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Treatment of a genetic brain disease by CNS-wide 
microglia replacement
Yohei Shibuya1,2, Kevin K. Kumar1,3†, Marius Marc-Daniel Mader1,2†, Yongjin Yoo1,2†,  
Luis Angel Ayala1,2, Mu Zhou4, Manuel Alexander Mohr5, Gernot Neumayer1,2, Ishan Kumar1,2, 
Ryo Yamamoto1,6, Paul Marcoux1,2, Benjamin Liou7, F. Chris Bennett8, Hiromitsu Nakauchi1,6,9, 
Ying Sun7,10, Xiaoke Chen5, Frank L. Heppner11,12,13,14,15, Tony Wyss-Coray16,17,  
Thomas C. Südhof4,18, Marius Wernig1,2*‡

Hematopoietic cell transplantation after myeloablative conditioning has been used to treat various genetic metabolic 
syndromes but is largely ineffective in diseases affecting the brain presumably due to poor and variable myeloid 
cell incorporation into the central nervous system. Here, we developed and characterized a near-complete and 
homogeneous replacement of microglia with bone marrow cells in mice without the need for genetic manipulation 
of donor or host. The high chimerism resulted from a competitive advantage of scarce donor cells during microglia 
repopulation rather than enhanced recruitment from the periphery. Hematopoietic stem cells, but not immediate 
myeloid or monocyte progenitor cells, contained full microglia replacement potency equivalent to whole bone 
marrow. To explore its therapeutic potential, we applied microglia replacement to a mouse model for Prosaposin 
deficiency, which is characterized by a progressive neurodegeneration phenotype. We found a reduction of cere-
bellar neurodegeneration and gliosis in treated brains, improvement of motor and balance impairment, and life 
span extension even with treatment started in young adulthood. This proof-of-concept study suggests that efficient 
microglia replacement may have therapeutic efficacy for a variety of neurological diseases.

INTRODUCTION
Rectifying disease pathology in the nervous system remains one of 
the grand challenges in medicine. In principle, neural cell therapies 
are an attractive approach because a one-time treatment has the 
potential to have long-lasting effects. Although local grafts are 
highly promising, such as cell transplantation for Parkinson’s 
disease (1, 2), the large size of the human brain and the need for 
stereotactic injection complicate the homogeneous distribution of 
grafted cells even when highly migratory cells like oligodendrocyte 
precursors are transplanted (3). Thus, alternative approaches are 
needed to achieve more homogeneous brain incorporation, pref-
erably delivered via the circulation.

Hematopoietic cell transplantation (HCT) is a widely used 
therapeutic procedure to replace a patient’s hematopoietic system 
(4). In addition to diseases of the bone marrow, allogeneic HCT has 
been used to treat systemic genetic syndromes (5, 6).

The widespread distribution of hematopoietic cells and their 
continued turnover and replacement from bone marrow stem cells 
allow body-wide delivery of a functional gene product. For instance, 

decades of experience have shown that HCT can rescue many 
pathological aspects in children with severe forms of genetic 
metabolic syndromes (7). However, central nervous system (CNS) 
involvement and resulting pathology have limited response to HCT 
presumably due to the inefficient replacement of brain-resident 
microglia by the bone marrow (5, 6, 8). Unlike other tissue-resident 
macrophages, microglia are long-lived and regenerated from within 
the brain (9–13). Moreover, peripheral administration of therapeu-
tic gene products has limited efficacy as large molecules are unable 
to efficiently traverse the blood-brain barrier (BBB) (14, 15). Thus, 
cellular or molecular access to the brain is urgently needed to 
efficiently treat such genetic CNS diseases.

Here, we and others recently developed a rapid and near-complete 
replacement of microglia in mice with circulation-derived myeloid cells 
(CDMCs) eliminating the large variability observed after conventional 
bone marrow transplantation (BMT) (16, 17). These findings beg the 
question whether such widespread microglia replacement may be a po-
tential solution for the unmet clinical need to effectively treat genetic 
brain diseases and reliably deliver therapeutic proteins into the CNS.
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RESULTS
Microglia replacement after BMT is slow, inefficient, 
and highly variable
The reported efficiencies of microglia replacement after BMT in 
mice vary greatly (18–23). We therefore first sought to systematically 
characterize this process and performed BMT using green fluo-
rescent protein (GFP)–transgenic donor cells and busulfan to pre-
condition the bone marrow (Fig. 1A). The engraftment of GFP+ 
CDMCs into the brain was not synchronized and occurred much 
later than GFP chimerism in the peripheral blood (Fig. 1, B and C). 

Only after 12 weeks, most cells adopted a microglia-like ramified 
morphology (Fig. 1, D and E). The degree of brain chimerism was 
highly variable between mice ranging from 7.1 to 73.4% (Fig. 1C). 
Unlike in the blood, the degree of chimerism plateaued in the brain 
and did not significantly increase further even 6 months after trans-
plantation (12 weeks versus 24 weeks, P = 0.99; Fig. 1C).

