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Abstract 

Gaucher disease is caused by GBA1 mutations leading to functional deficiency of acid-β-

glucosidase (GCase). No effective treatment is available for neuronopathic Gaucher disease 

(nGD). A subclass of neural stem and precursor cells (NPCs) expresses VLA4 (Integrin α4β1, 

Very Late Antigen-4) that facilitates NPC entry into the brain following intravenous infusion 

(IV). Here, the therapeutic potential of IV VLA4+NPCs was assessed for nGD using wild-type 

mouse GFP positive multipotent iPSC-derived VLA4+NPCs. VLA4+NPCs successfully 

engrafted in the nGD (4L;C*) mouse brain. GFP positive cells differentiated into neurons, 

astrocytes and oligodendrocytes in brainstem, midbrain, and thalamus of the transplanted mice 

and significantly improved sensorimotor function and prolonged life span compared to vehicle-

treated 4L;C* mice. VLA4+NPC transplantation significantly decreased levels of CD68 and 

GFAP, as wells as TNFα mRNA levels in the brain, indicating reduced neuroinflammation. 

Furthermore, decreased Fluoro-Jade C and NeuroSilver staining suggested inhibition of 

neurodegeneration. VLA4+NPC-engrafted 4L;C* midbrains showed 35% increased GCase 

activity, reduced substrate [glucosylceramide (-34%) and glucosylsphingosine (-11%)] levels, 

and improved mitochondrial oxygen consumption rates in comparison to vehicle-4L;C* mice. 

VLA4+NPC engraftment in 4L;C* brain also led to enhanced expression of neurotrophic factors 

that have roles in neuronal survival and the promotion of neurogenesis. This study provides 

evidence that iPSC-derived NPC transplantation has efficacy in a nGD mouse model and 

provides proof of concept for autologous NPC therapy in nGD.  
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Introduction 

Gaucher disease (GD) is an autosomal recessive disorder resulting from defective function of the 

lysosomal enzyme, acid β-glucosidase [GCase; glucocerebrosidase, E.C.3.2.1.45]. GD is a 

common lysosomal storage disease with a frequency of ~1/57,000 live births (1). Over 400 

mutations have been identified within the GCase coding gene, GBA1, resulting in heterogeneous 

disease phenotypes (2). Insufficient GCase activity leads to progressive accumulation of its 

substrates, glucosylceramide (GC) and glucosylsphingosine (GS), and a continuum of clinical 

phenotypes in visceral organs and the central nervous system (CNS). GD has been classified into 

three types based on clinical presentation. The most common form in Western countries is Type 

1 with primarily visceral organ involvement; Types 2 and 3 have CNS involvement and are more 

common in Middle Eastern and Asian countries (3-6). In addition to causing GD, GBA1 

mutations have been identified as the most common genetic risk factor for Parkinson disease and 

Lewy Body disease (7, 8). 

 

Current treatments for GD include enzyme replacement therapy (ERT) by supplying 

supplemental normal GCase and substrate reduction therapy (SRT) by inhibition of 

glucosylceramide synthase leading to decreased substrate production (9). Although FDA 

approved ERTs and SRTs have demonstrated effectiveness on the visceral manifestations of GD 

(10, 11), neither have significant direct effects on CNS manifestations of GD. Recently 

developed SRT small molecules, which can penetrate across the blood-brain barrier (BBB) and 

inhibit glucosylceramide synthase, alter glucosylceramide levels in brain (12, 13). This shows 

promise for correction of the neurologic phenotype in GD, but does not correct the underlying 

enzyme deficiency in the CNS. Gene therapy using adeno-associated viral (AAV) vector 
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expressing GCase has shown encouraging improvement of CNS disease in GD mouse models 

(14, 15), however, immunogenicity and long-term safety and efficacy of AAV need to be 

established before applying to patients. Therefore, there is a pressing need to develop more direct 

and effective therapies for nGD. 

 

Cell therapy using multipotent neural stem cells to restore the neurogenesis in brain provides 

promise for treating nGD and other neurodegenerative diseases (16). However, transplantation of 

therapeutic cells to the CNS involves highly invasive procedures and is limited by the 

immunogenicity of allogeneic cells and the availability of suitable donor cells. Induced 

pluripotent stem cells (iPSCs) represent a source of unlimited patient-specific cells. A subclass of 

neural stem and precursor cells (NPCs) that express VLA4 (Integrin α4β1, Very Late Antigen-4), 

including those derived from iPSC, can be administered systemically via intravenous (IV) 

injection, cross the blood-brain barrier (BBB), and enter the brain through interaction with the 

endothelial VCAM1 (vascular cell adhesion molecule 1) receptor (17, 18).  

 

Here, we evaluated the therapeutic potential of IV administration of iPSC-derived VLA4+NPCs 

in a mouse model of nGD, termed 4L;C*. These cells engrafted into the CNS and differentiated 

into neural and glial cells. CNS engraftment of VLA4+NPCs was associated with increased 

GCase function, improved neuropathology, and delayed CNS disease progression. VLA4+NPC 

CNS engraftment also improved mitochondrial function and increased expression of 

neurotrophic factors. This study establishes the feasibility of IV autologous cell therapies using 

iPSC-derived progenitor cells by IV infusion, a non-invasive procedure, with a potential for 

personalized medicine for nGD.  
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Results 

Generation of multipotent GFP+ mouse VLA4+NPCs 

Mouse iPSCs were derived from GFP transgenic mice fibroblasts (19) by transduction with 

lentiviral particles expressing Oct4, Sox2, Klf4, and cMyc reprogramming factors (20). The 

GFP+ iPSCs exhibited stereotypical mouse pluripotent stem cell colony morphology and were 

positive for OCT4 and alkaline phosphatase, markers of undifferentiated pluripotent stem cells 

(Supplementary Figure 1). Following neural differentiation, the VLA4+NPC fraction was 

identified and isolated by fluorescence-activated cell sorting (FACS) (Fig. 1A and B). The 

purified VLA4+NPCs were then replated into culture conditions for the maintenance of NPCs. 

Immunofluorescence (IF) analyses confirmed that FACS isolated VLA4+NPCs remained 

positive for VLA4 (Fig. 1C), and also expressed the neural stem cell markers, Nestin and Sox2, 

thereby confirming their neural stem cell identity (Fig. 1C). After expansion for 10 passages, 

>90% sorted NPCs retained VLA4. The ability to be differentiated into GFAP+ astrocytes, O4+ 

oligodendrocytes and Tuj1+ neurons confirmed functional multipotency of VLA4+NPCs (Fig. 

1D).  

 

Transplantation of VLA4+NPCs into a nGD mouse model by IV administration. 

A nGD mouse model (4L;C*) was used for evaluation of in vivo efficacy of VLA4+NPC 

transplantation. The 4L;C* model is derived from Gba1 mutant V394L/V394L [4L] and saposin 

C deficient [C*] mice (21). Decreased GCase activity in 4L;C* mice results in massive substrate 

accumulation in the brain that promotes neuronal pathogenesis that mimics the brain 

involvement in human nGD variants (21-23). This model has sufficient lifespan to allow for 
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preclinical studies of GD therapies (13, 24) and is thus particularly suitable for the evaluation of 

phenotypic improvements by transplantation of the VLA4+NPCs.  

