 12, 18, 24,
30 and 36/ET using the MoCA and the Clinical Dementia Rating
Scale plus National =~ Alzheimer’s Coordinating Center-
Frontotemporal Lobar Degeneration (CDR®+NACC-FTLD).
The CDR + NACC-FTLD administration could be omitted at
the investigator’s discretion if no signs or symptoms of cognitive im-
pairment (i.e. normal MoCA score) were present.

MoCA, a clinician-administered, 30-point assessment, can be
completed in ~10 min and was developed as a screening tool to
detect mild cognitive impairment.*”l’32 It can be used to evaluate
multiple cognitive domains, including executive function,
memory, visuospatial ability, language and attention, with scores
3132 If the participant had
<12 years of education and a MoCA score <30, one point was

<25 indicating cognitive impairment.

added to their score.

The CDR + NACC-FTLD is a clinician-administered, global as-
sessment tool developed by tailoring the established CDR dementia
staging instrument used in patients with Alzheimer’s disease to
evaluate patients with frontotemporal lobar degeneration
(FTLD).” Given some overlap in symptoms and signs between
CSF1R-ALSP and FTLD, the CDR + NACC-FTLD was included
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in this study, although prior experience with the instrument was
lacking in CSFIR-ALSP. The CDR + NACC-FTLD is based on
a semi-structured interview with the patient and a reliable inform-
ant/caregiver to measure the severity of dementia symptoms in
the following domains: memory, orientation, judgement and
problem-solving, community affairs engagement, home and
hobbies, behaviour, language and personal care.>® The first seven
domains are rated on a 5-point scale (0 = normal, 0.5 = question-
ably or minimally impaired, 1 =mildly but definitely impaired,
2 = moderately impaired, 3 = most severely impaired); the personal
care domain has no rating of 0.5 and is therefore rated on a 4-point
scale. The total of the eight individual domain ratings is calculated
to create the CDR +NACC-FTLD sum of boxes (CDR +
NACC-FTLD-SB), with scores ranging from 0 to 24. The CDR
+ NACC-FTLD global score is calculated from the eight individual
domains and rated on the same 5-point scale, with scores of 0-3 and
lower scores indicating better function.

Detailed methods for additional clinical assessments
[Two-Minute Walk Test (2MWT)** Timed Up and Go (TUG)
Test>’; Functional Assessment Questionnaire (FAQ)® and Zarit
Burden Interview (ZBI)*’] are in the Supplementary Methods.

The Clinical Global Impression—Severity of Illness (CGI-S) and
Change (CGI-C) and Patient Global Impression—Severity of Illness
(PGI-S) and Change (PGI-C) scales were used to assess baseline dis-
ease severity and change from baseline in participants’ overall con-
dition.>® For the CGI-S, clinicians rated baseline severity using a
7-point scale relative to past experience with CSF1R-ALSP patients.
For the PGI-S, patients rated the current severity of their disease on
a 4-point scale (1 = normal, 2 = mild, 3 = moderate, 4 = severe). For
CGI-C and PGI-C, the clinician and patient, respectively, rated the
participant’s overall condition on a 7-point scale that varied from
1 =very much improved to 7 =very much worse. CGI-S and
PGI-S were completed at screening/baseline, and CGI-C and
PGI-C were completed at months 6, 12, 18, 24, 30 and 36/ET.

The Cortical Basal ganglia Functional Scale (CBFS) evaluates ex-
periences in daily living (EDLs), behavioural, language and cognitive
impairments, and assesses functional disability in individuals with
four-repeat tauopathies (e.g. corticobasal degeneration and progressive
supranuclear palsy).”” The performance of this tool in CSFIR-ALSP
has not been described in the literature. In this study, the CBFS was
assessed at screening/baseline and months 6, 12, 18, 24, 30 and 36/
ET. The CBFS comprises 14 questions on motor EDLs and 17 ques-
tions on nonmotor EDLs, each rated on a 5-point Likert scale ranging
from 0 = normal or no problem to 4 = severe problems, with a total
score of 0—124. The questions pertain to the patients but should be
answered cooperatively by the patient and caregiver, based on usual
or average function over the past 2 weeks.

Demographic characteristics, details of the family/participant his-
tory of CSF1R-ALSP, and any medications taken from 30 days be-
fore screening/baseline through the last study visit were recorded.
Complete physical and neurological examinations were conducted
at screening/baseline and months 6, 12, 18, 24, 30 and 36/ET.
Because this was a noninterventional study, the only safety assess-
ments performed were collection of medical history, physical and
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neurological examinations, and pregnancy testing for women of
childbearing potential.

Analysis included all participants with available data at screening/
baseline. Demographic, baseline characteristics, and clinical and
biomarker assessments were summarized using descriptive
statistics. Continuous variables were described using means and
standard deviations (SDs) or medians and ranges where appropri-
ate; categorical variables were described using frequencies and
percentages.