The mechanisms how cells from the circulation can enter the brain 
are unclear. Genetic depletion of microglia enables incorporation 
of various hematopoietic cells into the brain (24), but similarly 
efficient pharmacological microglia depletion does not (11, 25). To 
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Fig. 1. Microglia replacement after bone marrow transplantation is a slow, inefficient, and variable process. (A) Schematic overview of bone marrow transplantation 
(BMT). IP, intraperitoneal; IV, intravenous. (B and C) Flow cytometry analysis of donor chimerism in peripheral blood (PB) leukocytes (CD45+ cells) and brain myeloid cells 
(CD45+CD11b+ cells) at the indicated time point. GFP chimerism in PB leukocytes (B) (mean ± SEM, n = 5 to 20 per time point; ***P < 0.001; ns, not significant, ANOVA). GFP 
chimerism in brain myeloid cells (C) (mean ± SEM, n = 5 per time point; *P < 0.05 and **P < 0.01, ANOVA). (D) Representative images of circulation-derived myeloid cells 
(CDMCs) (Iba-1+GFP−) and host microglia (Iba-1+GFP−) cells and 4′,6-diamidino-2-phenylindole (DAPI) in the cortex of recipient mice at the indicated time points. Scale 
bars, 50 mm. (E) Percentage of ramified GFP+ cells at the indicated time points (n = 3 per time point, three brain slices per animal were quantified). (F) Schematic overview 
of direct intracerebral (IC) injection of GFP+ BMCs with or without PLX5622 pretreatment of recipient mice. (G) Representative images of GFP+ and Iba-1+ cells and DAPI 
in the brain 14 days after IC injection. The right panels are enlarged images of the boxed areas in the left panels. Scale bars, 500 m (left) and 50 m (right). CTRL, control. 
(H) Quantification of transplanted GFP+ BMCs in coronal brain sections. Top: Percentage of ramified GFP+ cells. Bottom: Maximum migration distance of GFP+ cells from 
the injection site. Horizontal bars represent mean values (n = 3 per group, three brain slices per animal were quantified; **P < 0.01 and ***P < 0.001, Student’s t test). 
(I) Flow cytometry analysis of GFP+ BMCs 14 days after direct intracerebral IC injection with (bottom) and without (top) PLX5622 pretreatment of recipient mice.
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specifically address the direct effects of microglial niche factors on 
hematopoietic cells, we injected GFP-labeled, unpurified bone 
marrow cells (BMCs) directly into the hippocampus of mice with or 
without a 21-day pretreatment of PLX5622 (Fig.  1F), a potent 
CSF1R inhibitor (26). BMCs injected into control brains survived 
for 2 weeks but retained a round morphology, and no grafted cell 
expressed the microglial marker Iba-1 (Fig. 1G). In contrast, most 
BMCs injected into PLX5622-treated, microglia-depleted mice 
exhibited ramified morphologies; almost all expressed Iba-1, were 
more numerous, and had migrated further from the injection site 
(Fig. 1, G to I). In the same time frame, intravenously injected 
donor cells did not display similar microglial differentiation after 
BMT (Fig. 1, D and E). In consistent with a previous report (17), 
these data demonstrate that elimination of endogenous microglia is 
critically required for BMCs to engraft in the brain and differentiate 
into microglia-like cells.

Microglia depletion after BMT results in near-complete 
replacement of microglia with CDMCs throughout 
the entire brain
We next sought to engage microglial niche factors during BMT. 
CSF1R inhibition before BMT did not affect incorporation of 
CDMCs. However, mice transiently treated with PLX5622 4 weeks 
after BMT consistently exhibited over 90% GFP+ cells among all 
brain myeloid cells by flow cytometry (Fig. 2, A to C). Histological 
analysis revealed that the vast majority of GFP+ cells had a microglia-
like morphology and stained for Iba-1  in multiple brain regions 
(Fig. 2D and fig. S1A) and had homogeneously populated the entire 
brain and spinal cord (Fig. 2, E and F, and fig. S1, B and C). CDMCs 
remained stably incorporated for at least 6 months after transplan-
tation (Fig. 2C and fig. S1A). As seen in native mice (27), PLX5622 
treatment after BMT had no major effects on various monocyte 
populations in the peripheral blood (fig. S1, D and E). As reported 
for conventional BMT (16) and also in our method, we found 
donor-derived myeloid cells in the choroid plexus, meninges, and 
perivascular region (fig. S2A). GFP chimerism in tissue-resident 
macrophages in the skin, lung, and liver was not further increased 
over BMT only (fig. S2, B and C).

CDMCs and microglia are transcriptionally distinct cells
To molecularly characterize incorporated CDMCs, we purified 
CDMCs after our high-efficiency replacement BMT followed by 
PLX5622 treatment [CDMC (BMT + P)], CDMCs after BMT only 
[CDMC (BMT only)] 3 months after transplantation, and age-
matched endogenous microglia by fluorescence-activated cell sorting 
(FACS) and performed RNA sequencing (RNA-seq) in these cells. 
Principal components analysis (PCA) and unbiased hierarchical 
clustering showed that CDMC (BMT + P), CDMC (BMT only), and 
microglia have distinct gene expression profiles (Fig. 3, A and B). 
A recent study generated gene expression profiles of microglia-like 
cells engrafted into the brain derived from many different hemato-
poietic cell populations (24). Unbiased hierarchical clustering showed 
that our microglia samples (green open triangles) clustered together 
with the published microglia populations, our cell population after 
BMT only (open yellow triangles) clustered with the published 
BMT cells, and CDMCs after BMT + P (purple open triangles) 
formed a distinct group that also contained fetal liver-derived 
microglia-like cells (Fig. 3C). Ms4a7 and Clec12a are markers of 
periphery-derived brain macrophages but are lowly expressed in 

