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Wendong Li,1 Weidong Hu,3 Arthur D. Riggs,2 Reuben Matalon,4 and Yanhong Shi1,6,*

SUMMARY

Canavan disease (CD) is a devastating neurological disease that lacks effective
therapy. Because CD is caused by mutations of the aspartoacylase (ASPA)
gene, we introduced the wild-type (WT) ASPA gene into patient iPSCs through
lentiviral transduction or CRISPR/Cas9-mediated gene editing. We then differen-
tiated the WT ASPA-expressing patient iPSCs (ASPA-CD iPSCs) into NPCs and
showed that the resultant ASPA-CD NPCs exhibited potent ASPA enzymatic ac-
tivity. The ASPA-CD NPCs were able to survive in brains of transplanted CD
mice. The engrafted ASPA-CD NPCs reconstituted ASPA activity in CD mouse
brains, reduced the abnormally elevated level of NAA in both brain tissues and
cerebrospinal fluid (CSF), and rescued hallmark pathological phenotypes of the
disease, including spongy degeneration, myelination defects, and motor function
impairment in transplanted CD mice. These genetically modified patient iPSC-
derived NPCs represent a promising cell therapy candidate for CD, a disease
that has neither a cure nor a standard treatment.

INTRODUCTION

Stem cell-based therapy provides great hope for the treatment of neurological disorders. However, the

lack of expandable sources of stem cells is a critical issue in moving stem cell technology to the bedside.

Human iPSCs derived by reprogramming human fibroblasts could provide a continuous and autologous

cell source for the generation of specific somatic cell types and tissues from individual patients (Takahashi

et al., 2007; Yu et al., 2007; Lowry et al., 2008; Park et al., 2008). Furthermore, autologous patient iPSCs

could address the limitation of immune rejection associated with allogeneic donor cells. For diseases

with known genetic mutations, patient iPSCs can be genetically modified by viral transduction or gene ed-

iting to introduce the wild-type (WT) gene into patient cells in order to overcome functional deficits caused

by genetic mutations. These genetically engineered autologous iPSCs could provide exciting prospects for

cell therapy.

Canavan disease (CD) is a devastating neurological disease and myelin disorder. The most prevalent dis-

ease onset form is infantile onset, symptoms of which appear in early infancy and progress rapidly. Clin-

ical symptoms include mental retardation, loss of acquired motor skills, feeding difficulties, abnormal

muscle tone, unusually large head, paralysis, blindness, and early death (Matalon et al., 1995). It has

been shown that mutations in the aspartoacylase (ASPA) gene cause CD. ASPA is an enzyme expressed

in oligodendrocytes of the brain (Matalon et al., 1988). It catalyzes the conversion of N-acetyl-aspartate

(NAA), a highly abundant amino acid derivative produced by neurons, into aspartate and acetate in ol-

igodendrocytes (Baslow, 2003). ASPA gene mutations lead to ASPA activity loss, which in turn results in

elevated NAA level, spongy degeneration and demyelination of the brain, and motor function deficits

(Canavan, 1931; van Bogaert and Bertrand, 1949; Matalon et al., 1988; Matalon and Michals-Matalon,

2000; Traka et al., 2008).

Studies have been designed to test potential therapies for CD. Directly targeting the mutant ASPA gene

through gene therapy using functional humanASPA-expressing non-viral vectors or AAV vectors have been

reported in both CD animal models and patients with CD in clinical trials (Janson et al., 2002; Matalon et al.,

2003; McPhee et al., 2005; McPhee et al., 2006; Leone et al., 2012; Gessler et al., 2017; von Jonquieres et al.,

2018; Lotun et al., 2021). These studies have demonstrated that the ASPA vector is well tolerated in both
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animals and human subjects (Leone et al., 2000; Janson et al., 2002; Matalon et al., 2003; McPhee et al.,

2005; McPhee et al., 2006; Leone et al., 2012; Ahmed et al., 2013; Ahmed et al., 2016; Francis et al.,

2016; Gessler et al., 2017; von Jonquieres et al., 2018). While substantial phenotypical improvements

have been observed in rodent studies (Janson et al., 2002; Matalon et al., 2003; McPhee et al., 2005;

McPhee et al., 2006; Ahmed et al., 2013; Ahmed et al., 2016; Francis et al., 2016; Gessler et al., 2017; von

Jonquieres et al., 2018; Francis et al., 2021), the clinical benefits to patients remain to be demonstrated

(Leone et al., 2000, 2012; Hoshino and Kubota, 2014; Bradbury and Ream, 2021; Mendell et al., 2021).

In addition to targeting the root course of the disease, themutantASPA gene, efforts have been devoted to

reducing brain NAA level by suppressing the expression of the neuronal NAA-synthesizing enzyme

N-acetyltransferase 8-like (Nat8l) (Guo et al., 2015; Sohn et al., 2017; Bannerman et al., 2018; Hull et al.,

2020; Pleasure et al., 2020; Nesuta et al., 2021), or increasing acetate level by dietary supplementation

with glyceryl triacetate or triheptanoin (Madhavarao et al., 2009; Arun et al., 2010; Segel et al., 2011; Francis

et al., 2014). Both approaches have demonstrated efficacy in rodent studies (Arun et al., 2010; Francis et al.,

2014; Guo et al., 2015; Sohn et al., 2017; Bannerman et al., 2018; Hull et al., 2020). While the former is waiting

to be tested in patients, measurable neurological improvements in patients with CD remain to be demon-

strated for the latter (Madhavarao et al., 2009; Segel et al., 2011; Pleasure et al., 2020). Therefore, devel-

oping an effective therapy for CD remains an unmet medical need.

This study is built on the knowledge we have gained through the previous preclinical and clinical studies,

with an aim to provide a sustainable cellular source for the WT ASPA through a combined cell and gene

therapy approach. We combined human iPSC technology with gene therapy to generate the WT ASPA

gene-expressing CD patient iPSCs (ASPA-CD iPSCs) by introducing the WT ASPA gene into CD patient

iPSCs through lentiviral transduction or CRISPR/Cas9-mediated gene editing. We further differentiated

the ASPA-CD iPSCs into neural progenitor cells (NPCs) and demonstrated the therapeutic efficacy and pre-

liminary safety of the ASPA-CD NPCs in a CD mouse model. We also developed a method to detect NAA

level in the CSF as a biomarker for monitoring the therapeutic efficacy after ASPA-CDNPC transplantation.