Early study termination and missing data limited the feasibility
of several preplanned analyses. Therefore, the statistical analysis fo-
cused on baseline data and a subset of longitudinal observations
only. For outcomes for which change from baseline could be calcu-
lated (MRI ventricle volume, MoCA total score, CBFS total score),
least squares (LS) means and standard errors (SEs) for each sub-
group and LS mean differences from the prodromal subgroup
were obtained from a mixed model for repeated measures assessing
change from baseline as the dependent variable and included fixed
effects of categorical subgroup, categorical visit, continuous base-
line score, subgroup x visit interaction, and baseline score x visit
interaction. The within-participant covariance was modelled using
a compound symmetric with heterogeneous variance structure. To
examine whether brain volume loss and serum fluid biomarkers cor-
related with clinical outcomes, Pearson correlation analyses were
conducted between MRI volume measures/serum fluid biomarkers
and cognitive/clinical outcome measures. Statistical analyses were
performed using SAS® (SAS Institute Inc., Cary, NC, USA) ver-
sion 9.4. Statistical significance was defined as P < 0.05, unless sta-
ted otherwise for multiplicity adjustment.

Results

Of the 53 enrolled participants, 19 (35.8%) were categorized at base-
line as prodromal, 23 (43.4%) as symptomatic-no HSCT and 11
(20.8%) as symptomatic + HSCT (Fig. 2B). Only six participants,
all in the prodromal subgroup, completed the full duration of the
study by the data cut-off date of 19 February 2025. Sixteen partici-
pants discontinued the study early: 11 participants did so to enrol in
the phase 2 IGNITE interventional study, 4 participants voluntarily
withdrew, and 1 participant was lost to follow-up. No participant
died during the study, and the remaining 31 participants were active
in the study as of the 19 February 2025, data cut-off date.

Among the 53 study participants, mean * SD age at screening
was 45.4 1 12.5 years, 58.5% were female and most were White
(88.7%) (Table 1). Disease duration since diagnosis was greatest
in the symptomatic + HSCT subgroup, with a median (range) of
4.1 (1.9-5.9) years, compared with 0.4 (0.0-5.0) years in the
symptomatic-no HSCT subgroup and 0.4 (0.0-3.0) years in the
prodromal subgroup. For the 11 participants in the symptomatic
+HSCT subgroup, the mean + SD (range) time from HSCT to
study entry was 2.6+ 1.0 (1.4-5.1) years. Detailed information
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Table 1 Baseline participant demographics and disease characteristics

D. S. Lynch et al.

Symptomatic- Symptomatic
Prodromal no HSCT +HSCT

Characteristic (hn=19) (n=23) (n=11)
Age at screening, years

Mean (SD) 45.3 (16.6) 445 (11.5) 47.5 (4.6)

Median (min, max) 39.0(19.0, 76.0) 41.0 (24.0, 63.0) 49.0 (40.0, 54.0)
Age at diagnosis,” years

Mean (SD) 45.0 (15.0) 43.6 (11.2) 43.9 (4.6)

Median (min, max) 40.2 (24.8, 75.0) 40.6 (24.6, 63.4) 44.8 (36.8, 51.0)
Disease duration,*? years

Mean (SD) 1.1(1.3) 1.0(1.4) 4.1 (1.5)

Median (min, max) 0.4 (0.0, 3.0) 0.4 (0.0, 5.0) 4.1(1.9,5.9)
Sex, n (%)

Female 12 (63.2) 5(65.2) 4 (36.4)

Male 7 (36.8) 8(34.8) 7 (63.6)
Race,“ n (%)

Black 1(5.3) 3(13.0) 0

Multiple 0 1(4.3) 0

Unknown 0 0 1(9.1)

White 18 (94.7) 19 (82.6) 10 (20.9)
Ethnicity, n (%)

Hispanic or Latino 2 (10.5) 6(26.1) 1(9.1)

Not Hispanic or Latino 17 (89.5) 6 (69.6) 10 (20.9)

Not stated 0 1(4.3) 0
BML,? kg/m?

Mean (SD) 25.0(6.1) 26.6 (3.7) 25.3(3.7)

Median (min, max) 24.9 (13.4, 38.0) 27.4 (20.6, 33.2) 25.7 (17.7, 30.0)
MRI measures, mean (SD)

Ventricle volume, ml 30.0 (15.8) 67.4 (27.0) 117.5(38.5)

Total grey matter volume, ml 582.1 (67.0) 528.3 (55.1) 491.7 (48.0)

Corpus callosum volume, ml 31 6(3.4) 25 8(5.9) 19.7 (5.5)

Corpus callosum thickness, mm 5(0.7) 0(1.0) 3.6 (0.7)

Whole brain volume, ml 1146 9 (124.0) 1054 0(113.7) 1016.6 (88.7)

White matter lesion volume, ml 9.8 (9.5) 33.1(23.4) 429 (17.1)

Sundal MRI severity score 4.0(4.4) 18.4 (8.9) 26.3 (6.0)
Clinical outcome assessments, mean (SD)

MoCA total score® 27 4 (1.9) 19 7 (6.1) 18.7 (5.9)

CDR + NACC-FTLD global score 2(0.3) 5(0.9) 2.2 (0.8)

CDR + NACC-FTLD sum of boxes score 2(0.3) 8 (6.4) 12.0 (5.4)

CBFS total score 4 (3.8) 31 2(22.2) 35.1 (19.5)