microglia (24). Quantitative real-time polymerase chain reaction 
(PCR) analysis revealed that Ms4a7 and Clec12a transcripts were 
higher in CDMC (BMT + P) than in microglia but lower than in 
CDMC (BMT only) (Fig. 3D). A direct comparison between CDMCs 
and microglia revealed 1296 differentially expressed genes (log2 fold 
change > 1 and false discovery rate < 0.05) between microglia (564) 
and CDMCs (732) (fig. S3A), reminiscent of previously published 
datasets using genetic approaches to replace microglia (fig. S3, 
B and C) (28, 29). The PCA plot showed that CDMCs remained 
transcriptionally distinct from microglia 8 and 10 months after 
BMT (fig. S3D). Microglia play crucial roles in synaptic pruning, 
scavenging activity, antigen processing and presenting, and cytokine-
mediated immunity in the CNS (30, 31). We selected lists of genes 
involved in these microglia functions based on gene ontology terms 
and analyzed expression of the genes in microglia and CDMCs by 
RNA-seq. The heatmaps showed distinct expression patterns of 
these genes in microglia and CDMCs (fig. S4A), suggesting that 
CDMCs may function differently from microglia. Recently, microglia 
with similar pathological features termed disease-associated microglia 
(DAM) or microglial neurodegenerative (MGnD) phenotypes were 
identified in various disease states including Alzheimer’s disease, 
amyotrophic lateral sclerosis, tauopathies, multiple sclerosis, and 
aging (32–35). In DAM, a specific subset of genes termed DAM 
genes is up-regulated, whereas microglia homeostatic genes are down-
regulated (32, 33). Similar to DAM, CDMCs after our BMT + P method 
showed increased expression of DAM genes such as Apoe, Cd63, 
Ctsb, and Spp1 and decreased expression of microglia homeostatic 
genes such as Gpr34, P2ry12, Sall1, and Tmem119 (fig. S4B). These 
RNA-seq data suggest that CDMCs are transcriptionally distinct from 
microglia even long term after transplantation, and gene expression 
profile of CDMCs is similar to DAM, which is in consistent with 
previous studies using various transplantation systems (24, 28, 29).

Flow cytometry analysis revealed that CDMCs after conventional 
BMT only had slightly higher expression of CD45 and slightly lower 
expression of CD11b than microglia (Fig. 3E). Using these two 
surface markers, CDMC (BMT + P) moved closer toward microglia 
over time (Fig. 3E). Unlike CDMCs after BMT only, we found robust 
expression of the microglia-specific marker TMEM119 (36) in CDMCs 
after BMT + P (48.3% versus 87.6%, P < 0.001; Fig. 3F). Thus, CDMCs 
are transcriptionally distinct from microglia, and transient CSF1R 
inhibition not only increases the efficiency of CDMC incorporation 
by BMT but also affects the transcriptional state of CDMCs.

CDMCs incorporated into the brain have a distinct 
morphological and functional state from microglia
We next performed a detailed morphometric characterization of 
CDMCs at 12 and 24 weeks after transplantation. Whereas CDMCs 
after BMT + P rapidly adopted a ramified microglia-like morphology 
shortly after PLX5622 withdrawal (fig. S5), their processes were 
thicker, shorter, and less branched at 12 weeks after transplantation 
(Fig. 4, A and B), reminiscent of activated microglia (37). The 
number of branched processes increased over time but was still 
significantly lower (P  <  0.001) than microglia at 24 weeks after 
transplantation. Another notable difference was that the density of 
CDMCs was higher than endogenous microglia at both time points 
(Fig. 4, A and B).

In the next set of experiments, we assessed functional properties 
of CDMCs in comparison to microglia. Freshly isolated CDMCs were 
able to phagocytose beads in vitro at a rate higher than microglia 
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(Fig. 4, C and D). Accordingly, they had higher expression of the 
endolysosomal marker CD68 in situ (fig. S6, A to C). Using two- 
photon live microscopy, we observed that CDMCs at 12 weeks after 
transplantation were highly dynamic, continuously extending and re-
tracting their processes, a known microglial property (Fig. 4, E and F, 

and movies S1 and S2) (38, 39). Process tracking and quantification 
revealed that CDMCs displayed a slight increase in motility compared 
to microglia (Fig. 4G). To assess their immunological response to 
pathogenic stimuli, we systemically injected phosphate-buffered 
saline (PBS) or lipopolysaccharide (LPS) into mice with or without 
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Fig. 2. A transient treatment with PLX5622 after BMT results in efficient and stable donor myeloid chimerism in the brain. (A) Schematic overview of BMT with 
PLX5622 treatment. Recipient mice were treated with PLX5622 or vehicle control (CTRL) for 10 days starting on day 28. Donor chimerism was analyzed at the indicated 
time points. (B) Flow cytometry gating for analysis of myeloid chimerism in the brain. (C) Myeloid chimerism in the brain was analyzed by flow cytometry at the indicated 
time points (horizontal bars represent median values, n = 5 to 6 per time point; **P < 0.01 and ***P < 0.001, Student’s t test). (D) Representative images of GFP+ and Iba-1+ 
cells in the cortex on day 83. Scale bars, 50 m. (E) Sagittal brain sections showing GFP+ cells and DAPI on day 83. Scale bars, 1 mm. (F) Quantification of GFP+ and Iba-1+ 
cells in the indicated brain regions on day 83. Ob, olfactory bulb; Cx, cortex; Hp, hippocampus; BS, brain stem (mean ± SEM, n = 6 per group, three brain sections per animal 
were quantified; ***P < 0.001, Student’s t test).
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BMT + P at 12 weeks after transplantation and then measured a 
panel of cytokines in the brain by a multiplex bead–based assay 
24 hours after LPS injection. Without LPS stimulation, 5 of 38 cyto-
kines [Eotaxin, vascular endothelial growth factor (VEGF), leukemia 
inhibitory factor (LIF), interleukin-3 (IL-3), and IL-13] examined 
were differentially produced in the brains between CDMC-containing 
and normal mice; however, the relative response of all cytokines in 
the brain to LPS stimulation was comparable between two groups 
(table S1). Last, we determined the effects of CDMC incorporation 
on overall brain function 12 weeks after BMT + P. The Y-maze test 
showed that CDMC-bearing mice had no spatial working memory 
deficiency (fig. S6, D and E).