RESULTS

Generation of the WT ASPA-expressing ASPA-CD iPSCs

We have obtained primary dermal fibroblasts from a clinically affected patient with CD (STAR Methods)

that has heterozygous mutations of G176E and A305E. Of note, A305E is the most common mutation

(60%) in non-Jewish patients with CD (Kaul et al., 1994). The CD patient fibroblasts were reprogrammed

to generate CD patient iPSCs (CD iPSCs), which expressed the key human pluripotency genes and the hu-

man embryonic stem cell (ESC)-specific surfacemarkers (Figure S1A). Sequence analysis confirmed that the

CD patient iPSCs harbored the ASPAmutation of the corresponding patient with CD (Figure S1B). Bisulfite

sequencing confirmed epigenetic reprogramming as revealed by demethylation of the endogenousOCT4

and NANOG promoters in CD iPSCs (Figures S1C and S1D). The in vivo developmental potential of CD

iPSCs was demonstrated by teratoma formation (Figure S1E). Cytogenetic analysis confirmed normal kar-

yotype in all iPSC clones tested (Figure S1F). Together, these results demonstrate that the CD iPSCs we

derived are characteristic pluripotent stem cells containing CD patient ASPA mutations.

Because CD is caused by genetic mutations in the ASPA gene, in order to restore the WT ASPA gene

expression, we transduced CD patient iPSCs with lentivirus expressing the human WT ASPA gene under

the constitutive human EF1a promoter. The WT ASPA-expressing CD patient iPSCs were termed ASPA-

CD iPSCs. The presence of the WT ASPA gene sequence in ASPA-CD iPSCs was confirmed by genomic

DNA sequencing (Figure 1A). Immunostaining revealed that ASPA-CD iPSCs continued to express the plu-

ripotency factors OCT4 and NANOG and the human ESC surface markers SSEA4, TRA-1-60, and TRA-1-81

(Figures 1B and 1C).

Generation and characterization of ASPA-CD NPCs

Next, we differentiated ASPA-CD iPSCs into NPCs following a published method (Liu et al., 2012). The

resultant ASPA-CD NPCs expressed typical NPC markers, including PAX6, SOX2, N-cadherin (NCAD),

SOX1, and NESTIN, as revealed by immunostaining and RT-PCR (Figures 1D and 1E). Fluorescence-acti-

vated cell sorting (FACS) revealed that vast majority of the ASPA-CD NPCs were CD133-positive NPCs,

with minimal contamination of undifferentiated iPSCs as revealed by the negligible fraction of SSEA4-pos-

itive cells (Figure 1F). Importantly, the ASPA-CDNPCs exhibited potent ASPA enzymatic activity, compared
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Figure 1. Characterization of ASPA-CD iPSCs and ASPA-CD NPCs

(A) Genomic DNA sequencing confirmed the presence of the WT ASPA sequence in ASPA-CD iPSCs.

(B) Expression of the human pluripotency factors OCT4 and NANOG in the ASPA-CD iPSCs. Nuclei Dapi staining is shown

in blue. Scale bar: 100 mm.

(C) Expression of the human ESC cell surface markers SSEA4, TRA-1-60, and TRA-1-8 in ASPA-CD iPSCs. Nuclear Dapi

staining is shown in blue. Scale bar: 100 mm.

(D) Immunostaining for the NPCmarkers PAX6, SOX2, NCAD, SOX1, and NESTIN in NPCs derived fromCD and ASPA-CD

iPSCs. Nuclear Dapi staining is shown in blue. Scale bar: 50 mm.

(E) Expression of the NPC markers in ASPA-CD NPCs revealed by RT-PCR. CD NPCs were included as a control. GAPDH

was included as a loading control.

(F) FACS analysis of ASPA-CD NPCs.

(G) ASPA-CD NPCs displayed potent ASPA enzymatic activity, compared to IMR90 control NPCs that were not

transduced with lentivirus encoding the wild-type ASPA gene.

Error bars are SE of the mean (n = 3 biological repeats). ***p < 0.001 by Student’s t test. See also Figure S1.
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to control NPCs that were not transduced with lentivirus encoding the wild-type ASPA gene, which ex-

hibited no detectable ASPA activity (Figure 1G). Together, these results demonstrate the identity, purity,

and potency of the ASPA-CD NPCs.

The bio-distribution and cell fate of ASPA-CD NPCs in transplanted CD mouse brains

The Aspanur7/nur7 mouse that contains a nonsense mutation (Q193X) in the ASPA gene (Traka et al., 2008)

manifests major pathological phenotypes of CD, therefore have been used as a CDmousemodel. We bred

Aspanur7/nur7 mice with immunodeficient Rag2�/� mice to generate an immunodeficient CD mouse model

to allow engraftment of human cells. These mice, called CD mice for short, exhibit characteristic patholog-

ical features of CD (Feng et al., 2020), and were thus used as a preclinical model for testing the effect of

ASPA-CD NPCs in vivo in the following study.

We transplanted ASPA-CD NPCs derived from ASPA-CD iPSCs into brains of postnatal day 1–4 CD pups

stereotactically as we described previously (Feng et al., 2020). Specifically, ASPA-CD NPCs were trans-

planted bilaterally into the corpus callosum, the subcortical region, and the brain stem. Three months after

transplantation, brains of transplanted mice were harvested and sectioned. The engraftment of the ASPA-

CD NPCs was confirmed by immunostaining for the human nuclear antigen (hNu) in transplanted CDmice.

The transplanted cells were detected in regions around the injection sites, including the corpus callosum,

the subcortical, and the brain stem regions, with limited migration (Figure 2A). While a small portion of the

engrafted ASPA-CD NPCs was maintained as NPCs, as revealed by double-positive staining for hNu and

the NPC marker PAX6 (Figures 2B and 2C), more ASPA-CD NPCs differentiated into neurons or astrocytes

as revealed by positive staining for hNu together with the neuronal lineage marker NeuN or the astroglial

lineage marker SOX9 (Figures 2B and 2C). A small fraction of ASPA-CD NPCs became oligodendroglial

lineage cells as revealed by co-staining for hNu and the oligodendroglial lineage marker OLIG2

(Figures 2B and 2C).