2MWT 182 1(127.7 138.7 (165.4) 87.0 (51.5)

TUG 5(3.5) 24.2 (29.9) 27.7 (22.2)

FAQ 0 (0.0) 19.8 (6.1) 18.0 (9.3)

ZBlI 7 (4.9) 26.1(17.2) 40.7 (25.8)

2Prodromal, n = 10; symptomatic-no HSCT, n = 22; symptomatic + HSCT, n = 11. ®Calculated as (date of screening — date of diagnosis)/365.25 and rounded to 1 decimal
place. “More than 1 race may have been selected; participants with multiple races are summarized in the ‘Multiple’ category. “Prodromal, n = 18; symptomatic-no HSCT,
n = 23; symptomatic + HSCT, n = 10. An early version of the study protocol allowed participants with MoCA scores <12 to enrol with sponsor approval, which resulted in
the enrolment of 2 participants in the symptomatic-no HSCT subgroup. 2MWT, 2-Minute Walk Test; BMI, body-mass index; CBFS, Cortical Basal ganglia Functional
Scale; CDR + NACC-FTLD, Clinical Dementia Rating Scale plus National Alzheimer's Coordinating Center-Frontotemporal Lobar Degeneration; FAQ, Functional

Activities Questionnaire; HSCT, haematopoietic stem cell transplant; MoCA, Montreal Cognitive Assessment; MRI, magnetic resonance imaging; SD, standard deviation;

TUG, Timed Up and Go; ZBlI, Zarit Burden Interview.

on the rationale, timing and protocol used for HSCT treatment was
not available as the therapy was performed outside of the study’s
observation period.

CSFIR variants identified in the study and their classification and
evidence summary are presented in Supplementary Fig. 1 and
Table 3. CSFIR variants in most participants [50/53 (94.3%)]
were within the tyrosine kinase domains (roughly mapping to
exons 13—15 and 17-21) and were missense [42/53 (79.2%)]. Of
the 37 CSFIR variants identified in 53 participants, only
eight were identified in more than one participant: p.I794T
(c.2381T>C) in seven  participants; p.A781_N783del

(c.2342_2350del) in three participants; and p.R579W (c.1735C
>T), pGSS9E (c.1766G > A), p.Q642X  (c.1924C > T),
p-R782H (c.2345G > A), c.2442+ 1G> A, p.G798R, p.S836N
(c.2507G > A) and p.Y886S5£sX56 (c.2656_2657insC) in two parti-
cipants each. Some participants were related to each other.

Changes in protein levels of NfL (in serum and CSF), GFAP (in ser-
um and CSF), sCSFIR (in CSF), sTREM2 (in CSF), and OPN/
SPP1 (in CSF) were evaluated. Baseline fluid biomarker levels are
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presented in Fig. 3 and Supplementary Table 4, and normative va-
lues in healthy volunteers (HVs) from the VGL101-01.101 study™
are summarized in Supplementary Table 5.

Atbaseline, mean * SD serum NfL levels were significantly high-
er in symptomatic-no HSCT (117.4 + 69.7 pg/ml) and symptomat-
ic+ HSCT (15.6 £ 4.73 pg/ml) subgroups compared with HVs
(10.1 £ 5.5 pg/ml); the difference between HV and prodromal sub-
groups (27.0+30.9 pg/ml) was not significant (Fig. 3A;
Supplementary Table 6). Baseline NfL levels in CSF (mean £ SD,
7989.9 £ 6483.5 pg/ml)  were
symptomatic-no HSCT subgroup compared with HVs (801 +

significantly  higher in the

1605 pg/ml) prodromal, or symptomatic HSCT subgroup
(Fig. 3B; Supplementary Tables 4 and 5). Similarly, baseline levels
of GFAP, a biomarker of astrogliosis, were significantly higher in
both serum and CSF in the symptomatic-no HSCT subgroup com-
pared with HV; whereas serum levels in the prodromal and symp-
tomatic + HSCT subgroups were similar to each other and
significantly elevated compared with HVs (Fig. 3C and D).
Correlations between serum versus CSF levels of both NfL (R* =
0.5785; P< 0.001) and GFAP (R2 =0.2209; P=0.027) at baseline
suggest that serum collection only may be sufficient to assess these
disease markers, relieving patients of the burden of a lumbar punc-
ture; however, confirmation of this finding is warranted with a rep-
licate sample. Baseline sSCSFIR levels in CSF were ~80% lower in
the prodromal and symptomatic-no HSCT subgroups relative to
HVs (Fig. 3E; Supplementary Tables 4 and 5). In contrast, levels
in the symptomatic + HSCT subgroup were significantly higher
relative to the symptomatic-no HSCT subgroup. No statistically
significant differences in CSF levels of sSTREM2 (Fig. 3F) and
OPN/SPP1 (Fig. 3G) at baseline were observed across subgroups,
but the small number of participants in the CSF substudy may limit
the interpretation of these data.