High CDMC brain chimerism is best explained by 
the proliferative advantage of surviving CDMCs during 
PLX5622 withdrawal rather than continued influx 
from peripheral circulation
We next sought to better understand how the transient CSF1R 
blockade results in the robust CDMC incorporation at the expense 

of microglia. First, we hypothesized that CDMCs might be less 
sensitive to CSF1R inhibition, which would lead to a selective 
survival advantage during the PLX5622 treatment. CDMCs had less 
surface CSF1R expression than microglia (Fig.  5A). However, we 
found that both CDMCs and microglia disappeared during PLX5622 
treatment (Fig. 5B, blue arrow). Only after withdrawal of PLX5622, 
CDMCs rapidly took over in numbers (Fig. 5B, after day 41).

To explore whether the high CDMC chimerism is due to increased 
cell recruitment from the circulation, we performed a lineage tracing 
experiment. We succeeded to genetically label CDMCs and peripheral 
blood cells with different fluorescent proteins using the following 
approach: First, we transplanted bone marrow from Cx3cr1::CreER; 
Rosa26::loxStoplox::tdTomato; Ubc::EGFP mice to wild-type (WT) 
mice using our BMT + P method (Fig. 5C and fig. S7A). Thus, all 
donor cells constitutively expressed GFP, and upon tamoxifen 
injection, all donor-derived CX3CR1+ myeloid cells expressed 
tdTomato (fig. S7B). Because peripheral blood myeloid cells are 
short-lived (40) and hematopoietic stem cells (HSCs) are CX3CR1 
negative, over time, recombined tdTomato-positive cells in blood 
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should be replaced with GFP only–expressing cells. In contrast, if 
CDMCs were long-lived and not replaced by HSCs as microglia (13), 
they should remain tdTomato+ and GFP+ over time (fig. S7C). Flow 
cytometry analysis of transplanted mice demonstrated that this pre-
diction was correct: Fig. 5D shows that the fraction of tdTomato+ 

myeloid cells in the peripheral blood decreased over time and was 
undetectable 35 days after tamoxifen injection. Brain CDMCs, on 
the other hand, were labeled at around 80% for at least 84 days 
(Fig. 5, D and E). Thus, we have created mice in which brain 
CDMCs were tdTomato+GFP+ and peripheral blood cells were 
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tdTomato−GFP+. These mice were then treated with a second round 
of PLX5622 for 10 days (Fig. 5F). Flow cytometry analysis demon-
strated that after repopulation again, most brain myeloid cells were 
tdTomato+, demonstrating that most CDMCs are derived from 
preexisting brain-resident CDMCs and not from the peripheral blood 

(Fig. 5G and fig. S7D). Thus, the high CDMC chimerism is caused by 
a competitive growth advantage of CDMCs over endogenous microglia 
after PLX5622 withdrawal. This conclusion is further corroborated 
by our finding that CDMCs are usually quiescent but become pro-
liferative right after PLX5622 withdrawal (Fig. 5, H and I).
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Fig. 5. Efficiently engrafted CDMCs are primarily derived from expanded residual cells rather than from continued influx. (A) Flow cytometry analysis of expression 
of CSF1R in CDMCs and microglia on day 28 (mean ± SEM, n = 4 per group; *P < 0.05, Student’s t test). (B) Time-course analysis of CD45+CD11b+GFP− (endogenous microglia) 
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images of Iba-1+, GFP+, Ki67+ cells and DAPI on day 41. Red arrowheads indicate Ki67+ cells. Scale bars, 10 m.
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Injection of purified HSCs results in high-efficiency  
microglia repopulation
Whole bone marrow (WBM) is heterogeneous and ill-defined. We 
therefore sought to evaluate which specific hematopoietic cell 
population had the highest capacity of generating CDMC engraft-
ment in our BMT + P protocol. To this end, we purified eight hema-
topoietic cell types (41) and injected 12,500 cells of each cell type as 
well as the same number of WBM as positive control into busulfan-
conditioned mice (Fig. 6, A and B, and fig. S8, A to F). Unlabeled 
helper WBM cells were injected a day later to rescue from lethal 
busulfan conditioning (Fig. 6B). We hypothesized that there would 
be a cell population(s) that had higher capacity of CDMC engraftment 
than WBM control (which also contained the same population but 
in a much smaller number) in our BMT + P protocol. In this experi-
ment, we specifically asked two questions: (i) Whether any of the 
eight hematopoietic cell types showed higher ability of CDMC 
engraftment than WBM before PLX5622 treatment and (ii) whether 
PLX5622 treatment for 10 days increased brain engraftment of 
CDMC derived from these hematopoietic cell types. We first ana-
lyzed the brain of the recipient mice at 4 weeks after transplantation 
before PLX5622 treatment (fig. S8A). We detected statistically 
significant GFP myeloid chimerism (P < 0.05) in the brain after 
transplantation of HSCs, common myeloid progenitors (CMPs), bone 
marrow monocytes, and WBM (Fig. 6C). Grafted HSCs resulted in 
by far the highest myeloid chimerism in the brain ranging from 10 to 
40%. HSCs were the only population that showed higher capacity of 
CDMC engraftment than WBM at 4 weeks after transplantation. 
Moreover, HSC-derived CDMCs displayed already microglia-like 
ramified morphology unlike all other populations (fig. S9A).

We next sought to determine whether any of these four popula-
tions could give rise to high chimerism after PLX5622 treatment as 
seen with WBM. We therefore repeated the experiment with the 
four populations, this time using Kusabira orange–labeled helper 
WBM (Fig. 6D and fig. S9B) (42). Ten days after PLX5622 withdrawal, 
the HSC-derived CDMCs had almost completely outcompeted the 
helper WBM, unlike the other three populations (Fig. 6E). These 
results suggest that the brain incorporation activity is highly en-
riched in HSCs.