Engrafted ASPA-CD NPCs can increase ASPA activity and reduce NAA level in CD mice

The reduced ASPA enzymatic activity and elevated NAA level are characteristic phenotypes in both CD pa-

tients and animal models (Canavan, 1931; van Bogaert and Bertrand, 1949; Matalon et al., 1988; Matalon

and Michals-Matalon, 2000). Three months after transplantation, ASPA-CD NPC-transplanted CD brains

were subjected to ASPA activity and NAA level measurement. The ASPA-CD NPC-transplanted CD brains

exhibited substantially higher ASPA activity than the control CD brains without transplantation. The ASPA

activity in ASPA-CD NPC-transplanted CD mouse brains was similar to that in WT or heterozygous (Het)

mouse brains (Figure 2D). In line with the elevated ASPA enzymatic activity, the NAA level was reduced

in ASPA-CD NPC-transplanted CD mouse brains (Figure 2E). Importantly, we also detected reduced

NAA level in the cerebrospinal fluid (CSF) of ASPA-CD NPC-transplanted CD mice (Figure 2F). Therefore,

CSF NAA level could be a potential biomarker for evaluating the therapeutic effect of treatments, such as

ASPA-CD NPC transplantation.

Engrafted ASPA-CD NPCs can reduce vacuolation in CD mouse brains

Extensive spongy degeneration is a key pathological feature of CD patients and mouse models, which is

revealed by vacuolation in various brain regions (Matalon et al., 1988, 2000; Traka et al., 2008; Mersmann

et al., 2011). We indeed found extensive vacuolation in the subcortical, brain stem, and cerebellum regions

of CD mouse brains, which was not seen in the corresponding regions of Het mouse brains. To our excite-

ment, we detected substantially reduced extent of vacuolation in various brain regions of ASPA-CD NPC-

transplanted CD mice, including the subcortical, brain stem, and cerebellum regions (Figures 3A–3C).

These results indicate that transplantation with ASPA-CD NPCs was able to rescue the spongy degenera-

tion phenotype in CD mouse brains.

Engrafted ASPA-CD NPCs can rescue myelination deficits in CD mouse brains

In keeping with extensive vacuolation in brains of CD mice, substantially reduced thickness of myelin

sheaths and myelinated areas were detected in brains of CD mice, compared to that from WT mice

(Figures 4A–4C). Myelin sheaths in ASPA-CD NPC-transplanted CD brains were much thicker than that

of untreated CD brains, instead resembled more to that of WT brains (Figures 4A–4C). The percentage

of compact myelin structure was also improved in transplanted CDmouse brains (Figure 4D). These results
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further support the therapeutic potential of ASPA-CD NPCs for their ability to ameliorate the pathological

phenotypes of CD.

Engrafted ASPA-CD NPCs can improve motor function in CD mice

In addition to the improvement of CD phenotypes at the cellular level, transplantation with ASPA-CDNPCs

was also associated with systemic effect on CD mice. Defective motor function is characteristic of CD

Figure 2. Transplantation with ASPA-CD NPCs leads to increased ASPA activity and decreased NAA level in CD

mouse brains

(A) Tiling images of human nuclear antigen (hNu) staining are shown by dot map. ASPA-CDNPCs were distributed around

the injection track in transplanted CDmouse brains 3 months after transplantation. The arrows indicate the injection sites.

CC: corpus callosum; SC: subcortical; BS: brain stem. Scale bar: 1 mm.

(B and C) Transplanted ASPA-CD NPCs differentiated into neuronal and glial lineage cells in CD mouse brains, as

revealed by immunostaining for hNu and PAX6, NeuN, SOX9, and OLIG2, respectively. The images of the subcortical

region are shown in panel B. Scale bar: 50 mm. Quantification of transplanted cells in the subcortical (SC), corpus callosum

(CC), and brain stem (BS) regions is shown in panel C. n = 9 fields from three mice for each group.

(D–F) The ASPA activity was elevated (D) and the NAA level was reduced in the brain tissues (E) and the CSF (F) of ASPA-

CD NPC-transplanted CD mice. Each dot corresponds to the result of one mouse. n = 3 mice for WT or CD mice, five for

Het mice or ASPA-CD NPC-transplanted CD mice for panels (D and E). n = 5 mice for Het or CD mice, and n = 6 mice for

ASPA-CD NPC-transplanted CD mice for panel (F).

Error bars are SE of the mean. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA followed by Tukey’s multiple

comparisons test.
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patients and mouse models (Matalon et al., 1988, 2000; Traka et al., 2008; Mersmann et al., 2011). To inves-

tigate if ASPA-CD NPCs could rescue the defect in motor performance in CD mice, we subjected CD mice

transplanted with ASPA-CDNPCs to two motor skill behavioral tests, the accelerating rotarod test, and the

grip strength test. ASPA-CD NPCs improved rotarod performance in transplanted CD mice substantially

three months after transplantation, compared to control CD mice without transplantation (Figure 5A). In

addition, substantial improvement of the forepaw grip strength was detected in ASPA-CD NPC-trans-

planted CD mice, compared to that in control CD mice in the grip strength test (Figure 5B). The results

from the two behavioral tests together indicate that transplantation with ASPA-CD NPCs can improve mo-

tor functions in a CD mouse model dramatically. Collectively, these results provide compelling evidence

that ASPA-CD NPCs that carry a WT ASPA gene exhibit substantial therapeutic potential for rescuing

the pathological phenotypes of CD.

No tumor formation in ASPA-CD NPC-transplanted CD mice

For preliminary safety study, mice transplanted with ASPA-CD NPCs were closely observed for 3 months.

We detected no sign of tumor formation or other adverse events. By the end of 3 months, transplanted

mice were euthanized. Their brains were collected and analyzed by H&E staining. No typical tumor tissue

was detected in brain sections of ASPA-CD NPC-transplanted mice (Figure S2). The absence of tumor for-

mation in brains of ASPA-CD NPC-transplanted mice was further verified by immunostaining for Ki67, a

proliferative marker. We detected a low mitotic index, as revealed by the low percentage of hNu-positive

Figure 3. Improved vacuolation in ASPA-CD NPC-transplanted CD mouse brains

(A and B) H&E staining of the subcortical, cerebellum, and brain stem region and whole sagittal section in Het, CD mice,

and ASPA-CD NPC-transplanted CD mice. Scale bar: 2000 mm in panel (A), 500 mm in panel (B).