The elevated serum NfL levels observed at baseline (Fig. 3A)
were maintained through 36 months in all subgroups compared
with HVs (Fig. 4A; Supplementary Tables 4 and 5), suggesting
that these elevated levels represent active neuronal injury.
Elevated serum NfL levels were most apparent in the symptomatic-
no HSCT subgroup, whereas levels in the prodromal and symp-
tomatic + HSCT subgroups were comparable across all time points
for which data were available. Data for NfL levels in CSF were avail-
able only for 12-month timepoint, which showed elevated levels in
the symptomatic + HSCT subgroup compared with the other sub-
groups (Fig. 4B). Serum GFAP levels in all subgroups generally re-
mained consistently elevated through 36 months, with increased
levels most apparent in the symptomatic-no HSCT subgroup
(Fig. 3C; Fig. 4C; Supplementary Tables 4 and 5), suggesting on-
going reactive astrogliosis. Similarly, sCSF1R levels in CSF re-
mained elevated in the symptomatic + HSCT subgroup
compared with the other subgroups (Fig. 4D; Supplementary
Table 4).

Brain atrophy in study participants was quantified using volumetry
(ventricle volume, grey matter volume, whole brain volume, and
corpus callosum volume and thickness) and the Sundal MRI sever-
ity score to assess cumulative disease impact over time. At baseline,
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the prodromal subgroup had the least brain atrophy (Table 1;
Supplementary Table 7); ventricle volume in the symptomatic-no
HSCT subgroup (mean + SD, 67.4 + 27.0 ml) was greater relative
to the prodromal subgroup (30.0 £ 15.8 ml) and greatest in the
symptomatic + HSCT subgroup (117.5 + 38.5 ml). The latter find-
ing is likely explained by the longer disease duration in participants
who received HSCT. Similar findings of increased atrophy in the
symptomatic-no HSCT and symptomatic + HSCT subgroups
were observed for grey matter volume, whole brain volume, and
corpus callosum volume and thickness. White matter lesion volume
and Sundal MRI severity scores increased remarkably from the pro-
dromal to the symptomaticno HSCT to the symptomatic +
HSCT subgroups. Unlike the fluid biomarker analyses, normative
values in HV's were not available for MRI outcomes.

Compared with MRI outcomes at baseline, the greatest change
in ventricle volume was observed in the symptomatic-no HSCT
subgroup (Fig. 5A). Sundal MRI severity scores were highest
among both symptomatic subgroups throughout the study com-
pared with the prodromal subgroup (Fig. SB).

The MoCA and CDR + NACC-FTLD instruments were used to
evaluate participants’ cognitive abilities and dementia severity. At
baseline, participants in the prodromal subgroup had normal cog-
nitive abilities (mean £ SD MoCA total score, 27.4 £ 1.9), whereas
the symptomatic subgroups had mild cognitive impairment at base-
line (symptomatic-no HSCT, 19.7 £ 6.1; symptomatic + HSCT,
18.7 £5.9) (Table 1), consistent with the greater brain atrophy ob-
served for these subgroups. Over time, the MoCA total score de-
clined in the symptomaticcno HSCT subgroup, suggesting
worsening cognition throughout the study (Fig. SC), whereas min-
imal changes in MoCA total scores were observed in the prodromal
and  symptomatic + HSCT  subgroups.  Similarly, CDR +
NACC-FTLD global (Fig. SD) and sum of boxes (Fig. SE) scores
were lowest in the prodromal subgroup, compared with both symp-
tomatic subgroups, and remained stable throughout the study.

The CBES was used to evaluate participants’ experiences with
daily living and behavioural, language, and cognitive impairments.
Minimal changes from baseline in CBFS total scores were observed
for the prodromal and symptomatic + HSCT subgroups (Fig. SF).
In the symptomatic-no HSCT subgroup, CBFS total scores ap-
peared to worsen from baseline to month 24.

The ZBI was used to assess the burden of CSFIR-ALSP on
patients’ primary caregivers. ZBI total scores were lowest in the
prodromal subgroup compared with the symptomatic subgroups
(Fig. 5G). ZBI total scores were highest in the symptomatic +
HSCT subgroup at baseline but were comparable to those in
the symptomatic-no HSCT subgroup from month 6 through
month 18.

Clinicians used the CGI-S to qualitatively assess baseline disease
severity and the CGI-C to assess change from baseline in partici-
pants’ overall condition relative to past experiences in treating pa-
tients with CSF1R-ALSP; the PGI-S and PGI-C, respectively,
evaluated the same outcomes from the patients’ perspective.
Supplementary Fig. 2 summarizes baseline CGI-S and PGI-S scores.
Over the course of the study, few changes in CGI-C or PGI-C were
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Figure 3 Fluid biomarker levels in ILLUMINATE patients at baseline versus HVs from iluzanebart phase 1 study. Bars and error bars
represent mean and SD, respectively, and circles represent individual patient values. Fluid biomarker levels in healthy individuals are
from the first-in-human single-/multiple-ascending dose study of iluzanebart in HVs (Supplementary Table 4).*° Pairwise post hoc
comparisons were conducted using two-sample t-tests with Welch'’s correction to account for unequal variances. Adjustment for
multiple comparisons within each analyte was performed using the Dunnett T3 procedure. Only statistically significant comparisons
are shown here; all P values are reported in the Supplementary Table 6. *P < 0.05; **P < 0.01; ***P < 0.001. One HV had a CSF NfL
concentration that was 4.5 SDs higher than the mean; a sensitivity analysis omitting this individual resulted in mean (SD) of 477 (255)
pg/ml. CSF, cerebrospinal fluid; GFAP, glial fibrillary acidic protein; HSCT, haematopoietic stem cell transplant; HV, healthy volunteers;
NfL, neurofilament light chain; OPN/SPP1, osteopontin/secreted phosphoprotein 1; SCSF1R, soluble colony-stimulating factor 1
receptor; SD, standard deviation; sTREMZ2, soluble triggering receptor on myeloid cells 2.
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respectively, and lighter-coloured circles represent individual patient values. Normative levels in healthy volunteers are from the
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shading (SD). CSF, cerebrospinal fluid; GFAP, glial fibrillary acidic protein; HSCT, haematopoietic stem cell transplant; NfL,