HSC-derived CDMCs and WBM-derived CDMCs had similar 
characteristics. The relative expression of CD45 and CD11b over 
time as measured by flow cytometry was comparable in the two popu-
lations (Fig. 6F). Both populations had a similar morphometric profile 
(Fig. 6, G and H). Just like WBM-CDMCs, HSC-derived CDMCs 
had higher expression of CD68 than microglia (Fig. 6, I and J). Last, 
RNA-seq analysis showed that HSC- and WBM-CDMCs clustered 
together in unsupervised hierarchical clustering and the PCA, re-
spectively (Fig. 6K and fig. S9C). These results demonstrate that 
microglia can be efficiently replaced after transplantation with 
purified HSCs and HSC-derived CDMCs are morphologically and 
transcriptionally comparable to WBM-derived CDMCs.

Microglia replacement with CDMCs slows 
neurodegeneration, ameliorates motor dysfunction, 
and extends survival in Prosaposin-mutant mice
To assess the proof of concept that microglia replacement with 
CDMCs has therapeutic activity in the brain, we chose a genetic mouse 
model of a progressive neurodegenerative condition. The model 
contains three different genetic elements (43, 44): (i) a homozygous 
D409H mutation in the Gba1 gene (Gba1D409H) encoding a lysosomal 

enzyme glucocerebrosidase (GCase); (ii) a homozygous knockout 
of Prosaposin (Psap), which is a known cofactor of GCase; and (iii) 
a Psap transgene (termed PS-NA), which renders overall PSAP pro-
tein quantity below 50%. Among other potential mechanisms, the 
mutant Gba1D409H and reduced PSAP protein in this mouse model 
cause reduced activity of GCase and accumulations of GCase 
substrates in tissues, and show a progressive neurodegenerative 
phenotype with loss of cerebellar Purkinje cells, astrogliosis, and 
behavioral cerebellar symptoms including progressive ataxia, waddle 
gait, and decreased life span (43). The pathology is primarily driven 
by reduced PSAP protein because homozygous Gba1D409H mice have 
only subtle phenotypes (43, 45).

To allow syngeneic transplantation, we used littermates as donor 
mice. Littermate donors available were Gba1D409/D409H; Psap-transgene; 
Psap−/− (PSAPLow) or Gba1D409/D409H; Psap-transgene; Psap+/+ (PSAPHigh) 
(Fig. 7A). Transplanted animals were compared to unmanipulated 
PSAPLow and PSAPHigh mice (Fig. 7B). We did not include a con-
ventional BMT as control because brain chimerism is highly vari-
able in this procedure (Fig. 1C), and therefore, results would be 
inconclusive. As opposed to testing disease prevention, we decided 
to evaluate microglia replacement with CDMCs at the young 
adolescent stage of ~8 to 9 weeks, at the time of disease symptoms 
initiation (46). After confirming successful peripheral blood and brain 
chimerism in this mouse strain using a Y chromosome–specific 
droplet digital PCR (fig. S10, A to C), we first analyzed protein 
expression of PSAP in the four different conditions at age 15 weeks 
(6 weeks after microglia replacement). We chose this time point for 
analyses of the brain because this mouse model at age 15 weeks 
shows motor dysfunction and accumulations of the GCase substrates, 
glucosylceramide (GC) and glucosylsphingosine, yet has several 
months to survive before premature death (43, 47). PSAP immuno-
fluorescence analysis in the cerebellum showed that PSAP protein 
expression was greatly reduced in PSAPLow mice and increased in 
both transplant groups (Fig. 7C). However, most of the PSAP signal 
in PSAPLow and PSAPHigh mice was located in Iba-1–negative 
compartments, whereas in the transplant groups PSAP was mostly 
overlapping with Iba-1 (Fig.  7C). Assuming that primarily the 
microglia-secreted PSAP may be therapeutic, we quantified PSAP 
expression inside (Iba-1+) and outside (Iba-1−) microglia separately. 
These results showed that secreted PSAP was elevated in both treat-
ment groups, albeit not to quantity seen in PSAPHigh mice (Fig. 7D, 
left). PSAP staining within Iba-1+ cells was elevated in both trans-
plant groups, demonstrating that CDMCs have higher expression 
of PSAP from the Psap transgene than microglia (Fig. 7D, right). As 
expected, PSAPHigh CDMCs in PSAPHigh➔PSAPLow mice showed 
higher expression of PSAP protein than PSAPLow CDMCs in 
PSAPLow➔PSAPLow mice. Quantitative Western blotting confirmed 
the overall increase of PSAP protein in the cerebellum of the two 
transplant groups over the quantity in PSAPLow mice (Fig. 7, E and F). 
Thus, although CDMCs had higher expression of the Psap transgene 
than microglia in this neurodegeneration model, they secrete a 
smaller fraction of PSAP than microglia into the extracellular space. 
Although PSAP expression was increased in the transplant groups, 
it was not restored to the quantity in PSAPHigh mice.