(C) The percentage of vacuolation area is shown. n = 3 mice in each group.

Error bars are SE of the mean. ***p < 0.001 by one-way ANOVA followed by Tukey’s multiple comparisons test.
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and Ki67-positive cells in ASPA-CDNPC-grafted brains (Figures 5C and 5D). These results together confirm

preliminary safety of ASPA-CD NPCs.

CR-ASPA-CD NPCs derived from CRISPR/Cas9-edited CD iPSCs can rescue motor function

deficits in CD mice

In addition to introducing the WT ASPA gene into CD iPSCs through lentiviral transduction, we introduced

the WT ASPA gene into the AAVS1 safe harbor site in CD iPSCs by CRISPR/Cas9-based gene editing (Fig-

ure 6A) (Cong et al., 2013; Blair et al., 2016; Oceguera-Yanez et al., 2016). Three clones were selected for

further analysis based on the genotyping result showing successful introduction of theWT ASPA gene (Fig-

ure 6B). The presence of the WT ASPA gene in edited clones was confirmed by genomic DNA sequencing

(Figure 6C). The edited iPSCs were called CRISPR (CR)-ASPA-CD iPSCs. One of the clones (CR-ASPA-CD#1-

1 iPSCs) was selected for further characterization and was termed CR-ASPA-CD#1 iPSCs or CR-ASPA-CD

iPSCs in short. Immunostaining revealed that the edited clone expressed the pluripotency factors OCT4,

SOX2, and NANOG, and the human ESC surface markers SSEA4, TRA-1-60, and TRA-1-81 (Figure S3A).

Figure 4. ASPA-CD NPCs rescue myelination in transplanted CD mice

(A) The myelination was rescued in brain of ASPA-CD NPC-transplanted CD mice. Intact and thick myelin sheaths were

detected by EM in brains of 3-month-old WT mice, whereas splitting and thinner myelin sheaths were seen in brains of

littermate CD mice. Myelin sheaths in CD mice transplanted with ASPA-CD NPCs for three months appeared thicker.

Images of brain stem region are shown. Scale bar: 1 mm. The arrows point to the myelin sheaths.

(B) Enlarged EM images of the brain stem region in WT, CD, and ASPA-CD NPC-transplanted mice. Scale bar: 50 nm.

(C) The number (#) of myelin sheath layers in WT, CD, and ASPA-CD NPC-transplanted CD mice. n = 12 axons from one

WT and one CD mouse brain, respectively. n = 15 axons from two ASPA-CD NPC-transplanted CD mouse brains. Error

bars are SE of the mean. ***p < 0.001 by one-way ANOVA followed by Dunnett’s multiple comparisons test.

(D) The percentage of compact myelin structure in WT, CD, and ASPA-CD NPC-transplanted CD mice. n = 8 imaging

fields from one mouse for each group.

Error bars are SE of themean. *p < 0.05 and ***p < 0.001 by one-way ANOVA followed by Dunnett’s multiple comparisons

test.
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The CR-ASPA-CD iPSCs maintained their developmental potential as revealed by teratoma formation

assay (Figure S3B), exhibited normal karyotype (Figure S3C) and lacked off-target editing (Table S1).

We then differentiated CR-ASPA-CD iPSCs into NPCs. The derived CR-ASPA-CD NPCs expressed typical

NPC markers, including SOX1, SOX2, and NESTIN (Figures 6D and S3D). In contrast, no expression of the

pluripotency factors OCT4 and NANOG was detected in the NPCs (Figure 6E). FACS analysis revealed

that most of the CR-ASPA-CD NPCs were CD133-positive, with minimal contamination of undifferenti-

ated iPSCs as revealed by the negligible percentage of SSEA4-positive cells (Figure 6F). Moreover,

the CR-ASPA-CD NPCs displayed potent ASPA activity when compared to control CD NPCs (Figure 6G).

Together, these results demonstrate the identity, purity, and activity of the CR-ASPA-CD NPCs.

CR-ASPA-CDNPCs were then transplanted into CDmice for efficacy study as described above. Staining for

human nuclear antigen revealed that transplanted CR-ASPA-CD NPCs were able to survive in brains of CD

mice (Figure S3E). Three months after transplantation, CR-ASPA-CD NPC-transplanted CD mice were

tested on accelerating rotarod. CR-ASPA-CD NPCs improved rotarod performance in transplanted CD

mice substantially, compared to CD mice without transplantation (Figure 6H). These results indicate that

transplantation with CR-ASPA-CD NPCs can improve motor function in CD mice.

We observed no sign of tumor formation or other adverse effect during three months after transplantation

with CR-ASPA-CDNPCs. Ki67 staining showed low percentage of human antigen and Ki67 double-positive

cells (1.7% G 0.17%) in CR-ASPA-CD NPC-grafted brains (Figure 6I). These results indicate that CR-ASPA-

CD NPCs exhibit preliminary safety.

DISCUSSION

In this study, we introduced a WT ASPA gene into CD patient iPSCs and differentiated the resultant ASPA-

CD iPSCs into ASPA-CD NPCs. We further established preclinical efficacy for ASPA-CD NPCs, in order to

develop this cellular product as a candidate cell therapy for CD, a devastating neurological disease that has

neither a cure nor a standard treatment. Because CD is caused by genetic mutations in the ASPA gene, we

Figure 5. Transplantation with ASPA-CD NPCs improved motor function in CD mice

(A and B) Transplantation with ASPA-CD NPCs improved motor functions in CD mice as revealed in rotarod or grip

strength test. n = 6 mice for the Het and the CDmouse group, n = 12 mice for the ASPA-CD NPC-transplanted CDmouse

group. Each dot corresponds to the result of one mouse.

(C) The transplanted ASPA-CD NPCs exhibited low mitotic index in CD mouse brains as revealed by human nuclear

antigen and Ki67 double staining. Scale bar: 50 mm.

(D) The percentage of human nuclear antigen (hNu)+Ki67 + cells out of total hNu + cells in transplanted brains. n = 9 fields

from three mice for each group.

