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ABSTRACT: Background: Colony-stimulating factor-1
receptor (CSF1R)-related leukoencephalopathy is a rapidly
progressive neurodegenerative disease for which there is cur-
rently no cure. Hematopoietic stem cell transplantation
(HSCT) has been proposed as a disease-modifying treatment.
Objective: The objective of this study was to determine
the effect of HSCT on disease progression.
Methods: We collected all available clinical data from a
cohort of 7 patients withCSF1R-related leukoencephalopathy
who underwent HSCT at our institutions. Clinical data
included detailed neurological examination by a board-
certified neurologist, serial cognitive screens, formal
neuropsychological evaluations, and serial brain magnetic
resonance imaging (MRI).
Results: Our patients had an average disease duration of
27.6 months at the time of transplant, and we have
87 months of total posttransplant follow-up time (median,
11; range, 2–27). One patient died in the periprocedural
period. The remaining patients showed a variable response

to treatment, with 6 of 7 patients trending toward stabiliza-
tion on motor examination, cognitive scores, and/or MRI
abnormalities, especially with white matter lesion burden.
Conclusions: This is the largest series of patients with
CSF1R-related leukoencephalopathy receiving HSCT. We
conclude that HSCT can stabilize the disease in some
patients. Variability in patient responsiveness suggests that
measures of disease heterogeneity and severity need to be
considered when evaluating a patient’s candidacy for trans-
plant. HSCT appears to be the first disease-modifying ther-
apy for CSF1R-related leukoencephalopathy. This milestone
may serve as a foothold toward better understanding the
disease’s pathomechanism, thus providing new opportuni-
ties for better disease-specific therapies. © 2021 Interna-
tional Parkinson and Movement Disorder Society
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CSF1R-related leukoencephalopathy is a neurodegener-
ative disease characterized by frontotemporal dementia,
with pyramidal and extrapyramidal signs that typically
begin in the fourth or fifth decade of life.1 The colony-stim-
ulating factor-1 receptor (CSF1R) gene encodes CSF1R
protein, a tyrosine kinase receptor expressed predomi-
nantly in committed macrophage precursors (macrophage
colony forming unit), monocytes, and tissue macrophages.
It is highly expressed in microglia. More than 70 different
mutations within the CSF1R gene have been associated
with CSF1R-related leukoencephalopathy, classified as a
primary microgliopathy.2

There are currently no effective treatments for this
rapidly progressive and inevitably fatal disease. How-
ever, recent reports of 4 patients, from different medical
centers, receiving hematopoietic stem cell transplanta-
tion (HSCT) suggest that this may be an effective means
of stabilizing this disease.3-5 Follow-up periods in those
reports range from 26 to 180 months.
Here, we present the largest series of patients with

CSF1R-related leukoencephalopathy who underwent
HSCT. Each patient has longitudinal evaluation of
motor symptoms, neuropsychological evaluations, and
standardized radiological assessments. Our report pro-
vides transparency on transplant methods and clinical
characteristics to consider when identifying the ideal
candidates to receive HSCT.

Patients and Methods

Patient Identification, Selection, and
Monitoring

All patients were seen in our clinics for either diag-
nostic or treatment evaluation. All patients were offered
HSCT, as compassionate care, once a CSF1R gene
mutation was identified and the diagnosis of CSF1R-
related leukoencephalopathy was confirmed. HSCT
was performed according to institution-specific proto-
cols (see Supplementary Information). All patients were
monitored clinically according to the standard of care
after HSCT. Clinical monitoring included serial brain
magnetic resonance imaging (MRI) and cognitive
screens, most often the Mini-Mental Status Examina-
tion (MMSE). Radiographic severity was quantified
using our previously published severity scale (Sundal
Severity Scale, SSS) in which 15 pathologically proven
CSF1R-related leukoencephalopathy patients had a
mean score of 16.7 points.6 All SSS values were calcu-
lated by a board-certified neuroradiologist, who was
blinded to the date of HSCT. This study was approved
by the institutional review board of Mayo Clinic Flor-
ida (MCF) and the University of Minnesota (UM).
Patients were independently enrolled at MCF and UM

under the NIH clinical trial numbers NCT04503213
and NCT02171104, respectively.
Post-HSCT hematological assessments included rou-

tine blood laboratory testing in keeping with the stan-
dard of care. Chimerism was also assessed in the blood
of all patients and in the cerebrospinal fluid of patient
4 using single-nucleotide polymorphism assessment.