We then evaluated whether the elevated PSAP protein observed 
in the brain would be sufficient to cause therapeutic effects. In this 
mouse model, two GCase substrates, GC and glucosylsphingosine, 
accumulate in the brain (fig. S11, A and B). We found that the total 
amount of six GC species with a different fatty acid acyl chain 
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Fig. 6. Hematopoietic stem cells have the highest capacity to become brain CDMCs after BMT. (A) Schematic representation of the eight different hematopoietic 
subpopulations isolated for this experiment along with key surface markers used for sorting. HSC, hematopoietic stem cell; CMP, common myeloid progenitor; GMP, 
granulocyte/macrophage progenitor; MEP, megakaryocyte/erythrocyte progenitor; MDP/CDP, macrophage-dendritic progenitor/common dendritic progenitor. (B) Schematic 
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density plots of WBM-CDMCs (red), HSC-CDMCs (blue), and microglia (gray) at the indicated time points. (G) Representative pictures of GFP+ and Iba-1+ cells in the cortex 
of WBM-transplanted mice (left) and HSC-transplanted mice (right). Scale bars, 50 m. (H) Quantitative, morphological analysis of Iba-1+ in the indicated samples. Left: 
Total length of processes. Right: Number of branch points (horizontal bars represent median values, n = 3 per group, three brain slices per animal were quantified; 
***P < 0.001, ANOVA). (I) Immunofluorescence staining for Iba-1 and the activated microglia marker CD68 in untransplanted mice (microglia) and HSC-transplanted 
(HSC-CDMC) mice on day 48. Representative images are shown. Scale bars, 50 m. (J) Quantification of CD68+ cells in the indicated mice. Left: Fluorescence intensity of 
CD68. Right: Percentage of CD68+ cells in Iba-1+ cells (horizontal bars represent median values, n = 3 per group, three brain slices per animal; ***P < 0.001, Student’s t test). 
a.u., arbitrary units. (K) Unsupervised hierarchical clustering of microglia, WBM-CDMCs, and HSC-CDMCs.
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(GC16∶0, GC18:0, GC20:0, GC22∶0, GC24∶0, and GC24:1) was sig-
nificantly reduced (P < 0.05) in the cerebellum of PSAPLow➔PSAPLow 
and PSAPHigh➔PSAPLow mice compared to PSAPLow mice (Fig. 7G). 
Glucosylsphingosine was not significantly reduced in the trans-
planted mice (fig. S11B, P > 0.05). One prominent feature of this 
model is progressive Purkinje cell degeneration and astrogliosis in 
thalamus and brain stem (15, 46). Immunofluorescence microscopy 
and quantification at week 15 showed that more calbindin-positive 
Purkinje cells survived in the transplanted animals (Fig. 7, H and I) 
and astrogliosis was markedly reduced (fig. S12, A to D). Next, we 
performed behavioral assessments to assess cerebellar function 
such as balance, gait, and motor coordination. Reassuringly, both 

transplant groups showed improved performance in the beam walk 
test compared to PSAPLow mice (Fig. 8, A and B). The fall score at 
20 weeks was comparable between treated PSAPLow mice and un-
treated PSAPHigh mice; the time spent on the beam was significantly 
reduced in the treated mice (Fig. 8, A and B; P < 0.001). Gait coordi-
nation was assessed by footprint analysis (fig. S13, A and B). Again, 
both treatment groups showed an improvement of the ataxic gait 
that progresses in this mouse model (Fig. 8, C to F). Last, we examined 
general exploratory and locomotor activity in these mice by the 
open-field test. PSAPLow mice showed an increase in Area Measure 
(a metric of the number of sharp turns instead of straight-line runs) 
over time, whereas no such increase was observed in treated mice 
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Fig. 7. Microglia replacement with CDMCs mitigates Purkinje cell degeneration in a mouse model of Psap deficiency. (A) Gene mutation and transgene in PSAPHigh 
and PSAPLow mice. PSAPLow mice show symptoms of neurodegeneration. (B) Schematic of experimental BMT outline. (C) Representative pictures of PSAP+ and Iba-1+ cells 
in the cerebellum of indicated mice. Scale bars, 100 m. (D) Quantitative analysis of fluorescence intensity of PSAP in Iba-1 compartment (left) and Iba-1+ cells (right) in 
the indicated samples (*P < 0.05 and ***P < 0.001, ANOVA). (E) Brain extracts from the cerebellum of the indicated groups were analyzed by Western blot for PSAP protein. 
Representative blot is shown. (F) Quantification of blots (n = 6 per group, ###P < 0.001 versus PSAPHigh, *P < 0.05, ANOVA). (G) Six glucocerebrosidase (GC) species (GC16∶0, 
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(arrowheads) in the cerebellum in the indicated samples. ML, molecular layer; GL, granular layer. Scale bars, 50 m. (I) Quantitative analysis of calbindin-positive Purkinje 
cells in the cerebellum of the indicated samples (n = 3 per group, three brain slices per animal were quantified; ***P < 0.001, ANOVA).
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(Fig. 8G). In line with the behavioral improvements, the overall 
survival rate was improved in both treatment groups; PSAPLow mice 
transplanted with PSAPHigh cells survived significantly longer (P = 0.01) 
than untransplanted PSAPLow mice by 19.3%, and PSAPLow mice 
transplanted with PSAPLow donor cells trended to survive longer by 
7.4% (Fig. 8H). The BMT + P procedure itself did not affect any of 
these behavioral parameters as PSAPHigh➔PSAPHigh transplanted 
animals did not show any abnormalities (Fig. 8, A to G). In summary, 
these results demonstrate that high-efficiency microglia replace-
ment with CDMCs by our BMT  +  P protocol increases PSAP 
protein in the brain, which leads to a therapeutic benefit in PSAPLow 
mice including a significant increase of survival (P = 0.01).