Error bars are SE of the mean. **p < 0.01, and ***p < 0.001 by one-way ANOVA followed by Dunnett’s multiple

comparisons test for panels (A and B). See also Figure S2.
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have genetically engineered CD patient iPSCs by introducing the WT ASPA gene through lentiviral trans-

duction. We further differentiated the resultant ASPA-CD iPSCs into NPCs. The ASPA-CD NPCs exhibited

potent ASPA activity. We transplanted the ASPA-CD NPCs into a CD mouse model. ASPA-CD NPCs were

Figure 6. CR-ASPA-CDNPCs derived fromCRISPR/Cas9-edited iPSCs can rescue themotor function deficits in CD

mice

(A) Schematic for introducing the WT ASPA gene into the AAVS1 locus by CRISPR/Cas9 gene editing.

(B) PCR-based genotyping of CR-ASPA-CD iPSC clones. The PCR product of the edited allele is indicated by arrow.

(C) Genomic DNA sequencing confirms the presence of the WT ASPA sequence in CR-ASPA-CD iPSCs.

(D) Expression of the NPC markers NESTIN and SOX1 in CR-ASPA-CD NPCs as revealed by immunostaining.

(E) Lack of expression of the pluripotency factors in HC (healthy control), CD, and CR-ASPA-CD NPCs as revealed by RT-

PCR.

(F) CR-ASPA-CDNPCs are positive for the neural progenitor marker CD133 but negative for the human ESCmarker SSEA4

as revealed by FACS analysis.

(G) CR-ASPA-CD NPCs displayed potent ASPA enzymatic activity, compared to the control CD NPCs.

(H) Transplantation with CR-ASPA-CD NPCs rescued the motor function deficits in CD mice as revealed by rotarod test

3 months post grafting (n = 5 WT, 4 CD, and 7 CR-ASPA-CD NPC-transplanted mice).

(I) CR-ASPA-CD NPC-transplanted CD mouse brains were immunostained for the human nuclear antigen and Ki67 (n = 3

mice analyzed). Scale bar: 50 mm for panels (D and I).

Error bars are SE of the mean for panels (G and H). **p < 0.01 and ***p < 0.001 by Student’s t test for panel (G) and one-

way ANOVA for panel (H). See also Figure S3.
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able to survive after transplantation. Moreover, the transplanted cells were able to increase the ASPA ac-

tivity, reduce the elevated NAA level, and rescue the sponge degeneration in brains of transplanted CD

mice. Transplantation with ASPA-CDNPCs also rescuedmotor function deficiency in CDmice. Importantly,

no tumorigenesis or other adverse effect was observed in transplanted mice. Furthermore, we demon-

strated that NAA level in the CSF of ASPA-CD NPC-transplanted CD mice was reduced in a manner that

correlates with the reduction of NAA level in transplanted brains and the rescue of other CD pathological

phenotypes in the transplanted mice, indicating that the CSF NAA level could be an effective biomarker for

monitoring the efficacy of ASPA-CDNPCs in vivo. These results together indicate that ASPA-CDNPCs have

the potential to serve as a cell therapy candidate for CD and that the CSF NAA level can be used to monitor

the outcome of the treatment for CD.

In addition to introducing the WT ASPA gene into CD iPSCs by lentiviral transduction, we knocked in the

WT ASPA gene into the AAVS1 safe harbor site in CD iPSCs by CRISPR/Cas9-mediated gene editing. The

CRISPR/Cas9-edited ASPA iPSCs were then differentiated into NPCs (CR-ASPA-CD NPCs). After being

transplanted into CD mouse brains, these cells rescued the behavioral phenotype of CD mice to a level

that is comparable to that by ASPA-CD NPCs in which the WT ASPA gene was introduced lentivirally.

Notably, we detected no tumorigenesis or other adverse effects in mice transplanted with either ASPA-

CD NPCs or CR-ASPA-CD NPCs. These results indicate that both ASPA-CD NPCs and CR-ASPA-CD

NPCs are promising cell therapy candidates for CD.

Huge efforts have been devoted into therapeutic development for CD. Some of the approaches such as

direct gene therapy to introduce a functional ASPA gene have resulted in substantial functional recovery

in preclinical studies, although clinical benefits remain to be demonstrated (Leone et al., 2000; Janson

et al., 2002; Matalon et al., 2003; McPhee et al., 2005; McPhee et al., 2006; Leone et al., 2012; Ahmed

et al., 2013; Ahmed et al., 2016; Francis et al., 2016; Gessler et al., 2017; von Jonquieres et al., 2018). Like-

wise, reducing NAA level by knocking down the NAA-synthesizing enzyme Nat8l also resulted in rescue of

disease phenotypes in preclinical studies (Bannerman et al., 2018; Hull et al., 2020), suggesting that

lowering NAA level via inhibition of Nat8l expression or function could also be a potential approach for

the treatment of CD, although the clinical benefit of this approach remains to be determined. Until now,

there remains no cure for patients with CD and treatment is symptomatic only.

The application of cell therapy is gaining great momentum because it could have broad therapeutic

impact. Compared to direct gene therapy, the combined cell and gene therapy approach offers an oppor-

tunity for extensive evaluation of the safety and efficacy of the genetically modified cells in vitro and selec-

tion of the best candidate for advancing into in vivo study. Moreover, the cellular product could provide a

reservoir for sustained ASPA activity and have regenerative potential (Shi et al., 2017; Feng et al., 2020). In a

previous study (Feng et al., 2020), we demonstrated the preclinical efficacy of ASPA iNPCs, a cellular prod-

uct in which a functional ASPA gene with a point mutation (ASPA R132G) was introduced into CD patient

iPSC-derived NPCs by lentiviral transduction. In the current study, the WT ASPA gene was introduced into

CD iPSCs via lentiviral transduction or CRISPR/Cas9 editing. A CD iPSC clone carrying the WT ASPA gene

was picked and characterized extensively. Well-characterized ASPA-CD iPSCs were then differentiated into

ASPA-CD NPCs. One advantage of the current approach is that less virus will be needed to make the

cellular product because viral transduction will be conducted at the initial iPSC stage instead of at the later

NPC stage when cells have been expanded. Moreover, all of the resulted ASPA-CD NPCs should carry the

ASPA transgene because these NPCs should all be generated from one iPSC clone that is originated from

one single iPSC cell.

Amajor obstacle for moving cell therapy to humans is to have enough cells for transplantation into patients.

iPSCs could provide an unlimited source of cells that are otherwise not possible to obtain for cell replace-

ment therapy due to their easy accessibility and extensive expandability. Moreover, human iPSC-derived

NPCs are also largely expandable, allowing us to reach human doses without much technical challenges.