 

4L;C* mice were administered VLA4+NPCs via tail vein injection for three regimes, 1X/week, 

2X/week or 3X/week. The injections were started at 30 days of age at which time there is 

pathogenic onset of brain inflammation in 4L;C* mice (21). Considering the long-term treatment 

course, doses of 1 × 10
6
 cells/injection were used. The treated mice were evaluated for 

neuronopathic phenotype (abnormal gait and hindlimb paralysis), survival and body weight. The 

mice with 2X/week treatment were analyzed for neuronal pathology, GCase function, 

mitochondrial function, and neurotrophic factor expression.  

 

Transplanted VLA4+NPCs engrafted in the brain of 4L;C* mice 

To examine whether the transplanted VLA4+NPCs have the capacity for engraftment, 

proliferation and differentiation in the mouse brain, engraftment of VLA4+NPCs was determined 

by IF of GFP+ cells in the brain. The brains were collected in 24 hours post injection from the 

VLA4+NPC or vehicle injected mice (2X/week) at 50 days of age after a total of 6 injections. 

GFP+ cells were detected in the blood vessels adjacent to VCAM1+ endothelial cells in various 

brain regions, including brainstem, midbrain and thalamus (Fig. 2A). GFP+ cells also had 

migrated into brain parenchyma (Fig. 2B-E, Supplementary Fig. 2A). The distribution of GFP+ 

cells in the mouse brain was primarily in thalamus, midbrain and brainstem that have prominent 

inflammation (21), and some GFP+ cells were observed in hippocampus, hypothalamus, and 

cerebellar peduncle and white matter (Supplementary Fig. 2A), indicating that NPCs have 

differentiation potential in broad brain regions. Semi-quantitation of engrafted VLA4+NPCs 
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(GFP+) was determined by qRT-PCR of GFP expression per cell using GFP+ NPCs as reference 

(Supplementary Fig. 2B). The qRT-PCR results showed ~5.47 × 10
4 

cells
 
/brain 

 
at 50 days of 

age and ~11.8 × 10
4
 cells

 
/brain

 
at disease terminal age

 
engrafted in the midbrain after a total of 6 

injections at 50 days and 8 injections in terminal age, respectively (Supplementary Fig. 2C), 

which accounts for approximately 1 to 2% of total injected cells. The increased inflammation at 

terminal age (Supplementary Fig. 2D) may attract more cells targeted into 4L;C* mice brain.  

 

The engrafted VLA4+NPCs were multipotent and differentiated into astrocytes, neurons, and 

oligodendrocytes demonstrated by co-expression of GFP (NPC) and neural cell markers (Fig. 

2B-D, Supplementary Fig. 3). The VLA4+NPCs derived neurons include GAD67 positive 

GABAergic neurons and Tyrosine hydroxylase positive dopaminergic neurons (Supplementary 

Fig. 4). Co-expression of PCNA (Proliferating cell nuclear antigen), a marker for cell 

proliferation (25) with GFP (NPC) signals were detected in the VLA4+NPC-4L;C* brain, but 

not in vehicle-4L;C* mice (Fig. 2E), indicating that the engrafted VLA4+NPCs were able to 

renew and proliferate. These results demonstrated the IV administered iPSC-derived NPCs are 

capable of engraftment, self-proliferation and differentiation into neural cells in the nGD mouse 

brain. 

  

VLA4+NPC treatment delayed phenotypic progression and prolonged survival 

Untreated 4L;C* mice survive for ~56 days. They develop gait abnormalities and hindlimb 

paralysis. The growth of 4L;C* mice is apparently normal until ~45 days of age when the body 

weight starts to decline (21, 26, 27). VLA4+NPCs transplantation significantly (p<0.05) 

prolonged 4L;C* mice survival compared to vehicle-4L;C* mice in all three treatment regimens 
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(1X/week, 2X/week and 3X/week) (Fig. 3A, Table 1A). The age at which body weight at peak 

level was delayed in the treated 4L;C* mice compared with untreated or vehicle-4L;C* mice 

(Table 1B), suggesting a delayed disease progression.  

 

The hindlimb clasping, a marker of neurodegenerative disease, was significantly delayed in 

VLA4+NPC-treated 4L;C* mice in 2X/week and 3X/week groups compared to vehicle-4L;C* 

(Fig. 3B), indicating a delay in the neurodegenerative process. Transplantation of VLA4+NPC 

significantly improved sensorimotor function in 4L;C* mice at 50 days of age determined by gait 

analyses for the mice in 2X/week and 3X/week groups (Fig. 3C). Modest improvement in 

sensorimotor function was observed in treated 4L;C* mice at 50 days of age in 1X/week group, 

at 40 days of age with three regimens, and terminal age with three regimens (Supplementary 

Fig. 5). The improvement was associated with multiple injections, especially at 40 days of age 

(Supplementary Table 1). These results indicated the in vivo efficacy of VLA4+NPC 

transplantation on improving the neurological phenotype and slowing disease progression.  

 

Reduced CNS inflammation in VLA4+NPC-treated 4L;C* mice  

Neuronopathic GD patients and mouse models exhibit severe CNS inflammation contributing to 

neurodegenerative disease (21, 23, 26, 27). Brain and spinal cord inflammation was analyzed in 

sections from the VLA4+NPC transplanted and vehicle injected 4L;C* mice (2X/week) at 50 

days of age using anti-CD68 antibody for activated microglial (Fig. 4A) and anti-GFAP antibody 

for astrogliosis (Fig. 4B). Quantitative data demonstrated CD68 and GFAP signals were 

significantly reduced in brainstem, midbrain and thalamus of the VLA4+NPCs  treated 4L;C* 

mice compared to vehicle control (Fig. 4C and D), but not in spinal cord (Supplementary Fig. 
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6). The qRT-PCR results showed the levels of TNFα, a proinflammatory cytokine (28), were 

decreased after VLA4+NPC transplantation compared to vehicle-4L;C* mice, which was near 

WT brain levels (Fig. 4E). These results showed CNS inflammation in 4L;C* mice was 

significantly reduced by VLA4+NPC treatment in specific brain regions.  

 

Alleviated neurodegeneration in VLA4+NPC-treated 4L;C* brain  

Neurodegeneration and neuronal loss is a major neuronopathic feature in nGD and is 

conspicuous in 4L;C* brain (21, 23, 26, 27). The effect of VLA4+NPC transplantation 

(2X/week) on neurodegeneration was determined by Fluoro-Jade C (FJC), a fluorescein-derived 

dye that has been used to label degenerating neurons (29), and validated by NeuN (a neuron 

marker) and NeuroSilver staining. The FJC-positive signals were reduced in the midbrain, 

brainstem, and thalamus of VLA4+NPC-treated 4L;C* mice at 50 days of age and terminal age 

in comparison to age-matched vehicle-4L;C* mice (Fig. 5A-C). Quantitative FJC signals were 

significantly decreased in the midbrain, brainstem and thalamus in VLA4+NPC-4L;C* mice at 

50 days of age (Fig. 5D) and terminal age (Fig. 5E) compared to vehicle groups. Use NeuN as a 

neuron marker, NeuN signal level and NeuN+ cell number were quantitated and showed 

significant increase (~ 2-fold) in VLA4+NPC-treated 4L;C* compared to vehicle-4L;C* brains 

at 50 days of age (Supplementary Fig. 7A-C). NeuroSilver staining that detected the neurons 

undergoing degeneration including lysosomes, axons, and terminals, become particularly 

argyrophilic (30). NeuroSilver staining showed VLA4+NPC treated 4L;C* brains had reduced 

signals compared to vehicle-4L;C* mice, indicating reduced neurodegeneration by NPC 

treatment (Supplementary Fig. 7D). These data demonstrated that the NPC treatment slows the 
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rate of neurodegeneration in nGD mice and supports the benefit of NPC therapy in protecting 

neurons.  