DISCUSSION
Finding therapeutic reagents that can cross the BBB remains 
challenging for treating neurological diseases. In this study, we show 
the proof of concept that a highly efficient microglia cell replacement 
with CDMCs provides therapeutic benefit in mice with a progressive 
neurodegenerative condition. This model combines mutant Gba1D409H 
and genetically reduced PSAP protein, which cause reduced GCase 
activity and GCase substrate accumulation and lead to pronounced 
CNS pathology (43, 44). Because homozygous Gba1D409H-mutant 
mice show only mild disease and the full Psap knockout is lethal, the 
primary genetic driver of the disease symptoms is the reduction of 
PSAP in this model (43). This is consistent with our observation 
that the phenotypes could be rescued by cells with higher PSAP 
secretion but still carrying the Gba1D409H mutation. Genetic PSAP 
deficiency in humans also causes various forms of progressive neuro-
degenerative conditions depending on the type of mutation in the 
PSAP gene (48–51). PSAP is a secreted protein that is taken up by 
surrounding cells and cleaved into saposins (A, B, C, and D) in the 
late endosome and lysosome, where they act as cofactors for 
lysosomal enzymes such as GCase (52–54). Consequently, we found 
GCase substrate reduction in transplanted animals carrying the 
Gba1D409H mutation, suggesting an increased GCase activity in vivo. 
A previous study showed that, unlike peripheral delivery of GCase, 
engineered GCase with increased brain permeability did exhibit 
therapeutic effects in a related Psap/Gba1 mouse model (15). There-
fore, it is possible that increased GCase activity in the CNS contributes 
to the phenotypic rescue that we observed. Thus, CDMCs engineered 
to efficiently secrete GCase may also improve symptoms in this 
model. We demonstrate that microglia replacement with CDMCs 
was able to reduce CNS pathology even when performed at around 
the time of disease onset, a timing more clinically realistic than 
prospective treatment. The treatment was no cure, however, as the 
therapeutic effects were partial. As newborn screening programs for 
genetic diseases have become more prevalent (55), earlier treatment 
may become feasible with likely larger therapeutic effects. The finding 
that microglia replacement can rectify CNS pathology is highly 
relevant for neural regeneration and provides a blueprint for cell-
based brain therapies that could be potentially applied to a large 
variety of neurological diseases. Microglia are at the epicenter of 
regulating the pathogenesis of many diseases including neuro-
degeneration, traumatic injury, autoimmune disease, vascular brain 
insults, inflammatory disease, and brain tumors (31).

Another insight from this study is that primary HSCs can be 
used as donor cells for high-efficiency microglia replacement. 
Using HSCs as donor cells has some practical advantages as they are 

well defined, can be expanded in culture by several hundred-fold 
(56), and can be genetically manipulated by efficient lentiviral gene 
transfer, allowing the ex vivo genetic engineering of donor cells to 
bestow transplanted cells with additional therapeutic properties. 
We envision that HSC-like cells or other hematopoietic cells with 
equivalent microglia repopulating properties will eventually be 
generatable from induced pluripotent stem cells, which can be 
derived from patients in an autologous fashion and are amenable to 
an even wider spectrum of genetic engineering including therapeutic 
gene targeting by homologous recombination (57). The combination 
of microglia replacement with genetic donor cell engineering 
represents a versatile approach to interfere with brain pathology.

One experimental arm, the transplantation of PSAPLow donor 
cells to PSAPLow mice, that we had expected to be a negative control, 
resulted to be therapeutic because the transplanted CDMCs had 
higher expression of the Psap transgene than endogenous microglia. 
These results demonstrate the intriguing possibility that, under 
certain conditions, even transplantation with unaltered mutant cells 
may increase therapeutic gene expression when the gene of interest 
is expressed in CDMCs higher than microglia. This scenario would 
be applicable for known hypomorphic mutations whose increased 
expression would be expected to be therapeutic. For this purpose, 
it is beneficial that CDMCs are transcriptionally distinct from 
microglia independent of their method of integration as we and 
others have shown (24, 28).

There are several limitations in our study. Given that our efficient 
BMT + P protocol enables a near-complete replacement of microglia 
with CDMCs in the brain, the question arises whether the observed 
differences between CDMCs and microglia in the normal brain are 
of relevance for overall brain function (30). In particular, long-term 
effects of microglia replacement are now not well understood. To 
that end, a recent study found subtle changes in transcriptional, 
histological, and behavioral features of mice with high CDMC 
chimerism (16). It is further possible that CDMCs mount a different 
immune response to CNS pathology than microglia. However, at 
least after bacterial LPS injection in WT mice, CDMC-containing 
brains respond very similarly to normal brains. It is unknown 
whether CDMCs and microglia mediate immune responses in a 
similar manner or not in disease brains. The functional differences 
between CDMCs and microglia in the normal brain are an interesting 
scientific question but of little practical relevance because CDMC 
transplantation would only be done in disease states. Given that 
microglia are highly reactive to CNS pathology (30, 58), the poten-
tial positive or negative effects of CDMCs will have to be tested in 
specific disease environments. For instance, CDMCs in the normal 
brain induce a regional astrocytic activation (16), whereas in our mouse 
model for Psap deficiency, CDMCs effectively reduced astrogliosis.

Another limitation of our study is that BMT has severe side 
effects including immunosuppression and chemotherapy-associated 
toxicity. Therefore, at this point, our microglia replacement approach 
by the BMT  +  P protocol could only be applied to aggressive 
life-threatening diseases such as severe metabolic disorders or high-
grade glioma, conditions for which BMT or chemotherapy is already 
applied. Important next steps of this work will be the development 
of a safer microglia replacement strategy that avoids toxic precondi-
tioning analogous to the recently developed antibody-based pre-
conditioning for BMT (59, 60).

In summary, this study highlights microglial cells as an effective 
cellular target for cell-based therapies for regenerative efforts to restore 
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brain function. In combina-
tion with genetic engineering 
and the ability to transdiffer-
entiate microglia into neural 
cells, microglia replacement will 
allow the efficient delivery of 
therapeutic agents into the 
brain and may even regenerate 
lost brain cells (61).