Results

All patients underwent formal neurological and neu-
ropsychological evaluations before HSCT. Each patient
also had ≥1 cognitive screen (MMSE or STMS [Short
Test of Mental Status]) and brain MRI before HSCT.
Pre-HSCT patient phenotypes, baseline cognitive
screen, and MRI severity scores are listed in Table 1.
Longitudinal follow-up metrics (cognitive and MRI
severity scores) are shown in Figures 1 and 3. Addi-
tional clinical details for each patient are available in
Supplementary Information.

Patient 1 (UM 1)
A 44-year-old woman presented with 2 years of

memory problems and behavioral disinhibition. Neuro-
psychological testing identified extensive cognitive defi-
cits consistent with cortical and subcortical disease.
MRI showed confluent, frontal-predominant white mat-
ter T2 hyperintensities (SSS 22). Genetic testing demon-
strated a CSF1R nonsense mutation (c. 1924 C > T;
Q642X).
The patient underwent myeloablative HSCT with

matched unrelated bone marrow as the donor source.
The subsequent course was complicated by grade II
acute graft-versus-host disease (GVHD) responsive to
steroids. Neurological examination at 4 months post-
HCT showed substantial worsening of cognitive deficits
without motor or sensory abnormalities. Neuropsycho-
logical testing performed at this time showed decline
from previous testing across all cognitive domains. Sub-
sequent radiological assessments showed stabilization
of SSS total and white matter subscores with incremen-
tal worsening of atrophy subscores (Fig. 1). Her latest
evaluation at 27 months demonstrated substantial
improvements in behavior, whereas cognition remained
impaired evidenced by a score of 11/38 on the STMS.

Patient 2 (Mayo 1)
A 45-year-old woman presented with 2 years of pro-

gressive cognitive decline, spasticity and a mixed tremor
with kinetic and rest components. She scored 20/30 on
the MMSE. Neuropsychological evaluation showed
severe impairments in processing speed, visuospatial
processing, and fine motor speed. MRI brain showed
extensive periventricular, subcortical white matter and
corpus callosal T2/fluid attenuated inversion recovery
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hyperintensities (Fig. 2) consistent with leu-
koencephalopathy (SSS 23). Genetic testing revealed a
heterozygous mutation (p.L786S, c.2357 T > C) within
exon 18 of CSF1R.
Three months after diagnosis, the woman underwent

transplantation from a human leukocyte antigen
(HLA)-matched unrelated donor. There were no peri-
procedural complications or GVHD. Subsequent brain
MRIs revealed stabilization of SSS total and white mat-
ter subscores with incremental worsening of atrophy
subscores (Fig. 2). Longitudinal cognitive screening rev-
ealed a slower rate of decline post-HSCT (Fig. 3)
though her last MMSE score was 10/30 20 months
post-HSCT.

Patient 3 (UM 2)
A 43-year-old woman’s gait rapidly progressively dete-

riorated over a 4-month period, resulting in loss of
employment. Genetic testing demonstrated a CSF1R mis-
sense mutation (c.2677 T > C; W893R). Neurological
examination showed global hyperreflexia, parkinsonism,
and gait impairment requiring a wheelchair. Neuropsy-
chological evaluation showed impairment of visually

mediated processing, executive functioning, cognitive
speed, nonverbal learning, and psychomotor speed.
The patient underwent an uncomplicated

myeloablative HCT with matched sibling (non-CSF1R
mutation carrier) bone marrow as the donor source.
Neuropsychological evaluation 4 months post-HCT
showed declines in some aspects of attention, executive
function, and processing speed but with improvements
in verbally mediated tasks, including naming and flu-
ency. Imaging findings were unchanged compared with
pre-HCT MRI (Fig. 1). A neurological examination at
9 months post-HCT was unchanged from her exam
pre-HCT. The patient successfully resumed her role in
managing the family’s finances.