In this study, both ASPA-CD NPCs and CR-ASPA-CD NPCs are readily expandable. Furthermore, patient-

specific iPSCs could provide a source of autologous cells that may avoid immunogenicity associated with

allogeneic cell transplantation, therefore offering an exciting opportunity for the treatment of human dis-

eases using cell replacement therapy, especially for orphan disease such as Canavan disease, for which a

master cell bank may not be necessary (Shi et al., 2017).
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Although there is a safety concern when iPSC-based products are developed for therapeutic applications

because undifferentiated iPSCs could generate teratomas, it is worth noting that the differentiated product

of iPSCs has not been shown to form teratomas. To address the safety concern associated with potential

development of teratoma from iPSC products, it is important to make sure the final iPSC-derived products

do not include undifferentiated cells. We have used a protocol that can differentiate human iPSCs into

NPCs at very high efficiency (Liu et al., 2012). FACS analysis of our ASPA-CD NPCs revealed minimal resid-

ual undifferentiated cells. More importantly, close observation of the ASPA-CD NPC-transplanted mice for

3 months revealed no sign of tumorigenesis.

Monitoring treatment outcome effectively using biomarkers is of significant clinical importance. High level

of NAA has been found in the CSF of patient with CD (Hamaguchi et al., 1993). In this study, we demon-

strated that the level of NAA in the CSF of ASPA-CD NPC-transplanted CDmice was reduced substantially

compared to control CD mice, correlating with reduced brain NAA level and improved cellular and behav-

ioral phenotypes in ASPA-CD NPC-transplanted mice, indicating that the CSF NAA level can be an effec-

tive biomarker for tracking the treatment outcome in patients with CD. This biomarker can be used for

monitoring the therapeutic outcome of not only our cellular therapies but also any NAA-lowering therapies

including direct ASPA gene therapy and Nat8l-targeting therapies.

In summary, this study provides critical preclinical data on efficacy and preliminary safety for developing a

human iPSC-based cell therapy candidate for CD, a neurological disease that has no cure or disease-modi-

fying treatments. We also presented data to demonstrate that the CSF NAA level can be an effective

biomarker for monitoring the outcome for CD treatments. The combination of gene therapy with cell ther-

apy as described in this study provides tremendous hope for a variety of genetic disorders that have no

treatment options.

Limitations of the study

This study provides clear evidence that neural progenitor cells derived from CD patient iPSCs that were

introduced with a WT ASPA gene by either lentiviral transduction or CRISPR/Cas9 editing could provide

robust disease-rescuing effect. However, there are several limitations that remain to be addressed in the

future. Firstly, the number of patient iPSC line is limited. Because we have shown that NPC lines that carry

differentASPA genemutations and were transduced with a functional (but mutant)ASPA gene exhibit com-

parable disease-modifying effects, it is plausible to speculate that the outcome of ASPA-CD NPCs derived

from different CD patient lines would be comparable. Nevertheless, confirming the effects of ASPA-CD

NPCs generated from different CD patient lines is part of our future plan. Secondly, we were not able to

determine the engraftment efficiency properly because the engrafted ASPA-CD NPCs were localized

together, thus it is difficult to count individual engrafted cells accurately. Thirdly, while we have provided

evidence of behavioral rescue by CR-ASPA-CD NPCs in which the WT ASPA gene was introduced by

CRISPR/Cas9 editing, we did not have direct experimental data to confirm improved myelination and

reduced vacuolation. Future studies are needed to assess the extent of rescue in terms of myelination

and spongy degeneration by CR-ASPA-CD NPCs. Another limitation is that we did not keep the trans-

planted mice long enough to check the lifespan of these mice. Longer follow-up will also be needed to

evaluate long-term survival and integration of transplanted cells in the engrafted brains and for future

tumorigenicity study. Despite these limitations, this study provides robust disease-rescuing effect of

ASPA-CD NPCs that were derived from CD patient iPSCs and introduced with the WT ASPA gene. This

cellular product represents a promising cell therapy candidate for CD, a disease that has neither a cure

nor a standard treatment.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-NANOG Cell Signaling Cat # 4903; RRID:AB_10559205

Mouse monoclonal anti-OCT4 Santa Cruz Cat # sc-5279; RRID:AB_628051

Goat polyclonal anti-SOX2 Santa Cruz Cat # sc-17320; RRID:AB_2286684

Mouse monoclonal anti-SSEA4 Santa Cruz Cat # sc-21704; RRID:AB_628289

Mouse monoclonal IgM anti-Tra-1-60 Santa Cruz Cat # sc-21705; RRID:AB_628385

Mouse monoclonal IgM anti-Tra-1-81 Santa Cruz Cat # sc-21706; RRID:AB_628386

Mouse monoclonal anti-NESTIN BD Biosciences Cat # 611659; RRID:AB_399177

Goat polyclonal anti-SOX1 R&D Cat # AF3369; RRID:AB_2239879

FITC-conjugated anti-SSEA4 Miltenyi Biotec Cat # 130-098-371; RRID:AB_2653517

PE-conjugated anti-CD133/1 Miltenyi Biotec Cat # 130-113-108; RRID:AB_2725937

Mouse monoclonal anti-human

nuclear antigen antibody [235-1], hNuclear

Abcam Cat # Ab191181; RRID:AB_2885016

Rabbit polyclonal anti-PAX6 Biolegend Cat # 901301; RRID:AB_2565003

Rabbit polyclonal anti-OLIG2 Millipore Cat # AB9610; RRID:AB_570666

Goat polyclonal anti-SOX9 R&D Cat # AF3075; RRID:AB_2194160

Rabbit polyclonal anti-NEUN Genetex Cat # GTX16208

Rabbit monoclonal anti-Ki67 ThermoFisher Scientific Cat # RM-9106-S0; RRID:AB_2341197