MATERIALS AND METHODS
Study design
The objectives of this study were to develop and characterize a BMT 
method that allows highly efficient replacement of microglia with 
donor CDMCs in mice and to evaluate therapeutic activity of 
microglia replacement in a mouse model of a neurodegenerative 
condition. We combined a conventional BMT protocol, based on 
chemotherapeutic bone marrow conditioning with busulfan, with the 
small-molecule inhibitor of CSF1R and achieved a near-complete 
and homogeneous replacement of microglia with donor CDMCs in 
C57BL/6 mice without the need for genetic manipulation of donor 

or host. To characterize CDMCs, RNA-seq and ex vivo phagocytosis 
assay were performed in isolated CDMCs and microglia. The brain 
bearing CDMCs was subjected to in vivo two-photon microscopy 
and morphological analysis. To evaluate the effects of CDMC incor-
poration on brain function, cytokine production analysis after LPS 
injection and the Y-maze spontaneous alternation test were per-
formed in mice after our BMT method. To assess the proof of 
concept that microglia replacement has therapeutic activity in the 
brain, we performed our BMT method in a mouse model that shows 
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Fig. 8. Microglia replacement with 
CDMCs ameliorates disease pro-
gression in Psap-deficient mice. 
(A and B) Motor coordination in the 
indicated groups was evaluated by the 
elevated beam test. The beam used 
was 100 cm in length and 17 mm in 
width. Number of falling off the beam 
(A) (df = 9, F = 8.377, P < 0.0001) and 
time to cross the beam (B) (df = 9, 
F = 18.33, P < 0.0001) were measured. 
(C to F) Footprints of the indicated 
groups were evaluated for stride length 
of left forelimb (C) (df = 9, F = 8.467, 
P < 0.0001), right forelimb (D) (df = 9, 
F = 12.47, P < 0.0001), left hindlimb 
(E) (df = 9, F = 6.486, P < 0.0001), and 
right hindlimb (F) (df = 9, F = 6.832, 
P < 0.0001). (G) Locomotor behavior was 
assessed by the open-field test in the 
indicated groups. Plot demonstrates 
area measure, a metric of the number 
of sharp turns instead of straight-line 
runs during a 20-min open-field trial 
(df = 8, F = 9.59, P < 0.0001). All behavior 
assays were analyzed statistically by 
ANOVA. Mean ± SEM. *P < 0.05, **P < 0.005, 
***P < 0.0005, and ****P < 0.0001. PSAPHigh 
(n = 6), PSAPLow (n = 7), PSAPLow➔PSAPLow 
(n = 9), PSAPHigh➔PSAPLow (n = 9), 
PSAPHigh➔PSAPHigh (n = 9). (H) Life span of 
PSAPLow (green, n = 10), PSAPLow➔PSAPLow 
(black, n = 9), PSAPHigh➔PSAPLow (red, 
n = 7), and PSAPHigh➔PSAPHigh (blue, 
n = 8) (*P < 0.05 and ***P < 0.001 ver-
sus PSAPLow mice, log rank; 2 = 35.9, 
df = 3, P < 0.0001).
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symptoms of neurodegeneration. Transplanted and untransplanted 
mice were subjected to behavioral tests including the open-field 
test, elevated beam test, and gait analysis. In addition, survival analysis 
was performed in those mice. The brain of the mice was subjected 
to immunofluorescence microscopy, Western blotting, and super-
critical fluid chromatography–tandem mass spectrometry. All mice 
were randomized to different treatment groups. Replication and 
sample sizes for all experiments are described in the figure legends. 
No statistical methods were used to predetermine sample size. No 
data outliers were excluded. Investigators were blinded in the behavior 
tests and morphological analysis.

PLX5622 treatment
PLX5622 was provided by Plexxikon Inc. under a material trans-
fer agreement and incorporated to AIN-76A standard chow by 
Research Diets Inc. at 1200 parts per million. Mice were treated 
with PLX5622 or control diet ad libitum for the duration indicated 
in the figure legends.

Bone marrow transplantation
Unless otherwise noted, we used female mice at age 8 to 12 weeks 
for both recipients and donors. WT mice were pretreated with 
PLX5622 diet between days −21 and −1 (21 days) and/or busulfan 
between days −6 and −2 (5 days). For busulfan pretreatment, mice 
received five intraperitoneal injections of busulfan (Sigma-Aldrich, 
B1170000) at 25 mg/kg body weight per day. On day 0, BMCs were 
isolated from tibias and femurs of UBC-GFP mice. Isolated BMCs 
were resuspended in 1× red blood cell lysis buffer (eBioscience, 
00-4300-54) and incubated for 20 min at room temperature. BMCs 
were passed through a 70-m cell strainer, washed by applying 
10 ml of ice-cold PBS, and then resuspended in fresh PBS. BMCs 
(5 × 106) in 0.2 ml of PBS were injected into the retro-orbital sinus 
of the preconditioned recipients. On day 28, the recipient mice were 
treated with PLX5622 or control diet for 10 days. For tamoxifen 
injection, tamoxifen (Sigma-Aldrich, T5648) in corn oil (Sigma-
Aldrich, C8267) was provided by intraperitoneal injection to the 
recipient mice at 200 mg/kg at the indicated time points after BMT.

Statistical analysis
In this study, n represents the number of animals used in experi-
ments. For quantification in brain sections, we used at least three 
sections per animal. The number of brain sections used for quanti-
fication is presented in the figure legends. All bar graphs are mean 
values ± SEM. Statistical comparisons between two groups were made 
using unpaired, two-tailed, Student’s t test. In Fig, 6C, a one-sample 
t test was used to compare mean values of the samples to the hypo-
thetical value of 0. For group assessments, one-way analysis of variance 
(ANOVA) with post hoc analysis was performed. For survival analysis, 
the log-rank test was performed. All statistical analyses were per-
formed either in R programming language or using GraphPad Prism.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitranslmed.abl9945
Materials and Methods
Figs. S1 to S13
Table S1
Data file S1
Movies S1 and S2
References (62–69)
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Efficient replacement
Cell therapies have the potential of being an effective approach for treating neurodegenerative conditions. However,
the need for local delivery and the poor distribution of the transplanted cells hinder the development of effective
treatments. Here, Shibuya et al. developed an efficient microglia replacement approach in rodents using circulation-
derived myeloid cells (CDMCs). The cells broadly incorporated in the brain and generated microglia-like cells more
efficiently than bone marrow transplant. In a mouse model of progressive neurodegeneration, CDMC-mediated
microglia replacement reduced cell loss and brain inflammation, improved motor behavior, and extended life span. The
results suggest that this approach might be therapeutic in multiple neurological conditions.
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