Patient 4 (Mayo 2)
A 37-year-old woman presented with 11 months of

progressive left foot inversion and word-finding difficul-
ties though she was still functioning independently and
continued to excel at her job as an engineer. A neuro-
logical examination showed mild predominantly left-
sided upper extremity ataxia. The patient was a known
member of the “Virginia family” with genetically

FIG. 1. Radiographic severity pre- and post-HSCT (hematopoietic stem cell transplantation) in CSF1R-related leukoencephalopathy. (A) Change in SSS
(Sundal Severity Score) total, (B) white matter subscore, and (C) atrophy subscore. [Color figure can be viewed at wileyonlinelibrary.com]
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confirmed CSF1R-related leukoencephalopathy.7

Genetic testing confirmed a CSF1R missense mutation
(c.2624 T > C; M875T). Neuropsychological evalua-
tion 20 days pre-HSCT included a 19/30 on the Mon-
treal Cognitive Assessment (MoCA) and a score of 9 on
the Beck Depression Index. Overall, testing was consis-
tent with impairments in processing speed, executive
function, and visuoconstruction. She underwent HSCT
without complication.
Six months after HSCT, the woman was independent

with all activities of daily living, including driving her car
without difficulty, and she returned to her job as an engi-
neer. Our last evaluation was 15 months post-HSCT,
and her neurological examination showed mild gait

abnormalities characterized by a wide base and difficul-
ties with tandem walking. Otherwise, she had mild mixed
spasticity and rigidity involving the left arm and leg, with
some incoordination of movements involving the left
more than right side. She also extinguished on the right
when presented with double simultaneous stimuli but
scored 29/30 on the MMSE (Fig. 3). Cerebrospinal fluid
analysis also demonstrated 100% chimerism.

Patient 5 (Mayo 3)
A 42-year-old woman presented with 3 years of pro-

gressive memory difficulties and imbalance. She was
found to carry a variant of unknown significance in the
CSF1R gene (c.2625 G > A; p.M875I). We suspected
this mutation to be pathogenic given its location in the
tyrosine kinase domain and because other mutations,
such as p.M875T, were previously reported as patho-
genic.2 During our evaluation, there were historical ele-
ments suggestive of decreased energization and
personality changes. She scored 29/30 on the MMSE,
and her neurological examination showed mild mixed
spasticity and rigidity, hyperreflexia with clonus and
Babinski signs, impaired upgaze, apraxia, astereognosis,
and gait impairment.
The patient successfully underwent HSCT with peri-

procedural complications of left-toe cellulitis, BK virus
cystitis, and small left-sided subdural hematoma. Bone
marrow biopsy performed on day 49 post-HSCT
showed normal cellularity and normal hematopoiesis

FIG. 2. MRI (magnetic resonance imaging) pre- and post-HSCT (hematopoietic stem cell transplantation) in CSF1R-related leukoencephalopathy
patient 2. Brain MRI axial T2-FLAIR (fluid-attenuated inversion recovery) sequences at the level of the lentiform nuclei, rostral to the third ventricle, most
rostral cut within the lateral ventricles, and supraventricular.

FIG. 3. Cognition pre- and post-HSCT (hematopoietic stem cell trans-
plantation) in CSF1R-related leukoencephalopathy. Serial cognitive
assessment scores with the Mini-Mental Status Examination (MMSE)
among patients who underwent HSCT at Mayo Clinic Florida. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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with 100% donor chimerism. Peripheral blood chime-
rism was >95% CD3 and 100% CD33 with mild
cytopenia. Eleven months after HSCT, neurological
examination showed a slow gait, hyperreflexia with
minimal spasticity, mild left-hand tremor, and impaired
fine motor precision of the hands. Neuropsychological
evaluation continued to show marked frontal subcorti-
cal cognitive dysfunction with parietal and medial tem-
poral cognitive systems involvement.

Patient 6 (UM 3)
A 44-year-old woman presented with 2 years of pro-

gressive personality changes resulting in employment
termination. This was associated with memory decline,
perseveration, spelling difficulties, and falls. An acute
episode of language disturbance resulted in a hospital
evaluation including a brain MRI, which showed
frontal-predominant white matter lesions (SSS 18), and
genetic testing showed a pathogenic missense mutation
within the CSF1R gene (c.2345 G > A; p.R782H).
At the time of presentation, the patient was fre-