 

Enhanced GCase function in VLA4+NPC-treated 4L;C* brain 

The VLA4+NPCs are derived from WT mice that would provide normal GCase in transplanted 

replaced cells in the 4L;C* brain with defective GCase (21). The brain GCase activity and 

protein in the VLA4+NPC-treated 4L;C* mice were analyzed and compared with vehicle-4L;C* 

and WT mice (Fig. 6). In the midbrain, VLA4+NPCs  treatment enhanced the GCase activity in 

4L;C* mice by 35% at 50 days of age with 6 injections (Fig. 6A) and by 16% at terminal age 

with 8 injections (Supplementary Fig. 8A) compared to that in age matched vehicle-4L;C* 

mice. In the brainstem, VLA4+NPC treatment enhanced GCase activity by 28% at 50 days of 

age (Fig. 6B) and 16% at terminal age (Supplementary Fig. 8B) compared to that in vehicle 

groups. GCase protein levels were determined by Immunoblot using immunoprecipitation-

concentrated GCase from mixed brainstem and midbrain lysates (Fig. 6C). GCase protein was 

barely detectable in vehicle-4L;C* samples. GCase protein in VLA4+NPC-treated 4L;C* mouse 

brains was increased compared to vehicle-4L;C* brain (p<0.01) and reached to about 12.25% of 

WT level (Fig. 6C). A negative control of Gba1 knockout mice brain showed no GCase. 

 

Defective GCase leads to accumulation of its substrates, GC and GS (21). Whether enhanced 

GCase activity in VLA4+NPC-treated 4L;C* brain alleviates GC and GS accumulation was 

assessed. GC and GS levels in 4L;C* brain tissues at 50 days of age and terminal age were 

determined by Liquid chromatography mass spectrometry. GC levels in VLA4+NPC-treated 

4L;C* midbrain at 50 days of age were at 121.3±2.27(mean S.E.) pmol/mg tissue that are (34% 
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reduction) lower than 181.4±44.9 pmol/mg tissue in vehicle-4L;C* midbrain, although not 

reduced to 18.0±5.32 pmol/mg tissue in WT mouse midbrain (Fig. 6D). GS levels in NPC 

treated-4L;C* midbrain (3.36±0.255 pmol/mg tissues) were also reduced (11% reduction) 

compared to vehicle-4L;C* (3.74±0.978 pmol/mg tissue), but not normalized to WT levels 

(0.126±0.133 pmol/mg tissue) (Fig. 6E). At terminal age, GC and GS levels in VLA4+NPC 

treated midbrains did not show difference compared to vehicle-4L;C* (Supplementary Fig. 8C 

and D). These results suggest that WT GCase in the transplanted VLA4+NPCs is capable of 

delaying accumulation of substrates in 4L;C* brain.   

 

VLA4+NPC treatment improved mitochondrial function in 4L;C* brain 

Mitochondrial dysfunction has been demonstrated in GD including 4L;C* mice brain (27). To 

determine if VLA4+NPC treatment restores mitochondrial function, 4L;C* brain mitochondria 

were isolated for Seahorse assays. VLA4+NPC  treated mice showed a significant increase in 

ATP production determined by oxygen consumption rate (OCR) as evidenced by ~64% of WT 

levels compared with 42% in vehicle-4L;C* brains (Fig. 7A). These data demonstrate that 

VLA4+NPC treatment has protective effects on mitochondrial function in 4L;C* brain.  

 

Expression of neurotrophic factors in VLA4+NPC-treated 4L;C* brain  

Neurotrophic factors play roles in enhancement of neuronal survival, regulation of progenitor 

cell proliferation, promotion of neurogenesis and modulating inflammation (31). Expression of 

neurotrophic factors in VLA4+NPC-treated brain was determined by qRT-PCR. Compared to 

vehicle-treated 4L;C* mice, several neurotrophic factors had enhanced expression in 

VLA4+NPCs-treated 4L;C* brain (Fig. 7B), including BDNF (brain derived neurotrophic factor) 
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that promotes neuronal survival (32), NT3 (neurotrophin 3) that controls survival and 

differentiation of mammalian neurons (33), GDNF (glial cell line derived neurotrophic factor) 

that promotes the survival and differentiation of dopaminergic neurons (34), and LIF (leukemia 

inhibitory factor) that has roles in self renewal and stimulating the production and survival of 

neurons (35). Those factors were highly expressed in VLA4+NPCs (Supplementary Fig. 9A).  

 

Additional neurotrophic factors showed induced expression in VLA4+NPC-treated 4L;C* brain 

to WT level in comparison to vehicle-4L;C* brain (Supplementary Fig. 9B). The expression of 

JAG1 and TGFβ-2 in VLA4+NPC-treated 4L’C* brain was increased compared to vehicle-

4L;C* mice, but their levels were barely detectable in isolated NPCs. JAG1 (Jagged 1) plays a 

role in hematopoiesis (36) and TGFβ-2 (transforming growth factor, beta 2) performs various 

cellular functions and has a vital role during embryonic development (37). Several factors 

showed reduced expression in VLA4+NPC-treated 4L;C* brain and changed towards to WT 

level, indicating a beneficial effect. CNTF (Ciliary neurotrophic factor) expression was reduced 

in VLA4+NPCs-4L;C* mice to the level in WT mice compared to vehicle-4L;C*. Both IGF1 

and FGF2 levels were also decreased in treated-4L;C* mice to the WT level. CNTF promotes 

neurotransmitter synthesis and neurite outgrowth in certain neuronal populations (38). IGF1 

(insulin-like growth factor 1) involves in mediating growth and development (39) and FGF2 

(fibroblast growth factor 2) has the crucial role in neurogenesis, both in proliferation and 

differentiation of stem cells, during development and in the adult brain (40). CNTF, IGF1 and 

FGF2 were expressed in the VLA4+NPCs. Their reduced level in VLA4+NPC-treated 4L;C* 

brain could be secondary from improved neurological phenotype.   

 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article-abstract/doi/10.1093/hm
g/ddz184/5542967 by M

ount Allison U
niversity user on 04 August 2019

https://en.wikipedia.org/wiki/Embryonic_development


13 
 

The expression level changes of those factors towards WT level reflects direct or indirect impact 

of transplanted VLA4+NPCs on improvement of 4L;C* phenotype, suggesting a supportive role 

of the VLA4+NPC in treating neurodegeneration. 

 

VLA4+NPCs did not engraft in visceral tissues   

To determine if iPSC-derived NPCs elicit tumorigenesis in visceral tissue, the liver and spleen 

tissues were analyzed for VLA4+NPC engraftment and changes on GCase activity. IF staining 

showed no detectable GFP+ cells (NPCs) in the liver and spleen tissues in VLA4+NPC-treated 

4L;C* mice collected 24 hours post injection. There were only few GFP+ cells attached on the 

liver veins (Supplementary Fig. 10A). In the corresponding hematoxylin and eosin (H&E) 

stained liver and spleen sections VLA4+NPC-treated 4L;C* mice showed similar morphology as 

in the WT and vehicle-4L;C* mice (Supplementary Fig. 10B). Liver GCase activity and liver 

GC and GS levels showed no significant difference between VLA4+NPC-4L;C* and vehicle-

4L;C* at 50 days of age (Supplementary Fig. 10C and D). These results demonstrated that the 

VLA4+NPCs were not engrafted in the liver and spleen. In VLA4+NPC treated 4L;C* mice, no 

tumors were detected in liver, spleen and brain within the course of the current treatment.  
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Discussion 

nGD, a neurodegenerative disease, affects the CNS by deterioration associated with progressive 

neuronal loss and inflammation, thereby leading to significant functional deficits (22, 23, 41). 