neurofilament light chain; SD, standard deviation.

observed in the prodromal subgroup. In contrast, CGI-C and
PGI-C scores in the symptomatic subgroups worsened over time,
most prominently among those in the symptomatic-no HSCT sub-

group (Fig. 6).

Because MRI measures of brain volume appeared to track with dis-
ease severity at baseline and demonstrated the greatest longitudinal
change over time relative to other biomarkers, the relationship be-
tween brain volume loss and clinical measures was examined using
Pearson correlation analyses at baseline and longitudinally over time
(i.e. change from baseline to 12 months). At baseline, moderate as-
sociations were observed between ventricle volume and MoCA to-
tal score (Supplementary Fig. 3), CBFS total score, CDR-NACC +
FTLD-SB and CGI-S, demonstrating that greater ventricle volume

was associated with greater cognitive impairment (Table 2). A con-
sistent pattern was observed for all measures of brain volume loss
assessed, with greater white matter lesion volume, reduced grey mat-
ter volume, and reduced corpus callosum volume associated with
greater cognitive impairment (Supplementary Figs 4 and 5).
Longitudinally, greater brain volume loss was associated with great-
er clinical worsening, with the strongest correlations observed for
ventricle volume and grey matter volume measurements
(Table 2). A number of these correlations remained significant after
correcting for multiple comparisons.

Pearson correlations between serum biomarkers of neurodegenera-
tion and astrogliosis and clinical outcomes were also investigated
(Table 2; Supplementary Figs 6 and 7). At baseline, significant
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Figure 5 Summary of MRI and clinical outcome assessments by visit, using a mixed model for repeated measures to estimate LS
means and SEs for each subgroup®: (A) MRI ventricle volume,? (B) Sundal MRI severity score, (C) MoCA total score,” (D) CDR +
NACC-FTLD global score, (E) CDR + NACC-FTLD sum of boxes score,® (F) CBFS total score® and (G) ZBI total score.® *P < 0.05;
**P < 0.01; ***P < 0.001 for difference in LS mean CFB versus the prodromal subgroup. ?A mixed model for repeated measures was
used for estimating LS means and SEs for each subgroup; however, due to low sample size, these estimates may not be reliable and
should be interpreted with caution. PEarly study termination and missing data limited the feasibility of a number of preplanned
analyses. Therefore, statistical analysis focused on a subset of longitudinal observations only. For those outcomes for which change
from baseline data were able to be calculated [MRI ventricle volume (panel A), MoCA total score (panel C), CBFS total score (panel F)],
LS means and SEs for each subgroup and LS mean differences from the prodromal subgroup were calculated as described in the
Methods. “Missing data for the CDR + NACC-FTLD and ZBI assessments may be due to the following reasons: administration of the
CDR + NACC-FTLD was at the investigator’s discretion if no signs or symptoms of cognitive impairment (i.e. normal MoCA score) were
evident; neither the CDR + NACC-FTLD nor the ZBI was administered if the subject did not have a study partner who had provided
informed consent for the study; and study partners were not required for prodromal participants. CBFS, Cortical Basal ganglia
Functional Scale; CDR + NACC-FLTD, Clinical Dementia Rating Scale plus National Alzheimer’s Coordinating Center-Frontotemporal
Lobar Degeneration; CFB, change from baseline; HSCT, haematopoietic stem cell transplant; LS, least squares; MoCA, Montreal
Cognitive Assessment; MRI, magnetic resonance imaging; SD, standard deviation; SE, standard error; ZBlI, Zarit Burden Interview.
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Symptomatic+HSCT
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[ Much worse

Minimally improved No change

Very much worse

Figure 6 Summary of (A) CGI-C and (B) PGI-C assessments by visit for the prodromal subgroup (left panel), symptomatic-no HSCT
subgroup (middle panel), and symptomatic + HSCT subgroup (right panel). The Clinical Global Impression-Severity of Change and
Patient Global Impression-Severity of Change scales were used to assess change from baseline in participants’ overall condition. For
CGlI-C and PGI-C, the clinician and patient, respectively, rated the participant’s overall condition on a 7-point scale that varied from 1 =
very much improved to 7 = very much worse. CGI-C and PGI-C were completed at months 6, 12, 18, 24, 30 and 36/ET. The staked bar
graphs represent the percentage of patients with each score at each time point. CGI-C, Clinical Global Impression-Severity of Change;
ET, end of treatment; HSCT, haematopoietic stem cell transplant; PGI-C, Patient Global Impression-Severity of Change.