quently losing objects and having difficulty clothing
herself. Anxiety and irritability were also increasing.
She scored 27/38 on the STMS, with points lost in
memory, attention, and calculation. Otherwise, her
neurological examination was notable for mild limita-
tion of upgaze, left tactile hemineglect, left-arm rest
tremor, and left-elbow flexion when walking.
The woman underwent a HSCT that was compli-

cated by GVHD of the gut. During hospitalization, she
developed acute kidney injury followed by an episode
of pulseless electrical arrest. The latter was suspected to
be related to a mucous plug and hypoxia requiring intu-
bation. She was resuscitated and extubated but quickly
deteriorated from a neurological standpoint. On post-
HSCT day 81, brain MRI showed an SSS of 25 without
evidence of stroke or severe hypoxic injury. Given the
patient’s substantial neurological deterioration, her
family transitioned her to comfort care, and she died on
post-HSCT day 88. An autopsy revealed neuropatho-
logical changes characteristic of CSF1R-related
leukoencephalopathy.

Patient 7 (Mayo 4)
A 50-year-old man presented to our clinic as a

known carrier of a pathogenic splicing variant in the
CSF1R gene (c.2442 + G > A). The year before our ini-
tial encounter, the patient’s family observed that he was
becoming more withdrawn and apathetic, requiring
more prompting to perform various activities. He
scored 24/30 on the MMSE and had predominantly
right-sided mixed spasticity and rigidity, difficulty with
precision movements, hyperreflexia, ankle clonus, and
bilateral Babinski signs. There were no higher cortical
abnormalities. Alternating motion rates were slow

with decrement, and there was mild postural
instability. Brain MRI showed characteristic findings of
CSF1R-related leukoencephalopathy (SSS 11) though
there were also scattered subcortical T2 hyperintensities
that were considered to be most consistent with small-
vessel ischemic changes.
The man underwent a successful HSCT with 100%

bone marrow chimerism with peripheral blood chime-
rism of 100% donor in CD3 and CD33 compartments.
Transplant-related complications were limited to a neu-
tropenic fever and mild hemorrhagic cystitis associated
with BK virus that resolved. At 4 months post-HSCT,
he developed skin GVHD that was resolved with ste-
roid treatment.
Our latest evaluation was 6 months post-HSCT at

which time his neurological examination showed left/
right confusion, mild hypomimia, bilateral pyramidal
tract dysfunction, as well as myoclonus and generalized
bradykinesia.

Discussion

HSCT is a treatment for certain leukodystrophies, such
as adrenoleukodystrophy, metachromatic leukodystro-
phy, and Krabbe disease.1,8 CSF1R mutations result in a
loss of function within microglia, and it has been pro-
posed that CSF1R-related leukoencephalopathy may also
be transplant responsive, with the expectation that
transplanted bone marrow–derived cells lead to a popula-
tion of healthy microglia capable of providing functional
CSF1R. A few institutions provide HSCT for the treat-
ment of CSF1R-related leukoencephalopathy and report
a disease stabilizing effect.3-5 However, little is known
about which patients are the most suitable to undergo
HSCT. We present the largest series of CSF1R-related
leukoencephalopathy patients who underwent HSCT at
one of two different academic institutions.
HSCT for CSF1R-related leukoencephalopathy was first

reported in 2016 after a woman, presumed to have meta-
chromatic leukodystrophy, was transplanted and later
found to carry a pathogenic CSF1R mutation (p.E664K).3

The patient experienced onset of gait/balance, behavioral,
and memory difficulties at age 35 years. HSCT was
administered at age 37 followed by 15 years of stable lan-
guage function and personality, though she remained
nonambulatory.5 The second patient was a woman, het-
erozygous for CSF1R p.T833K, who developed progres-
sive leg stiffness, mild dysfunction of executive function
and working memory, as well as irritability and emotional
lability in the third decade of life. Following HSCT, her
clinical condition stabilized and MRI periventricular white
matter lesions improved through 30 months of prospective
follow-up. In both reports, clinical stabilization was not
appreciated until 6 months post-HSCT.
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In 2020, the first quantitative report of therapy
response was published on 2 patients with CSF1R-
related leukoencephalopathy.4 The first patient devel-
oped a dysexecutive syndrome in the fourth decade
followed by motor symptoms. She underwent HSCT at
age 53 and experienced cognitive stability assessed with
the MoCA and motor improvements measured by the
Hauser Ambulation Index (HAI) through 28 months of
follow-up. Their second patient developed a
dysexecutive syndrome and memory deficits at age
38 followed by incoordination and gait difficulties at
age 48. He underwent HSCT at age 49 after which
repeat cognitive testing with the MMSE revealed stabil-
ity with improvements on the HAI through 26 months.
There was also improvement in the white matter lesion
burden in either patient based on nonquantitative visual
assessment.
Our cohort of 7 patients was heterogeneous with