Developing effective treatments for nGD is a significant unmet medical need. Neural stem cell  

therapy is one promising approach to treat neurological diseases, but often by invasive 

procedures, i.e. intrathecal or intracerebral delivery (42). NPCs are a particularly promising cell 

source because they have the capacity to both directly modulate brain inflammation and 

differentiate to neural cells for providing functional cell replacement and improvement of neural 

phenotypes (43, 44). Using NPCs derived from iPSCs that have the ability to self-renew in cell 

culture and differentiate to all cell types represents a source of unlimited patient-specific NPCs 

for cell therapy (45). In this study, IV cell transplantation of mouse iPSC-derived VLA4+NPCs 

lessened disease in a nGD mouse model, 4L;C*, that exhibits nGD manifestations (21). 

VLA4+NPC treatment suppressed inflammation, improved GCase activity, increased 

mitochondrial function, and enhanced neurotrophic factor expression which was associated with 

improved neuronal phenotype and delayed neurological disease. Thus, following IV delivery and 

CNS entry, VLA4+NPCs exert corrective activity through several mechanisms: alleviating CNS 

inflammation, enhanced GCase function, improvement of neural phenotypes and 

induction/secretion of neurotrophic factors that confer neuroprotection (Supplementary Fig. 

11). 

 

Cell therapy using multipotent neural stem cells to restore the neurogenesis in brain provides 

promise for clinical applications of stem cell therapies to treat neurodegenerative disease and 

nGD (16, 18, 46). However, transplantation of therapeutic cells to the CNS involves highly 
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invasive procedures. In the healthy brain, the BBB prevents cells in the blood stream from 

entering the brain parenchyma. However, leukocytes and monocytes migrate into the CNS 

during infection, ischemia, autoimmune disease, or neurodegenerative disease (47, 48). This 

migration is mediated by interaction of VCAM1 on the BBB endothelial cells and VLA4 

expressed on the membrane surface of T cells or monocytes in the diseased, but not in normal 

brain (49, 50). Proinflammation in 4L;C* brain promotes enhanced VCAM1, an appropriate 

environment for VLA4+NPCs to cross the BBB. Mouse iPSC-derived NPCs have ~12% VLA4+ 

population (Fig. 1), human iPSC-derived NPCs and immortalized mouse neural stem cells (C17. 

2) have 17% and 11% VLA4+ population, respectively (unpublished data), which allows NPC 

transplantation into the CNS to be achieved by IV injection. Noticeably, VLA4+NPCs lined 

VCAM1+ endothelial cells on the blood vessels in the 4L;C* mouse brains (Fig. 2A). Through 

the interaction between VLA4+NPC and VCAM1 on endothelial cells, the therapeutic cells are 

able to cross the BBB by paracellular and transcellular movement into the brain (48). In our 

VLA4+NPC treated mice, the transplanted cells migrated into and engrafted the brain. Most of 

them were in proinflammatory sites, including thalamus, midbrain and brainstem. Transplanted 

cells need to migrate to specific homing niche for successful engraftment and repopulation. The 

mechanism and the signals involved in the NPC migration and homing are being progressively 

elucidated (51, 52). Inflammatory regions are clearly targeting sites for NPC homing (53). The 

successful engraftment of VLA4+NPCs by IV, a non-surgical approach, resulting in therapeutic 

efficacy are demonstrated in this study using the 4L;C* nGD mouse model, which is consistent 

with previous report using mouse models of autoimmune disease and motor neuron diseases (17, 

18, 54).  
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NPCs can differentiate and provide functional cells in the brain, and secrete neurotrophic factors 

to promote neurogenesis (18, 55, 56). In the current studies, the engrafted VLA4+NPCs in the 

nGD mice were multipotent and differentiated into neuronal subtypes, including dopaminergic 

and GABAergic neurons. Dopaminergic neurons are the major cell type affected in Parkinson 

disease (PD) (57). Altered GABAergic neurotransmission has been suggested to be involved in 

the cognitive deficits in Alzheimer disease (AD) (58). PD- and AD-like brain pathology has been 

reported in GD patients and in nGD mouse models (59-61). The strategy of using iPSC-derived 

NPC cell therapy in nGD may also be applicable to other neurodegenerative diseases (17, 18). 

Importantly, the engrafted NPCs also differentiated into astrocytes, supporting cells in the brain 

that provide nutrients to neurons and modulate inflammation (62), and oligodendrocytes for 

forming myelin. Thus, the engrafted NPCs can provide normal neurons and glial cells for GD 

brain. Furthermore, the engrafted NPCs are capable of self-renewal allowing propagation of 

normal NPCs and continuous secretion of neurotrophic factors to nurture the brain cells.  

 

In this study, only a small percentage of cells were engrafted and accounted for 1-2% of injected 

cells. Even with such small numbers of engrafted NPCs, they were able to achieved therapeutic 

improvement.  Unlike most lysosomal enzymes, GCase is not normally secreted, therefore cross-

correction via secretion of GCase (under normal expression levels) and reuptake by neighboring 

cells does not explain efficacy in this model. Cross correction is the mechanism for much of the 

CNS effects in other lysosomal diseases in which the normal transplanted cells, i.e., bone 

marrow myeloid cells, secrete the enzyme for cross correction (63). Therefore, the positive 

effects in this model are likely due to the presence of the NPC and differentiated neural cells. 

Additionally, our findings also suggest that the efficacy of NPC transplantation may be in part 
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from non-cell autonomous effects, similar to reports in other neurodegenerative disease models 

(64-66). 

 

Neurotrophic factors expressed in NPCs, e.g. BDNF, NT3, GDNF and LIF,  play roles in neural 

development, neuronal growth and survival (31). The expression of these neurotrophic factors 

was increased in the VLA4+NPC engrafted nGD mice brain. BDNF has a cytoprotective effect 

against nerve cell damage (67) and NT3 has been shown to promote neuron survival (68). GDNF 

is a potent trophic factor for the survival of embryonic dopaminergic neurons, noradrenergic 

neurons and spinal motoneurons (69). Therefore, these neurotrophic factors may promote NPC 

proliferation, neuron and glial differentiation and could also increase the expression of 

neurogenic and prosurvival genes that lead to reduced neurodegeneration and improved 

behavioral performance. The increased expression of neurotrophic factors in nGD brain suggests 

additional value of NPC therapy for neurodegenerative diseases and potentially brain disease 

recovery. 

 

VLA4+NPC transplantation significantly lessened inflammation and neurodegeneration in 4L;C* 

brain. Such improved brain pathology could be achieved by several mechanisms. Transplanted 

VLA4+NPCs that carry WT GCase provide functional GCase in 4L;C* mice. These engrafted 

cells contribute to 1.3-fold increase of GCase activity resulting in total brain substrate reduction. 

The reduced substrate accumulation associated with inflammation as evidence by reduction in 

both activated microglia and astrogliosis, as well as reduced proinflammatory cytokines, and 

TNFα, in treated 4L;C* brains (13, 24). TNFα has been shown to play a pivotal role in 

orchestrating the cytokine cascade in many inflammatory diseases and it has been proposed as a 
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therapeutic target for a number of diseases as a “master-regulator” of inflammatory cytokine 

production (28). However, the significant reduction in inflammation is anticipated to be 

modulated by additional factors in addition to mildly increased GCase function. The 

neurotrophic factors from the NPC could modulate inflammation. NPCs have been shown to 

promote neuroprotection by an immune-modulatory mechanism in the brain (17, 67, 70). BDNF 

reduces inflammation in CNS (71). LIF and CNTF have anti-inflammatory function via 

PI3K/AKT signaling (72). Thus, the combination of reduced substrate accumulation and anti-

inflammatory activity of neurotrophic factors may modulate inflammation in nGD mice brain 

and contribute to therapeutic efficacy.  