(P < 0.05) but weak correlations were observed between serum NfL
and the clinical outcomes of MoCA total score, CBFS total score
and CGI-S, but only the correlation between serum NfL and
CBEFS total score was significant after correction for multiple com-
parisons. A similar pattern was observed with serum GFAP, but no
correlations survived correction. Longitudinally, only the correla-
tions between serum GFAP and MoCA total score and CBFS total
score survived correction for multiple comparisons. Overall, the
correlations of clinical outcomes with fluid biomarkers were weaker
than those observed with measures of brain atrophy.

Discussion

In this first of its kind, prospective natural history study of
CSFIR-ALSP, biomarker, radiologic and clinical characteristics of
the disease were systematically assessed in a cohort of 53 individuals
with autosomal-dominant CSFIR variants. The study population
was broadly representative of the CSF1IR-ALSP population described

in the literature, with participants on average in their mid-40s at the
time of diagnosis and the clinical assessments demonstrating both cog-
nitive and motor impairments, reflecting the characteristic multisys-
tem neurological involvement of CSF1R-ALSP. 74

Substantial genetic variability in the pathogenic CSFIR gene, en-
compassing 37 distinct variants, was observed in this cohort; this
precluded meaningful comparison of the effects of individual mu-
tations on the clinical and radiological course of CSFIR-ALSP.
Consequently, the analysis focused on larger cohorts of prodromal
and symptomatic patients, rather than on individual disease trajec-
tories, which could be confounded by genetic diversity. Findings
from these analyses suggest that prodromal CSFIR variant carriers
may remain relatively stable over time (up to 36 months), with little
change in serum, CSF or imaging biomarkers and stable neurologic-
al function and cognitive assessments. Undergoing HSCT appears
to slow disease progression; participants in this study who had re-
ceived HSCT before enrolment did not show a significant decline
over the course of the trial, as measured by imaging and clinical mar-
kers as well as by serum and CSF NfL levels.
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Table 2 Pearson correlation analyses between MRI brain atrophy or fluid biomarkers and clinical assessments

Clinical outcome assessment

CDR +
NACC-FTLD-SB
MoCA total score CBFS total score score CGl-s/CcGI-C?

MRI assessment or fluid biomarker n r Pvalue® n r Pvalue® n r Pvalue® n r P value®
Baseline correlations®

Ventricle volume 53 -0.54 <0.0019 53 041 0002 32 052 0002 53 068 <0.001¢

Total grey matter volume 53 045 <0001 53 -038 0005 32 -027 0137 53 -0.53 <0.001¢

Corpus callosum volume 53 057 <0.001Y 53 -056 <0.001¢ 32 -0.56 0001 53 -065 <0.001¢

Corpus callosum thickness 53 0.62 <0.001¢ 53 -0.54 <0.001¢ 32 -056 <0.001¢ 53 -0.75 <0.001¢

White matter lesion volume 53 -0.48 <0.0019 53 053 <0001 32 040 0023 53 065 <0.001¢

NfL (serum) 50 -043 0002 50 051 <0001 31 030 0101 50 0.34 0.015

GFAP (serum) 52 -034 0.015 52 038 0006 32 026 0147 52 032 0.020
Longitudinal (month 12 CFB) correlations®

Ventricle volume 31 -0.64 <0001 28 055 0002 12 073 0007 31 076 <0.001°

Total grey matter volume 31 070 <0.001¢ 28 -0.45 0.017 12 -0.58 0.049 31 -0.76 <0.001¢

Corpus callosum volume 31 0.16 0379 28 0.10 0.609 12 0.16 0.616 31 -0.23 0.221

Corpus callosum thickness 31 019 0298 28 -0.12 0555 12 -026 0416 31 -035 0.053

White matter lesion volume 31 -029 0117 28 052 0004 12 063 0029 31 024 0.189

NfL (serum) 29 -051 0005 26 049 0011 12 061 0034 29 049 0.007

GFAP (serum) 29 -059 <0.001° 26 0.66 <0001 12 046 0.137 29 043 0.019

20utcome was CGI-S for baseline correlations and CGI-C for month 12 CFB correlations. °P values are unadjusted. “Correlations expected to be directly proportional
(both parameters change in the same direction) are indicted with bold text; correlations expected to be inversely proportional (parameters change in opposite directions)
are indicated with nonbold text. 9Significant at an adjusted alpha of P < 0.0009 based on Bonferroni correction. CBFS, Cortical Basal ganglia Functional Scale; CDR +
NACC-FTLD-SB, Clinical Dementia Rating Scale plus National Alzheimer’s Coordinating Center-Frontotemporal Lobar Degeneration sum of boxes; CFB, change from
baseline; CGI-C, Clinical Global Impression of Change; CGI-S, Clinical Global Impression-Severity of lliness; GFAP, glial fibrillary acidic protein; MoCA, Montreal
Cognitive Assessment; MRI, magnetic resonance imaging; n, number of pairs; NfL, neurofilament light chain; r, sample correlation coefficient.