respect to CSF1R mutation, sex, clinical characteristics,
and disease severity based on neurological examination,
cognitive screen scores, and MRI severity scores.
Although the small sample size precludes our ability to
conduct formalized predictive analyses, we can infer
pre-HSCT prognostic predictors. This may inform clini-
cians when determining which patients are the best can-
didates for this treatment.
The average age at symptom onset for our patients was

42.7 years, which is consistent with our previously
reported findings from 122 patients.1 Cognitive decline,
also consistent with previous reports, was the most com-
mon initial symptom.1,2,9,10 During transplant, 3 patients
(2, 4, and 7) fell at or below the traditional MMSE demen-
tia cutoff of 24. Patient 6 also met criteria for dementia
based on a published conversion scale that correlates
STMS 27/38 to 17/30 on the MoCA.11 The rate and qual-
ity of cognitive decline in CSF1R-related leu-
koencephalopathy are not well characterized, and the
possibility of nonlinear cognitive decline makes it difficult
to determine the anticipated cognitive trajectory in each
patient. However, deviations from a steady or accelerated
rate of cognitive decline, beyond the periprocedural time
frame, may be evidence of a positive treatment response.
Three of our patients (2, 4, and 5) had more than two cog-
nitive screens, thus enabling us to make such judgments.
Each patient’s scores appear stable or with a reduction in
decline rate, suggesting a positive treatment effect.
Two patients presented with gait impairment, and all

but one developed motor symptoms before HSCT. Con-
sistent with previous reports,1 our patients had a variety
of motor symptoms, including combinations of parkin-
sonism, pyramidal tract dysfunction, and/or ataxia.1,12

Among those patients who had motor symptoms pre-
HSCT and survived, all either improved or remained sta-
ble throughout their follow-up period. Improvements
were appreciated by patients and/or their caregivers and
confirmed with formal neurological examinations.

MRI is the most commonly used modality for
assessing leukoencephalopathies, and there have been
several reports of the radiological changes associated
with CSF1R-related leukoencephalopathy.13-16 Our
study is the first to radiologically quantify treatment
response using a disease-specific severity scale. The SSS
was developed by evaluating brain MRI of 15 patients
with CSF1R-related leukoencephalopathy to quantify
the degree and distribution of white matter lesions and
atrophy.6 The scale maximum is 57, and those between
1 and 6 indicate mild severity, whereas scores
between 7–15 and ≥16 were categorized as moderate
and severe, respectively. Our patients had a median SSS
total of 18 (range 11–25) before HSCT, indicating that
all patients had moderate or severe disease at the time
of transplantation.
The natural progression of radiological findings in

CSF1R-related leukoencephalopathy is incompletely
understood; however, Sundal and colleagues. showed
that white matter scores decreased with disease dura-
tion.6 In our study, patient 2 has nearly 2 years of
follow-up imaging (Fig. 2). There is a steep increase in
SSS total and WM subscore from the last pre-HSCT to
first post-HSCT scans, and this is followed by a much
shallower rate of decline during the remaining follow-
up (Fig. 1). This may indicate a stabilizing effect of
treatment. Moreover, the worsened score was solely
due to increases in atrophy subscore. A similar stabiliz-
ing effect was also present with patients 1 and 4. The
remaining patients have a shorter follow-up duration of
less than 1 year, so conclusions are limited; however,
all living patients are trending toward stabilization.
In addition to transplant-specific factors like age, com-

orbidities, and donor availability, several disease factors
should be considered when determining the eligibility of
a patient for HSCT. These should include disease sever-
ity, patient support, and prognostic predictors. Disease
severity should be determined by a combination of neu-
rological examination, formal neuropsychological assess-
ment, and brain MRI. This multimodal approach
enables the clinician to fully appreciate the patient’s level
of disability and anticipate potential roadblocks to post-
procedural recovery. Gauging the level of patient sup-
port and communicating reasonable expectations are of
paramount importance, especially for those individuals
with advanced disease, who have greater potential for
temporary periprocedural decline. Our appreciation of
disease prognostic factors is limited, but indicators of
rapid progression may include disease onset before
45 years, female sex, white matter lesions that have
extended beyond frontal regions, and an SSS total >15.6