 

Mitochondrial dysfunction is a significant pathological feature of nGD as demonstrated in cell 

and animal models (26, 27, 73). Accumulation of lipid substrates in nGD could negatively affect 

mitochondrial function as was observed in GD type 2 iPSC-derived NPCs and 4L;C* mouse 

brains (unpublished observation). VLA4+NPC transplantation improved mitochondrial ATP 

production in the 4L;C* brain as well as increased GCase and reduced substrate levels in the 

transplanted mice indicating a positive impact on mitochondrial function. The benefit of neural 

stem cell transplantation on mitochondrial function has been shown in other neurodegenerative 

mouse models (65, 74). Mitochondrial biogenesis and associated factors were increased in stem 

cell treated APP/PS1 (Tg-NSC), an AD mouse model (65). Neural stem cell transplantation 

influences mitochondrial gene expression correlated with improved behavioral and biochemical 

efficacy in dementia with Lewy body mice (74). The findings here are consistent with those 

reports that NPCs have protective roles on the mitochondria in the brain.  
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While therapeutic effect was achieved when treatment was started at symptom onset around 30 

days, it declined after 50 days of age. The reduced sustainability of therapeutic effect is likely 

due to the rapidly progressive disease in this mouse model (21). The substrate accumulation and 

neurological phenotype in this mouse model is severe and fatal by ~56 days of age. The 

engrafted NPCs are able to provide GCase and neurotrophic effects to improve biochemical and 

neurological phenotypes at <50 days, but are not sufficient to further prevent substrate 

accumulation and disease progression. GS is a poor substrate for GCase and cleaved at ~ 100-

200 times lesser rates than GC (75). GS also can inhibit GCase activity (76), which could lead to 

reduced enzyme activity at terminal age. The existing disease progression, substrate 

accumulation and inflammation may ultimately present an environment in which the survival of 

transplanted cells is diminished over time.  There is a possibility that treatment initiation at a 

younger age. e.g. postnatal day 5 in this model, before the disease developed, could significantly 

improve the efficacy (13, 24). 

 

In summary, current therapeutic options for neurodegenerative diseases are limited. The iPSC-

based cell therapy described here offers a promising approach to treat nGD, and may have 

potential for other neurodegenerative diseases, such as PD. iPSCs can be derived from any 

individual making it possible, following gene editing to correct pathogenic mutations, to generate 

autologous NPCs that can be used in cell therapies without the need for immune suppression. 

The iPSC-NPCs have the capacity to both directly modulate brain inflammation and to 

differentiate to neural cells for improvement of neuronal phenotypes in nGD mice. Because of 

their ability to self-renew in cell culture and to differentiate to neural cell types, iPSCs represent 

a source of unlimited patient-specific NPCs. One safety concern with the clinical use of 
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pluripotent stem cells is the risk of teratoma. One limitation of the current model is the relatively 

short lifespan (~56 days) of mice which may not allow sufficient time for teratoma formation. 

Additional safety studies are needed in a more appropriate mouse model to assess the risk of 

teratoma formation following VLA+NPC transplantation. Other challenges, including low 

survival, engraftment and differentiation rate, as well as random integration of engrafted cells 

into the host neural network, also exist for application of NPC transplantation in regenerative 

medicine. Additional approaches are being investigated, such as iPSC-derived three-dimensional 

tissue with a neuronal network that can be easily manipulated and transplanted onto the host 

brain tissue to establish a neural pathway in widespread degeneration across multiple brain 

regions (77), or using NPCs as a cellular vehicle to deliver therapeutic genes across BBB to 

maximize efficacy (78). Our studies demonstrate the potential efficacy of iPSC-derived NPC 

therapy for nGD, and provide a framework for personalized medicine using iPSC-derived NPCs 

as a specific, effective, non-invasive, and autologous cell therapy. 
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Materials and Methods  

Generation of mouse iPSC and NPC  

WT GFP+ mouse fibroblasts (19) were transduced with recombinant VSV-G pseudotyped 

polycistronic lentiviral particles co-expressing reprogramming factors Oct4, Klf4, Sox2, cMyc 

and dTomato using 4 µg/ml polybrene (79). The transduced cells were cultured in ISF-1 media 

(DMEM with high glucose, 10% knock-out serum, 0.5X N2 Supplement, 2 mM L-glutamine, 0.1 

mM non-essential amino acids, 10 µg/ml mLIF, 5 ng/ml basic FGF, all from Invitrogen). The 

cells were fed with ISF-1 media daily until colonies formed. Putative iPSC clones were 

identified, manually excised and replated in mESC media (DMEM with high glucose, 15% ES-

FBS, 10 ng/ml mLIF, 0.1 mM non-essential amino acids, 0.1 mM monothioglycerol, all from 

Invitrogen) on 0.1% gelatin coated dishes (80). The iPSC colonies were analyzed for the 

expression of pluripotency markers using Alkaline Phosphatase (81) and anti-OCT4 antibody 

(82). GFP+ NPCs were derived from GFP+ mouse iPSCs (83). In brief, embryoid bodies (EBs) 

were grown from iPSCs in EB media (DMEM with high glucose, 15% FBS, 2 mM glutamine, 

0.1 mM non-essential amino acids, 0.1 mM monothioglycerol,  all from Invitrogen). The formed 

EBs were cultured for 4 days in EB media in suspension culture and then changed to NM 

medium (Neural basal medium, 1X G5 Supplement, 10 ng/ml basic FGF and 2 mM glutamine, 

all from Invitrogen) and cultured on poly-L-ornithine/laminin (PLO/L) coated tissue culture 

plates for neural induction. Neural rosettes formed from EBs were dissociated using accutase. 

The dissociated cells were replated on PLO/L plate in NPC medium [Neurobasal
TM

 medium, 

0.5X N2 supplement and 10 ng/ml basic FGF (all from Invitrogen), 200 µM ascorbate (Sigma)]. 

NPC identity was confirmed by analysis of expression of neural stem cell markers (Nestin or 
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Sox2). The GFP+ mouse NPCs were maintained in STEMdiffTM Neural Progenitor medium 

(Stem Cell Technologies) (20).  

 

Fluorescence-activated cell sorting (FACS) isolation of VLA4+NPCs  

The GFP+ mouse NPCs (1×10
7
 NPCs) were labelled with anti-VLA4 antibody conjugated with 

APC (Miltenyi Biotec, 130-102-142, 1:50) in STEMdiff
TM

 Neural Progenitor medium for 30 

minutes. The labeled cells were sorted by FACS in PBS for GFP and APC double positive 

population. The sorted VLA4+cells were confirmed by staining with anti-VLA4 antibody and 

neural stem cell markers (Nestin and Sox2) and maintained in DMEM/2 mM 

Glutamine/10%FBS without antibiotics. The VLA4+NPCs are freshly harvested and kept on 

ice prior to the injection and their viability was greater than 99.5%.    