This study examined several biomarkers pertinent to the
CSF1R-ALSP disease process that may aid in future drug develop-
ment. CSF and serum NfL levels appeared to be elevated in symp-
tomatic participants relative to prodromal and HVs, consistent
with observations in other rapidly progressive neurodegenerative
diseases such as amyotrophic lateral sclerosis and indicating active
neuronal degeneration.“’46 Regarding other fluid biomarkers,
CSFIR variant carriers in the prodromal stages had few clinical
symptoms but had reduced CSF sCSF1R levels at baseline com-
pared with normative levels in HVs. This might suggest that the
presence of a CSFIR variant is associated with measurably lower
mean soluble protein product of that gene (Fig. 3) and that an add-
itional environmental or genetic factor may be needed to trigger
symptomatic disease progression in CSFIR variant carriers. CSF le-
vels of TREM2, another microglial receptor, appeared to be gener-
ally comparable across subgroups, disease stage and HVs. The
average levels of serum and CSF GFAP, a marker of astrogliosis,47
were elevated in CSFIR variant carriers, particularly those in the
symptomatic-no HSCT subgroup.

Differences in imaging biomarkers were observed at baseline
among participants in the prodromal, symptomatic-no HSCT
and symptomatic + HSCT subgroups. Ventricle volume and white
matter lesion volume, MRI measures that increase with increasing
brain atrophy, were lowest in prodromal participants and higher
in symptomatic participants (with or without a history of
HSCT), tracking with disease stage.> MRI measures of brain tissue
volume (e.g. grey matter, corpus callosum and whole brain vo-
lumes), which decrease with increasing brain atrophy, were lowest
in symptomatic participants (with or without a history of

HSCT) and greatest in prodromal participants. Within the symp-
tomatic subgroups, the radiological differences between those
with versus without a history of HSCT suggest that participants
who underwent HSCT had likely already experienced overt disease
manifestation and more advanced disease progression, including
higher white matter lesion burden and greater cerebral atrophy.
The semiquantitative, radiologist-determined Sundal MRI severity
score also demonstrated a consistent pattern, with symptomatic
participants (with or without a history of HSCT) demonstrating
scores that were 4—6 times higher than in the prodromal subgroup.
The latter data support that the Sundal MRI severity score may be a
practical tool for disease staging in clinical practice.12 Thus, despite
the increased sCSF1R levels in CSF of the symptomatic + HSCT
subgroup versus the other subgroups, imaging parameters in the
symptomatic + HSCT subgroup were the most severe at baseline
but stable over the course of the study. Longitudinally, MRI ven-
tricle volume increased over the duration of the study to a signifi-
cantly greater extent in the symptomatic-no HSCT subgroup
compared with the overlapping profiles observed for the other
two subgroups, which remained relatively stable over the course
of the 24 months for which sufficient observations were available
(Fig. 5A). Of note, detailed information about patients treated
with HSCT, regarding the timing of the intervention, protocol
and clinical rationale was not available as the therapy was performed
outside the study’s observation period, limiting the interpretability
of outcome comparisons.

Cognitive function as measured by the MoCA score was best in
the prodromal subgroup; similar patterns were observed for the

CDR + NACC-FTLD and CBFS outcomes: scores in the
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prodromal subgroup were near normal, whereas functional impair-
ment was evident from the symptomatic-no HSCT and symptom-
atic + HSCT subgroup scores. Motor function, as assessed by the
2MWT and the TUG, and disease burden, as assessed by the
FAQ and ZBI, were also most mildly impacted in prodromal parti-
cipants. In the longitudinal clinical outcome findings shown in
Fig. 5, variable point estimates of the mean with high SDs are appar-
ent. Of the clinical outcome measures for which longitudinal data
were available, only the MoCA in symptomatic-no HSCT partici-
pants showed a clear pattern of decline.

The clinician and patient/caregiver severity of illness assessments
showed milder disease severity in the prodromal subgroup both at
baseline (Supplementary Fig. 1) and over time (Fig. 6). The
symptomatic-no HSCT subgroup comprised a mix of mild, mod-
erate and severe baseline assessments that progressed towards
more severe disease stages over time; for the symptomatic +
HSCT subgroup, a range of disease stages from mild to severe
was seen at baseline and remained mixed over the course of the
study. The patient/caregiver severity ratings mirrored the clinician
assessments (Fig. 6; Supplementary Fig. 1), except for the symptom-
atic + HSCT subgroup, in which patients/caregivers rated disease
as mild more frequently than clinicians. This discrepancy may be
addressed with further research into the patient experience of living
with CSF1R-ALSP and application of outcome measures that are
relevant to the patient experience.

An important result from this study is the associations observed
between MRI measures of brain volume loss and clinical outcome
measures (Table 2). These correlations were present across multiple
measures of brain volume loss, including ventricle volume, grey
matter volume, corpus callosum volume and thickness, and white
matter lesion volume, and demonstrated associations with cognitive
function, as assessed by the MoCA, as well as with CBFS, CDR +
NACC-FTLD and CGI-C. Although multiplicity correction re-
sulted in few correlations meeting the adjusted significance level,
correlations with P < 0.0009, such as that observed between ven-
tricle volume and MoCA total score, are sufficiently robust to sup-
port a relationship between MRI brain volume loss and cognitive
decline. Consistency of the relationship across multiple measures
of brain volume loss pertinent to CSF1R-ALSP further supports
this relationship. Correlations were observed not only cross-
sectionally at baseline but also over time, as evidenced by the longi-
tudinal correlations between rates of change for imaging and clinic-
al measures. MRI brain volume loss is a potential biomarker that
may be useful in future drug development for CSF1R-ALSP.