Chemicals, peptides, and recombinant proteins

Essential 8TM basal medium Gibco A15169

Essential 8TM supplement Gibco A15171

Matrigel Corning 354230

DMEM/F12 basal medium Gibco 11330-032

N-2 supplement Gibco 17502-048

B-27TM supplement Gibco 17504-044

GlutaMAXTM supplement Gibco 35050-061

MEM Non-Essential Amino Acids Solution (NEAA) Gibco 11140-050

Y27632 Cellagen Technology C9127

CHIR99021 Cellagen Technology C2447

SB431542 Cellagen Technology C7243

Dorsomorphin Sigma P5499

Retinoic acid Sigma R2625

Animal-free recombinant human EGF Peprotech AF-100-15

Animal-free recombinant human FGF-basic Peprotech AF-100-18B

Experimental models: Cell lines

CD fibroblast Coriell GM00059

ASPA-CD iPSC This paper N/A

ASPA-CD NPC This paper N/A

CR-ASPA-CD iPSC This paper N/A

CR-ASPA-CD NPC This paper N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Yanhong Shi (yshi@coh.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report

original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

ASPA lentiviral preparation and generation of ASPA-CD iPSC

To make ASPA-expressing lentivirus, we PCR-amplified the human ASPA coding sequence using the hu-

man ASPA cDNA (ATCC, MGC-34517) as the template and cloned the PCR product into the lentiviral

vector pLV-EF1a downstream of the human EF1a promoter. To package the ASPA-expressing virus,

15 mg of pLV- EF1a -hASPA, 5 mg of VSV-G, 5 mg of REV and 15 mg of MDL were transfected into HEK

293T cells using calcium phosphate transfection method as we described previously (Cui et al., 2016,

2017, 2021; Feng et al., 2020). Forty-eight to seventy-two hr after transfection, virus-containing medium

was harvested and filtered through 0.45 mm filter. For viral transduction, 625 mL ASPA-expressing virus-

containing medium was added to 2.5 3 104 CD iPSCs that were dissociated into single cells. The CD

iPSCs was derived from CD patient fibroblast CD59 (Coriell, GM00059) as described (Feng et al.,

2020) in our laboratory under the approved IRB and SCRO protocols. Twenty-four hr after viral transduc-

tion, cells were fed with fresh iPSC culture media and subjected to daily medium change for 5 days. Then

ASPA-CD iPSC clones were dissociated into single cells and re-seeded onto a 48-well plate to get single

clones. The selected ASPA-CD iPSC clones were expanded and characterized.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

ASPAnur7/J mice Jackson Laboratory 008607

B6(Cg)-Rag2tm1.1Cgn/J mice Jackson Laboratory 008449

ASPAnur7/nur7/Rag2�/� This paper N/A

NSG mice Jackson Laboratory 005557

Oligonucleotides

Primers for ASPA exon sequencing,

RT-PCR and qRT-PCR, see Table S2

This paper N/A

Recombinant DNA

pLV- EF1a -hASPA This paper N/A

AAVS1-CAG-hrGFP vector Addgene 52344

pAAVS1-EF1a-ASPA-T2A-CD19t This paper N/A

Software and algorithms

GraphPad Prism 9.0 GraphPad Prism Software, Inc. https://www.graphpad.com/

Image-Pro Premier 9.3 Media Cybernetics, Inc. https://www.mediacy.com/

ImageJ Public resource https://imagej.nih.gov/ij/

NIS-Elements AR 5.20.02 Nikon Instruments Inc. https://www.microscope.healthcare.nikon.com/

products/software/nis-elements

Adobe Photoshop 2022 Adobe https://www.adobe.com/
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Differentiation of human iPSCs into NPCs

NPCs were derived from human iPSCs following an established protocol (Liu et al., 2012; Feng et al., 2020).

To start neural induction, human iPSCs were dissociated into single cells with Accutase (Sigma, A6964) and

passaged onto Matrigel-coated 6-well plates at 1 3 105/well in E8 medium with 10 mM ROCK inhibitor. Af-

ter 24 hr, cells were switched to Neural Induction Medium 1 (NIM-1) containing Advanced DMEM/F12

(Gibco, 11330-032), N2 (Gibco, 17502-048), B27 (Gibco, 17504-044), GlutaMAX (Gibco, 35050-061),

NEAA (Gibco, 11140-050), 4 mMCHIR99021 (Cellagen Technology, C2447), 3 mMSB431542 (Cellagen Tech-

nology, C7243), 2 mM Dorsomorphin (Sigma, P5499), 0.1 mM Retinoic acid (Sigma, R2625), 10 ng/mL EGF

(Peprotech) and 10 ng/mL FGF (Peprotech). Cells were maintained in NIM-I for 2 days, then changed to

Neural Induction Medium II (NIM-II) that has the same components of NIM-1 medium but without Dorso-

morphine for another 5 days. Cells were then dissociated with Accutase and maintained in Neural Progen-

itor Cell Maintenance Medium (NPMM) containing DMEM/F12, N2, B27, GlutaMAX, NEAA, 3 mM

CHIR99021, 2 mM SB431542, 0.1 mM Retinoic acid, 10 ng/mL EGF and 10 ng/mL FGF.

Generation of CR-ASPA-CD iPSCs

CR-ASPA-CD iPSCs were generated by CRISPR/Cas9 gene editing of CD iPSCs. We used the published

sgRNA sequence for CRISPR/Cas9-mediated targeting of the AAVS1 locus: 5’-GGGGCCACTAGGGA

CAGGATTGG-30 (Blair et al., 2016; Oceguera-Yanez et al., 2016). The donor vector was prepared by intro-

ducing the EF1a-ASPA-T2A-CD19t cassette into the AAVS1-CAG-hrGFP vector (Addgene, #52344) be-

tween the two arms of AAVS1. The CRISPR/Cas9/sgRNA and the donor vector were electroporated into

CD59 iPSCs. The gene-edited iPSCs were subjected to fluorescence-activated cell sorting (FACS) using

a CD19 antibody. The CD19-positive cells were collected and plated as single cells. The resultant iPSC col-

onies were screened by genomic DNA PCR. Three primers, AAVS1-Fwd 5’-CTCTAACGCTGCCGTCTCTC-

30; AAVS1-Rev 5’-GCTTCTCCTCTTGGGAAGTG-30 and ASPA-Rev 5’-AGCTCATTCCCATGGGTTCC-30,
were designed to genotype the clones.