 

Neural potency of VLA4+NPCs  

For neural differentiation, VLA4+NPCs were plated on a PLO/L-coated culture dish in 

complete StemPro
®

 NSC SFM media at 2.5 to 5×10
4
 cells/cm

2
 for 2 days and replaced with 

each differentiation medium: neuron differentiation medium (Neurobasal
TM

 Medium, B-27
TM

 

Serum-Free Supplement, GlutaMAX™-I Supplement), astrocyte differentiation medium (D-

MEM with N-2, GlutaMAX™-I, and FBS), and oligodendrocyte differentiation medium 

(Neurobasal
TM

 medium with B-27
TM

, GlutaMAX™-I, and T3). The media was refreshed every 

3 to 4 days (20, 84).   

 

Neuronopathic GD mice (4L;C*) and treatment  

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article-abstract/doi/10.1093/hm
g/ddz184/5542967 by M

ount Allison U
niversity user on 04 August 2019



23 
 

To minimize mixed background interference with behavioral testing, we have generated a 

C57BL/6J strain of 4L;C* mice by back-crossing to C57BL/6J WT mice for 10 generations. 

The C57BL/6J 4L;C* mice developed the same neuronal phenotype with an average life span 

of ~ 56 days compared to ~48 days for mixed background (C57BL/6J/129SvEV) 4L;C* mice 

(21).  These C57BL/6J 4L;C* mice had a sufficient lifespan allowing IV tail injection and were 

used in this study. WT mice and the littermates, 4L;WT (WT saposin C) mice that do not have 

CNS signs, were used as controls in behavior tests and experiments. All mice were housed 

under pathogen-free conditions in the animal facility according to IACUC approved protocol 

(2015-0050) at Cincinnati Children’s Hospital Research Foundation. 

   

4L;C* mice were transplanted with the 1 × 10
6
 VLA4+NPCs in 100 µl saline or only 100 µl 

saline as vehicle by IV tail injection, with 1 injection (1X)/week, 2 injections (2X)/week or 3 

injections (3X)/week, until terminal age, a clinical endpoint according to IACUC protocol. 

Following transplantation 4L;C* mice were monitored for body weight and clinical signs of 

disease. The mice were euthanized with sodium pentobarbital at the clinical end point of 

difficulties in feeding, a clear downward trend of body weight, and severe paralysis (21). 

Mouse tissues were collected after transcardial perfusion with saline. Dissected tissues were 

either fixed in 4% paraformaldehyde (PFA) or snap-frozen for further analyses. The age at 

terminal end point was analyzed for survival using Prizm software.  

 

Neurobehavioral tests 

Hindlimb clasping was tested through grasping the tail from base and lifting the mouse clear of 

all surrounding objects. The hindlimb position was observed for 30 seconds. Each mouse at 
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each time point was tested in two trials, 10 minutes apart between two trials, given a score as 

below. Score 0, hindlimbs are consistently splayed outward, away from the abdomen; Score 1, 

one hindlimb is retracted toward the abdomen for >50% of 30 seconds; score 2, both hindlimbs 

are partially retracted toward the abdomen for >50% of 30 seconds; and score 3, both hindlimbs 

are entirely retracted and touching the abdomen for >50% of 30 seconds. The VLA4+NPC-

4L;C*mice, vehicle-c4L;C* mice and non-4L;C* littermates control were tested. 

 

Gait analyses were conducted to determine sensorimotor function (85). Mice were trained to 

walk through a narrow alley leading into their home-cage. The mice were brushed with non-

toxic paint on the hind paws and placed at the beginning of the alley. As they walked into their 

home-cage they left their paw prints on the paper underneath. Stride length and base width 

were determined by measuring the distance between hind paw prints. The VLA4+NPC-4L;C* 

mice, vehicle-4L;C* mice, and WT mice as a control were tested for gait at 40, 50 and over 50 

days of age (n=2-3 trials/test/time point). The investigators performing the functional 

assessment were blind to the treatment. 

 

Immunofluorescence (IF) 

IF staining was performed on PFA fixed brains and cells (27). Following primary antibodies 

diluted in 5% goat serum were applied to the cells or brain sections. Rabbit anti-GFP (1:200, Cell 

Signaling Technology, 2956), rat anti-CD106 (VCAM1) monoclonal Antibody (1:100, 

ebioscience, MR106), rabbit anti-Tyrosine Hydroxylase (TH) antibody (1:50, Chemicon, 

AB152), mouse anti-Sox2 (1:200, Millipore, AB5603), mouse anti-Nestin (1:100, Millipore, 

MAB353), mouse anti-integrin alpha 4 (VLA4) (1:100, Cell Signaling Technology, 8440S), 
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mouse anti-PCNA (1:100, Cell Signaling Technology, #2586), mouse anti-TUJ1 (1:200, 

StemCell Technologies, 60052), mouse anti-O4 (1:100, Millipore, MAB365), mouse anti-NeuN 

antibody (1:500, Millipore, MAB377), mouse anti-GAD67 antibody (1:100, Millipore, 

MAB5406). After washing in PBS (3x10 minutes), the secondary antibodies: goat anti-mouse 

conjugated with Alexa Fluor® 594 (1:1000) for Sox2, Nestin, VLA4, TUJ1, GFAP, and O4 

detection, goat anti-rabbit conjugated with Alexa Fluor
®

 488 (1:1000) for GFP detection, and 

goat anti-rat conjugated with Alexa Fluor
®

 594 (1:1000) for VCAM1 detection, were applied. 

The cells and tissue sections were count-stained for nuclei with DAPI in mounting medium. 

Phase contrast and IF signals were evaluated by conventional fluorescence microscopy (Zeiss 

Axiophot; Oberkochen, Germany).  Co-expression of dual-signals (green-GFP versus TX-red for 

neural cell markers) within single cell were analyzed by Pearson correlation coefficient (r, +1 to -

1) using AxioVision 4.8 software/colocolization analysis module (60). The average Pearson 

correlation coefficient number of multiple cells (n=11-17 cells) was derived from multiple 

images of different brain regions (midbrain, brainstem, thalamus). The representative signal pixel 

scatter diagram for individual cell (neuron, astrocyte or oligodendrocyte) and Pearson correlation 

coefficient number are given in Supplementary data. For NeuN positive cell analysis, the average 

NeuN pixels were acquired from 5 images per brain region of each mouse (n≥3 mice/group) after 

normalized with the pixels of DAPI in the same image. NeuN+ cells were counted from multiple 

images (n ≥5 images/brain region, 3 mice/group) as described previously (27). 

 

Immunohistochemistry and histological studies 

Frozen tissue sections fixed with 4% PFA were incubated with rat anti-mouse CD68 

monoclonal antibodies (1:2000, Serotec, MCA1957) and mouse anti-GFAP monoclonal 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article-abstract/doi/10.1093/hm
g/ddz184/5542967 by M

ount Allison U
niversity user on 04 August 2019



26 
 

antibody (1:200, Roche, #7604345) as described (27). Visceral tissues (liver and spleen) were 

fixed in 10% formalin, embedded in paraffin, sectioned, and stained with hematoxylin and 

eosin (H&E). The morphology was analyzed by Axioskop light microscopy equipped with 

SPOT Advance Image Software (Zeiss, Germany) (86). The relative CD68 and GFAP signal 

was analyzed by Fiji software. For CD68 and GFAP analysis, the average signal was acquired 

from 5 images per brain region of each mouse (n≥3 mice/group).  