Similar to conclusions drawn from other leukoence-
phalopathies,17,18 for example, multiple sclerosis, we sus-
pect that cortical atrophy on MRI indicates irreversible
tissue death. This factor should be weighed heavily when
determining a patient’s potential for clinical improvement
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after transplant. All of our patients had some brain atro-
phy (SSS: atrophy range = 4–7) before HSCT atrophy.
Although this is the largest longitudinal study of a

potential disease-modifying therapy for CSF1R-related
leukoencephalopathy, our sample size precludes quanti-
tative conclusions. Other limitations are primarily due
to minor differences in practice approaches between
our two medical centers as well as opportunistic data
acquisition because transplants were administered
through compassionate care and clinical assessments
were conducted when medically necessary. The MMSE
has known limitations in evaluating executive cognitive
functions, and future prospective studies should ideally
include alternative cognitive screening measures, with
incremental sensitivity to the frontal-mediated cognitive
dysfunction frequently observed in CSF1R-related leu-
koencephalopathy. We also did not obtain quantifiable
metrics of motor function or ambulation. Future
directions should include prospective study with a
well-established pre-HSCT baseline and multimodal
quantitative assessments of motor function, cognitive/
behavioral impairment, and radiological features. We
anticipate that such studies will enable to identify
patients with the best chance for a meaningful response
to HSCT.
CSF1R-related leukoencephalopathy is a micro-

gliopathy, and several studies have suggested that this
disease results from a proinflammatory state due to
imbalanced CSF-1/CSF-2 receptor signaling.19-22 We
previously hypothesized that chronic immunosuppres-
sion with glucocorticoids may protect against this
proinflammatory state and symptom development.23

HSCT is considered to supply a population of microglia
with normal CSF-1/CSF-2 receptor homeostasis, which
is required for proper microglial function and appropri-
ate inflammatory suppression.2,20,22 Cerebrospinal fluid
analysis of patient 4 showed 100% donor chimerism.
This finding is evidence that donor microglia are
repopulating the dysfunctional mutant microglial popu-
lation; however, this requires replication in other
patients.
Given the rapidly progressive nature of the disease,

earlier administration of a potentially disease-modifying
treatment seems most logical. We are now identifying
presymptomatic CSF1R mutation carriers, and this
raises the question whether the possibility of preventing
symptom emergence outweighs the risk of HSCT-
associated complications. However, prior studies have
shown that the central nervous system is accessible to
hematopoietic stem cells only when the blood–brain
barrier (BBB) is disrupted due to stress of disease-
related inflammation or brain radiation.24,25 This may
mean that HSCT would benefit only patients in whom
the disease process is sufficiently advanced to disrupt
the BBB. Alternatively, this could be used as an argu-
ment for providing a radiation dose or other technique

to transiently disrupt the BBB. Current data support
offering HSCT after the emergence of the symptomatic
disease, either clinically or radiographically, and data
on transplantation of asymptomatic patients have not
been reported. Ultimately, the decisions of whether and
when to provide HSCT should be made after an assess-
ment by a multidisciplinary team considering input
from the neurologist, transplant specialist, neuropsy-
chologist, and neuroradiologist. If there is consensus
agreement that the potential benefits outweigh the risks,
then HSCT should be offered.
Although the risks associated with bone marrow

transplantation are substantial, these pale in compari-
son to the certainty of rapid neurological deterioration
and death in CSF1R-related leukoencephalopathy.
Therefore, we believe that pursing this treatment is pru-
dent for the health of our patients and gaining a better
understanding of this devastating disease.

Addendum
On post-transplant day 339, patient #7 had a lumbar

puncture with cerebrospinal fluid analysis demonstrat-
ing 100% donor chimerism. At this time, he also scored
19 (5 points higher) on the MMSE and a repeat MRI
brain revealed a stable SSS total of 11. The authors
thank Dr. Viswanatha from Mayo Clinic Rochester for
performing CSF chimerism testing.
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