Generation and maintenance of immunodeficient CD mice

All animals were maintained in accordance with the NIH Guide for the Care and Use of Laboratory Animals. All

animal procedures were approved by the Institutional Animal Care and Use Committee of City of Hope. The

immunodeficient CD mice were generated by breeding ASPAnur7/+ (ASPAnur7/J, 008607, Jackson Laboratory)

and Rag2�/� mice (B6(Cg)-Rag2tm1.1Cgn/J, 008449, Jackson Laboratory). The resultant ASPAnur7/+ mice were

backcrossed with Rag2�/� mice for four generations. Homozygous ASPAnur7/nur7 and Rag2�/� mice were

selected by genotyping and was called CD mice. The WT, Het, CD mice and the ASPA-CD NPC-transplanted

CDmiceweremonitored for threemonths. About three-month-oldmicewere harvested for efficacy and prelim-

inary safety study. Both male and female mice were used in all assays.

METHOD DETAILS

Analysis of potential off-target effect induced by CRISPR/Cas9 editing

We selected potential off-target sites as described (Cameron et al., 2017) and combined them with the off-

target sites predicted by CHOPCHOP (Montague et al., 2014; Labun et al., 2016) (Table S1). Primers were

designed according to the potential off-target sites. Genomic DNA of CD iPSCs and CR-ASPA-CD iPSCs

were extracted and amplified by PCR. The sequences of the PCR products were compared between the

parental CD iPSCs and the gene-edited CR-ASPA-CD iPSCs.

Teratoma formation

iPSCs were dissociated with Accutase at 1 to 2 dilution in PBS and re-suspended in ice cold mixture of E8

medium and Matrigel (1:1) at the density of 1 3 107 cells/mL. 100 mL of cell suspension (1 3 106 cells) were

injected subcutaneously into the dorsal flank of immunodeficient Nod Scid Gamma (NSG) mice. Eight to

twelve weeks after injection, teratoma was dissected and fixed in formalin. Fixed tissues were embedded

in paraffin, sectioned and stained with hemotoxylin and eosin (H&E).

Immunostaining

Immunostaining was performed as we describe previously (Feng et al., 2020) using antibodies listed in

STAR Methods.
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ASPA enzymatic activity assay in cell

The ASPA enzymatic assay was performed as described (Madhavarao et al., 2002; Feng et al., 2020). After

reactions, the absorbance was measured at 340 nm using a plate reader. The ASPA activity of cell is defined

by the amount of aspartate (nmol)/mg protein lysate in 1 hr at 37�C.

Stereotaxic transplantation

NPCs were transplanted bilaterally into brains of P1-4 pups at 600,000 cells in 1.5 mL per site and six sites per

pup brain by following a published method as we described (Feng et al., 2020) We used the coordinates of

(+0.5, G1.0, �2.5) for the subcortical region, (+3.0, G1.6, �1.3) for the corpus callosum region, and

(�1.6, G0.8, �3.0) for the brain stem region. The coordinates were adjusted a little for pups weighted

more than 2 g or with bigger head size as the following: (0.5, G1.0, �2.5) for the subcortical region,

(+3.5, G1.7, �1.4) for the corpus callosum, and (�1.6, G1.0, �3.1) for the brain stem. The coordinates

are (A, L, V) relative to Lambda. A: anteroposterior from midline; L: lateral from midline; V: ventral from

the surface of brain.

Immunohistochemistry

Immunohistochemistry was performed following the published protocol we described (Feng et al., 2020).

Cell fate and proliferation status were assessed by double immunostaining for the human nuclear antigen

along with PAX6, NeuN, SOX9, OLIG2, or Ki67. For quantification, slides in every sixth section from each

mouse brain were selected, and 9 images of the engrafted cells in each targeting region were taken.

The tiling image of the sagittal section was taken by Nikon Ti-2 microscope.

Vacuolation analysis

The hematoxylin and eosin (H&E) staining was performed in every sixth slides from each mouse brain as

described (Feng et al., 2020). The subcortical, cerebellum, and brain stem regions were selected as regions

of interest (ROI) for vacuolation measurement using Image-Pro Premier 9.3. The vacuolated region was

distinguished from the intact region by the color of the image, with the white region corresponding to

the vacuolated region. Because the value of the image histogram could affect the color of the image,

we set the value of the image histogram to 155 for all H&E images. Under this condition, the region with

color (>1 pixel2) was classified as the intact brain region, whereas the region without color (white region)

was classified as the vacuolated region. The area of the intact brain region was measured by the software

automatically by sampling the region with color and the percentage of the intact area was calculated by the

software accordingly. The % vacuolated region was calculated using the following formular: % vacuolated

are = 100% - % intact area.

Electron microscopy (EM)

The detailed heavy metal staining process were developed by Dr. Mark Ellisman’s group (West et al., 2010)

and modified following the published protocol (Feng et al., 2020). For quantification, twelve to fifteen im-

ages with one axon per image were randomly taken at 67,000x magnification for each sample in the brain

stem region. The layer number of myelin sheaths per axon was quantified. Twelve axons were sampled for

WT mice, 12 for CD mice, and 15 for ASPA-CD transplanted mice. The intact and compact myelin sheath

layer were counted manually. The compact myelin structure was judged by morphology. Those without

open and loose myelin sheaths were considered the intact and compact myelin sheaths. The number of

compact myelin structure was counted from 8 images randomly taken from the brain stem region. The de-

nominator for the percentage of the compact myelin sheaths is the number of compact myelin sheaths from

the brain stem region of WT mice.

Rotarod test

The motor performance of mice was tested by rotarod treadmill (Columbus Instruments) as described

(Traka et al., 2008; Feng et al., 2020). Three-month-old Het, CD, and ASPA-CD NPC- transplanted CD

mice were assessed. Briefly, the mice were put on the rotating rod at the accelerating speed from 2 rpm

to 65 rpm in 2 min. Each mouse was monitored for the latency 4 times per test. At least 6 mice were tested

for each group.
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Grip strength test

The forelimb strength of the control mice and transplanted mice was measured using a grip strength meter

(BIO-GS3, Bioseb) to evaluate the neuromuscular function. Three-month-old Het mice, CD mice, or CD

mice transplanted with ASPA-CD NPCs were assessed by following the published protocol (Feng et al.,

2020). Each mouse was tested with four sequential measurements. At least 6 mice were tested for each

group.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are shown as means G se as specified in the figure legends. The number of mice analyzed per treat-

ment group is indicated as ‘‘n’’ in the corresponding figure legends. No exclusion criteria were applied.

Animals were assigned randomly to treatment groups. One-Way ANOVA followed by Tukey’s or Dunnett’s

multiple comparison tests were used for statistical analysis as reported in each figure legend. p <0.05 was

considered statistically significant.
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