 

Fluoro-Jade C (FJC) staining 

FJC staining was performed on the frozen brain sections. Prior to staining, sections were 

mounted on gelatin coated slides that were prepared by immersion in 1% pig skin gelatin 

solution (Sigma; gel strength 300, Type A) and dried overnight in an oven at 60
o
C. The 

mounted sections were air dried for 30 minutes in a slide warmer at 50
o
C, followed by 

immersing in a solution consisting of 1% sodium hydroxide in 80% ethanol for 5 minutes, 

rinsing in 70% ethanol for 2 minutes, in distilled water for 2 minutes, and incubating in 0.06% 

potassium permanganate solution for 10 minutes. The tissue slides were then washed for 1-2 

minutes in water and incubated for 10 minutes in a 0.0001% FJC (Millipore, AG325) dissolved 

in 0.1% acetic acid. The slides were washed with water for 3 x 1 minute and air dried on a slide 

warmer. The dried slides were dipped in xylene for 1 minute and mounted with DPX (mixture 

of distyrene, a plasticizer, and xylene), a non-fluorescent mounting media (Sigma). FJC images 

were evaluated by Nikon wide-field microscope and representative images were shown. The 

relative FJC signal was analyzed by Fiji software. For FJC analysis, the average signal was 

acquired from 5 images per brain region of each mouse (n≥3 mice/group).  
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NeuroSilver Staining 

PFA fixed mouse frozen brain tissues were subjected for Silver staining using FD 

NeuroSilverTM kit II (FD NeuroTechnologies, Inc., PK301A) (30). The brain sections were 

rinsed in Milli-Q water for 2 x 5 minutes. The sections were sequentially incubated in the 

following solutions: 1) a mixed solution containing equal volumes of solutions A and B for 2 x 

10 minutes; 2) a mixed solution with equal volumes of solutions A, B and E for 15 minutes; 3) a 

mixture of solution C and solution F for 5 x 2 minutes; 4) a mixture of solution D and solution F 

for 5 minutes. The stained sections were rinsed in Milli-Q water for 2 x 3 minutes and dipped in 

1 x solution G for 2 x 5 minutes. The sections were air-dried, dipped in xylene for 3 x 3 minutes, 

and mounted with Permount mounting medium (Thermo Fisher Scientific).  

 

Immunoprecipitation (IP) of GCase and Immunoblotting 

IP was performed using Dynabeads
®

 protein G kit with anti-mouse GCase antibody to 

concentrate GCase protein in mouse brain lysate for immunoblot detection. Protein G was 

cross-linked with the trapping antibody, goat-anti-mouse GCase, using bis (sulfosuccinimidyl) 

suberate (BS3, Life Technologies. Carlsbad, CA) following manufacturer’s instructions. Each 

mg of brain lysate protein determined by BCA assay, equal amount for each sample, was mixed 

with 80 µL of protein G beads cross-linked with goat anti-mouse GCase antibody and 

incubated at 4
o
C overnight allowing GCase bound to the antibody. The bound proteins were 

eluted from beads with elution buffer and treated with loading buffer for electrophoresis. Total 

eluted proteins were resolved on 4-12% NuPAGE gel (Invitrogen) and then transferred to 

PVDF membrane using iBlot 2 gel transfer device (Life Technologies) following 

manufacturer’s instruction. The blotted membranes were incubated with rabbit anti-mouse 
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GCase antibody (1/1000) in 1.5% BSA/1.5% milk/PBS buffer overnight at 4
o
C. The signals 

were detected using LI-COR detection system according to manufacturer’s instruction. 

 

GCase activity assay 

The cells and mouse tissues were homogenized in 1% Na-taurocholate/1% Triton X-100 

(Tc/Tx). GCase activity was determined fluorometrically with 4MU-Glc as substrate in 0.25% 

Tc/Tx diluted in 0.1 M citrate phosphate (CP) buffer (pH 5.6) (87). Mouse brains were 

homogenized in 1X PBS and incubated in 5 mM brain phosphatidylserine. The brain GCase 

activity was assayed in 0.1 M CP buffer (pH 5.6) with 4MU-Glc as substrate as described (88). 

Protein concentrations of cells and tissues were determined by BCA assay using BSA as 

standard. 

 

Glycosphingolipid analyses  

Tissues were homogenized in water and chloroform/methanol using a PowerGen 35 (Fisher 

Scientific) (89). Aliquots of the homogenates were processed for glycolipid extraction and 

analyzed for GC and GS by LC-MS at Medical University of South Carolina Lipidomics 

Shared Resource-Analytical Unit. The lipids levels were normalized to mg wet tissue. 

 

Oxygen consumption assay 

Mouse brain mitochondria were isolated and mitochondrial oxygen consumption rate was 

measured (27). The data were analyzed using the XFe Wave software. ATP production rate in 

brain mitochondria was normalized to mg of mitochondrial protein determined by BCA assay 

(26). 
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Quantitative real-time PCR 

Total RNA from the mouse midbrain was isolated using an RNeasy Micro Kit (QIAGEN) and 

quantified by spectrophotometric analysis (ND-100; NanoDrop, Thermo Scientific) (26). The 

RNA was treated with DNase to remove potential genomic DNA contamination. Total RNA 

was reverse transcribed into complementary DNA using random hexamers and Transcriptor 

Reverse Transcriptase (Roche Diagnostics). Real-time PCR was performed according to the 

manufacturer’s protocol using TaqMan Gene Expression Assays and an ABI Prism 7300 

Sequence Detection System (Applied Biosystems). The expression of following genes were 

determined: Nt3 (Gene ID: 18205; neurotrophin 3), Bdnf (Gene ID: 12064; brain derived 

neurotrophic factor), Cntf (Gene ID: 12803; ciliary neurotrophic factor), Tgfβ2 (Gene ID: 

21808; transforming growth factor, beta 2), Igf1 (Gene ID: 16000; insulin-like growth factor 1), 

Jag1 (Gene ID: 16449; jagged 1), Lif (Gene ID: 16878; leukemia inhibitory factor), Tnf (Gene 

ID: 21926; tumor necrosis factor), Gdnf (Gene ID: 14573; glial cell line derived neurotrophic 

factor), and Fgf2 (Gene ID: 14173; fibroblast growth factor 2). Primers sequences were listed 

in Supplementary Table 2. The reactions were performed in triplicate per brain sample from 

three mice brains for each group. Gene expression Ct values were corrected for β-actin Ct 

values in the same sample using the ΔΔCt method and presents as the ratio of mRNAs of 

treated-4L;C* or WT normalized with the according mRNAs of vehicle-4L;C* mice. 

 

Statistical analyses 
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Results are presented as means ± SE. The data were analyzed by Student's t-test or ANOVA test 

using GraphPad Prism 6 followed by Bonferroni or Dunnett post hoc tests (according to the 

sample sets), unless otherwise stated. P < 0.05 was considered statistically significant. 
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Tc/Tx   Na-taurocholate/Triton X-100 

CP   citrate phosphate 

OCR   oxygen consumption rate 

SC   spinal cord 
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Figure 1 Enrichment and characterization of VLA4+NPCs. (A) GFP+ WT mouse 

iPSC-derived NPCs had ~12% VLA4+ cells (red). All mouse NPCs were also GFP+ (green). (B) 

FACS using anti-VLA4 antibody enriched VLA4+GFP+NPCs. (C) The FACS sorted cells were 

stained positive with anti-VLA4 antibody (red). VLA4+NPCs were validated with neural stem 

cell markers, anti-Nestin and anti-Sox2 antibodies. (D) VLA4+NPCs were differentiated into 

neurons (TUJ1, red), oligodendrocytes (O4, red), and astrocytes (GFAP, red). DAPI (blue) stains 

cell nuclei. Scale bar=50 µm.  
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Figure 2 IV administered VLA4+NPCs engrafted and proliferated in 4L;C* mouse 

brains. VLA4+NPCs (1 × 10
6
 cells) were transplanted by IV injection, 2X/week, into 4L;C* 

mice starting at 30 days of age. (A) Transplanted VLA4+NPCs (green) were detected in the 