The symptomatic, untreated patients with CSFIR-ALSP show
progressive clinical decline and brain atrophy on MRI that are
very similar to patterns observed in other neurodegenerative dis-
eases,”*” although the magnitude and rate of radiological progres-
sion are greater in CSF1R-ALSP (Supplementary Table 8). When
compared against progressive multiple sclerosis and Alzheimer’s dis-
ease, patients with symptomatic CSFIR-ALSP showed 1.2- and
1.4-fold greater baseline atrophy, respectively, and 2.5- and
2.0-fold higher rates of progression over time. The comparison is
even more striking against the less impaired populations of mild
cognitive impairment and normal elderly controls, with rates of
ventricle volume expansion in CSF1R-ALSP that were 3.4- and
8.5-fold faster, respectively. These differentials suggest an additional
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driver of brain volume loss (e.g. grey matter loss) besides the neuro-
degeneration in CSFIR-ALSP due to white matter pathology.
Literature on other leukodystrophies is limited; however, although
the ventricle volume enlargement due to tissue loss is not specific to
a particular neurodegenerative disease, the degree of neurodegenera-
tion at presentation and its progression as measured by MRI brain
volume loss is remarkably greater in the CSF1R-ALSP disease pro-
cess than that in Alzheimer’s disease and multiple sclerosis, and cer-
tainly occurs at a younger age in CSFIR-ALSP than in Alzheimer’s
disease.

This study provided several learning opportunities. The fluid
biomarker results indicate ongoing neuronal (persistently elevated
NfL) and astrocyte (persistently elevated GFAP) degeneration in
symptomatic participants. In addition to characterizing the natural
history of CSF1R-ALSP, this study identified relatively noninvasive
biomarkers of both disease severity (e.g. volumetric MRI measures,
Sundal MRI severity score, serum NfL and GFAP levels) and dis-
ease progression (e.g. volumetric MRI measures), as well as clinical
measures that are sensitive to disease progression (e.g. MoCA,
CDR + NACC-FTLD), and will be of value for future therapeutic
intervention trials.

All clinical outcomes assessed here appeared feasible in this
population. However, the study teams observed some distress and
burden on the part of patients and caregivers when many assess-
ments were performed in a single study visit or were administered
frequently enough that recall from previous visits may have influ-
enced patient/caregiver responses. Some clinical outcome measures
might have benefited from a pre-specified requirement for caregiver
participation. These limitations would ideally be addressed in col-
laboration with the patient community in future studies to opti-
mize study protocol and minimize burden. Building upon the
experience of this study, the CSFIR-ALSP research community
may also be able to develop more tailored clinical assessments
that better reflect the broad phenotype and progressive nature of
this disease.

Our study has several other limitations. Subgroup comparisons
were limited by the relatively small group sizes, particularly CSF
biomarker analysis, since participation in the CSF substudy was op-
tional. Small sample size precluded statistical comparisons; there-
fore, generalizability of these data should be confirmed in future
studies with larger sample sizes. The correlation analyses were simi-
larly limited and did not allow for controlling all variables of inter-
est, such as age and sex. Finally, patients with CSF1R-ALSP who
participated in this study may not be representative of the under-
lying CSF1R-ALSP population in their access to healthcare, educa-
tion or socioeconomic status.

Our results are consistent with previously reported case reports
and case series that have suggested that HSCT can have potential
benefit in CSFIR-ALSP.'***> We found that imaging (MRI), fluid
biomarker (NfL) and clinical assessments were stable in participants
who had undergone HSCT. However, our conclusions on this sub-
group are limited because participants were not observed before the
HSCT procedure but rather >6 months after transplant. The
post-HSCT group described here is a selected cohort and subject
to bias, as it does not reflect outcomes in others with
CSF1R-ALSP who have received HSCT but were not well enough
to later participate in a research study. Because of this inherent
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limitation, future longitudinal studies of patients with
CSF1R-ALSP, both before and after HSCT, are important to assess
the full impact of HSCT in this disease.

This prospective natural history study represents the largest and
most comprehensive evaluation of patients with CSF1R-ALSP to
date. The findings confirm that disease progression is slow in the
prodromal phase but relentless once symptoms manifest, with
marked and measurable decline observed across cognitive, motor
and imaging domains. Importantly, this study demonstrates for
the first time which fluid and imaging biomarkers robustly track
clinical disease status and progression, highlighting their potential
roles not only in diagnosis and prognostication but also as candidate
endpoints in future clinical trials. The next critical step will be to
determine whether therapeutic interventions that modify these bio-
markers can also change clinical outcomes and, conversely, whether
clinical improvement is reflected in biomarker trajectories.

Supplementary material

Supplementary material is available at Brain Communications
online.
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