VCAM1
+
 endothelial cell layer (red) in the brain, particularly in the brainstem, midbrain and 

thalamus. Engrafted VLA4+NPCs (green) differentiated to (B) GFAP
+
 astrocytes (red), (C) 

NeuN
+
 neurons (red), and (D) O4

+
 oligodendrocytes (red). (E) Some of transplanted 

VLA4+NPCs (green) in the brainstem, midbrain and thalamus stained positive with anti-PCNA 

antibody (red), a cell proliferation marker. Transplanted VLA4+NPCs (green) were detected 

only in the treated-4L;C* brains, but not in vehicle-4L;C* brains. Scale bar=50 μm. A 

representative image is shown from n=3 mice per group. 
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Figure 3 IV Transplantation of VLA4+NPCs into 4L;C* mice prolonged survival and 

improved sensorimotor function. (A) The VLA4+NPC-treated 4L;C* mice had significantly 

prolonged survival compared with vehicle-treated 4L;C* mice with treatment regime of 

1X/week, 2X/week or 3X/week. Long-rank (mantel-cox) test. *, p<0.05, **, p<0.01. (B) The 

hindpaw clasping test, a marker of neurodegenerative disease, showed significantly delayed 

clasping in the VLA4+NPC-treated 4L;C* mice (2X/week and 3X/week) compared to vehicle-

4L;C*. The unaffected 4L;WT control mice do not show clasping. Two-way ANOVA test. (C) 

Transplantation of VLA4+NPCs significantly improved sensorimotor function in 4L;C* mice at 

50 days of age by gait analysis. Student’s t-test (n=7 for WT mice, n=15 for 4L;C* mice with 

vehicle, n=8 for 4L;C* mice with 1X/week VLA4+NPCs, n=5 for 4L;C* mice with 2X/week 

VLA4+NPCs, n=7 for 4L;C* mice with 3X/week VLA4+NPCs).  
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Figure 4  Reduced brain inflammation in VLA4+NPC transplanted 4L;C* mice. 

Mouse brain sections from 50-days-4L;C* mice were stained with the inflammatory markers, 

anti-CD68 antibody (brown) (A) for activated microglial/macrophages and anti-GFAP antibody 

(brown) (B) for astrogliosis. Quantitative data showed significantly reduced CD68 (C) and 

GFAP (D) signals in brainstem, midbrain and thalamus of VLA4+NPC -4L;C* mice compared 

to vehicle-4L;C* control, indicating decreased inflammation. (E) The qRT-PCR showed reduced 

expression of TNFα mRNA in the VLA4+NPC-4L;C* mouse brains compared to vehicle-4L;C* 

brains. Student’s t-test (n=3 mice/group). *, p<0.05, **, p<0.01. Scale bars=50 μm. 
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Figure 5 VLA4+NPC transplantation alleviated neurodegeneration. Fluoro-Jade C 

(FJC) stained neurodegeneration cells. (A) WT mice brain. (B) 50-days-4L;C* mice brains 

treated with VLA4+NPCs or vehicle. (C) 4L;C* mice brains at terminal age treated with 

VLA4+NPCs or vehicle. FJC-positive signals (green) were reduced in midbrain, brainstem and 

thalamus regions of VLA4+NPC-treated 4L;C* brains. Quantitative data showed significant 

reduction of neurodegeneration (FJC signals) at 50 days of age (D) and at terminal age (E) in 

VLA4+NPC-treated 4L;C* brains compared to vehicle-4L;C* mice. Student’s t-test (n=3 

mice/group). *, p<0.05. Scale bars=50 μm. 
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Figure 6  Analyses of GCase and substrate levels in mouse brains. (A-B) GCase activity. 

GCase activity in midbrain of VLA4+NPC-treated 4L;C* mice was significantly increased by 

35% at 50 days of age (p=0.002) compared to that in vehicle-4L;C* mice. In the brainstem, 

VLA4+NPC treatment enhanced the GCase activity by 28% (B) at the 50 days of age 

(p=0.00005) compared to that in vehicle-4L;C* mice. (C) GCase protein. GCase was 

concentrated by immunoprecipitation from lysates prepared from WT, vehicle-4L;C*, 

VLA4+NPC-4L;C* and Gba knockout mice brains containing equal total protein, confirmed by 

BCA assay. Immunoprecipitated GCase protein was detected by immunoblot. GCase protein 

were present in WT and VLA4+NPC-treated 4L;C* mice brain compared to vehicle-4L;C* mice 

(under detectable level) and Gba knockout mice (lack GCase). (D and E) Substrate levels. GC 

levels (D) and GS levels (E) in the midbrain of VLA4+NPC transplanted 4L;C* mice at 50 days 

of age showed 34% and 11% reduction, respectively, compared to that in vehicle-4L;C* mice. 

The samples were assayed in triplicate. The data represent as mean±S.E (n=2-4 mice/group) and 

analyzed by Student’s t-test.  
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Figure 7  Improved mitochondrial function and the mRNA expression of neurotrophic 

factors in VLA4+NPC transplanted 4L;C* mice brain. (A) Mitochondrial function. Vehicle-

4L;C* brain had decreased mitochondrial function with 42% of ATP production, 30% of 

maximal respiration, 21% of residual respiration OCR rate, compared to WT brains. VLA4+NPC 

treatment improved ATP production, maximal respiration, residual respiration of OCR rate to 

64%, 66%, 64% of WT level, respectively, in 4L;C* brain. ATP production in VLA4+NPC-

treated 4L;C* brain showed significant difference compared to Vehicle-4L;C* brain. The 

increase of maximal respiration and residual respiration did not reach significance. One-way 

ANOVA with post-hoc Tukey test (*, P < 0.05), n= 3 mice/group, 6 replicates/sample/assay, 

duplicate assays. (B) Neurotrophic factors. The mRNA expression of BDNF, NT3, GDNF and 

LIF in mice brains was determined by qRT-PCR showing as ratio of individual gene vs. β-actin. 

Compared to vehicle-4L;C* mice, BDNF, NT3, GDNF and LIF mRNA levels were increased in 

VLA4+NPC-4L;C* brains with 4 weeks of VLA4+NPC transplantations (2X/week). The level 

of those neurotrophic factors in VLA4+NPC-4L;C* brains were above WT level. Student’s t-test 

(n=3 mice/group). **, p<0.01; ***, p<0.001; ****, p<0.0001.  
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Table 1 Survival and body weight 

A. Survival 
Vehicle 

(Saline) 

N=15 

VLA4+NPC 

  1X /wk  

   N=8 

 VLA4+NPC 

  2X /wk 

   N=5 

VLA4+NPC 

  3X /wk 

  N=7 

Untreated 

 

N=28 

Range (days) 56-62 61-62  60-63 60-64 51-62 

Average (days) 57.8 61.5 61.2 61.4 56.2 

% Percentage  

(vs. Vehicle)  
100 106.4 105.9 106.3 -2.7 

P value  

(vs. Vehicle) 
 0.002 0.0202 0.003 0.0912 

      

B. Body weight 
Vehicle 

(Saline) 

VLA4+NPC 

 1X /wk 

VLA4+NPC  

   2X /wk 

VLA4+NPC  

  3X /wk 
 

Age of the peak  

body weight (days) 
43 46 47 50  
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