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Supplementary Figures 15 

 16 

Figure S1 | Use of ArrayEdit for isolation of the gene-corrected iPSCs. a, Representative images of hPSCs following 17 
LysoSensor Green staining. Unedited cells were either cultured alone, or at the indicated ratio with normal hPSC-H2B labelled 18 
cells (Control) to identify each cell line (scale bar: 100 µm). b, Quantification of LysoSensor intensity in each co-culture condition. 19 
LysoSensor intensity was measured on a per-cell basis using confocal microscopy. Control hPSCs had significantly higher intensity 20 
than unedited cells in all conditions. Unedited cells co-cultured with hPSCs also had an increased LysoSensor intensity when 21 
compared to those cultured alone (*p<0.05, ****p<0.001). c, Representative µFeatures from ArrayEdit representing populations 22 
from quadrants 2 and 4 from panel c. S1mplexes can be seen in the nucleus as late as day 2 and form the basis on which feature to 23 
select (scale bar: 100µm). d, Magnification of Day 2 colony. S1mplexes can be seen throughout the image (scale bar: 25 µm). 24 
  25 
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 26 

Fig. S2 | Characterization of the gene-corrected lines: Long PCR sequence traces show SNPs indicating that both alleles 27 
were magnified. Sanger sequencing traces of long range PCR shown in Fig. 2. SNPs were observed showing that PCR products 28 
were a result of amplification from both alleles within the cells.  29 
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 30 

Fig. S3 | Off-target analysis of the gene-corrected lines. Off-target analysis of top 3 off-target sites for both sgRNAs. Sanger 31 
sequencing was unable to detect any deviations at off-target sites in any of the corrected lines in comparison to unedited cells. 32 
  33 
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 34 

Fig. S4 | Off-target analysis of the gene-corrected lines. Off-target analysis of top 4th, 5th and 6th off-target sites for both sgRNAs. 35 
Sanger sequencing was unable to detect any deviations at off-target sites in any of the corrected lines in comparison to unedited 36 
cells. 37 
  38 
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 39 

Fig. S5 | Off-target analysis of the gene-corrected lines. Off-target analysis of top 7th, 8th, 9th and 10th off-target sites for both 40 
sgRNAs. Sanger sequencing was unable to detect any deviations at off-target sites in any of the corrected lines in comparison to 41 
unedited cells. 42 
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 43 

 44 

Fig. S6 | Gene correction increases mRNA expression from corrected allele and secreted GAA. a, Schematic indicating the 45 
genotypes of the iPSC lines generated and mRNA transcripts collected. b, qRT-PCR analysis around both mutated alleles. 46 
Expression was increased in single corrected lines at the 1447delT locus (solid) by 4-fold and in double corrections by 10-fold over 47 
unedited cells. In comparison, expression at the 2237G>A locus (hashed) was not significantly different between unedited and 48 
single corrected lines. Double corrected lines saw a 3-fold increase in expression (*p<0.05, ***p<0.005, n=3 technical replicates). 49 
c, Top panel: Schematic of GAA mRNA used for qRT-PCR. mRNA was analyzed at 3 locations, around the 1441delT locus (solid), 50 
the 2237G>A locus (hashed), and at the final 3’ junction (outlined). Middle two panels: Overlay of qRT-PCR and deep sequencing 51 
data around each edited locus: analysis around 1441delT loci (solid bars) and analysis around 2237G>A locus (hashed bars). Bars 52 
are color coded by sequence identity, either wildtype, mutant, or corrected, from deep sequencing analysis. Bar heights are 53 
equivalent to qRT-PCR quantification relative to GAPDH. In all corrected lines, the corrected allele was expressed at a higher 54 
frequency than the unedited allele. Double corrected line expressed the highest level of overall mRNA and expressed each allele at 55 
approximately equal amounts. Bottom panel: Quantification of total GAA mRNA in unedited, single corrected, and double corrected 56 
lines via qRT-PCR. The double corrected line had a significantly higher amount of mRNA than any of the other isolated line (n=3 57 
technical replicates). This is consistent with expression from two active alleles (*p<0.05 ***p<0.005, two-tailed t-test, α = 0.05, 58 
heteroscedastic). Bar graphs plotted with standard deviation. d, GAA activity in cell culture media supernatant as measured by 4-59 
MUG cleavage in acidic conditions. All corrected lines had significantly higher activity than unedited cells but were 60 
indistinguishable from each other (n=5 technical replicates, ****p<0.0001, two-tailed t-test, α = 0.05, heteroscedastic; Bar graphs 61 
plotted with standard deviation).   62 
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 63 

Fig. S7 | Multiple double corrected clones generated using several methods. a, Sanger sequencing traces at both loci for clones 64 
generated using ArrayEdit, and other methods. Corrected cell lines include Double Correct.c1 (isolated via ArrayEdit), Double 65 
Correct.c21, Double Correct.c28, Double Correct.c29, Double Correct.c30 (isolated via sequential correction of 2237G>A allele 66 
followed by s1mplex electroporation correction of 1440delT) and Double Correct.c73(isolated via sequential correction of 67 
2237G>A allele followed by using transient puromycin based correction of 1440delT). b, GAA activity in cell lysate as measured 68 
by 4-MUG cleavage in neutral conditions. c, GAA activity in cell culture media supernatant as measured by 4-MUG cleavage in 69 
neutral conditions. (n=3 technical replicates; Bar graphs plotted with standard deviation).  70 
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 71 

Fig. S8 | Phenotypic recovery of GAA activity in differentiated cardiomyocytes. a, Immunocytochemistry for sarcomeric α-72 
actinin in differentiated unedited iPSC-CMs. Striation pattern indicative of cardiomyocyte differentiation can be observed (scale 73 
bar: 25µm). b, GAA activity in cell lysate of cardiomyocytes as measured by 4-MUG cleavage in acidic conditions. Unedited cells 74 
were unable to cleave this substrate, showing there was little to no active protein. All corrected lines had significantly higher activity 75 
than unedited cells but were indistinguishable from each other (n=2 technical replicates). c, GAA activity in cell lysate as measured 76 
by 4-MUG cleavage in neutral conditions. All lines had equal activity compared to unedited cells (n=2 technical replicates). d, 77 
GAA activity in spent media as measured by 4-MUG cleavage in acidic conditions. Unedited cells were unable to cleave this 78 
substrate, showing there was little to no active secreted protein. All corrected lines had significantly higher activity than unedited 79 
cells. Double corrected cells secreted significantly more GAA than any other line, including control hPSCs. Increased secreted 80 
GAA may lead to a distal recovery effect in differentiated cell types (n=2 technical replicates). e, GAA activity in spent media as 81 
measured by 4-MUG cleavage in neutral conditions. All lines had equal activity compared to unedited cells (n=2 technical 82 
replicates). f, Silencing of active transgenes at AAVS1 locus. A CAGGS-H2B-mCherry reporter was integrated into the safe-harbor 83 
locus AAVS1 promoting constitutive expression of this fluorophore. After 30 passages, this expression was silenced in a significant 84 
number of hPSCs (arrowheads) (scale bar: 25µm).  85 
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 87 

Figure S9| In silico simulation of Enzyme Replacement Therapy. a, Percentage of normal skeletal tissue within a heart of a 88 
Pompe diseased infant after 1 year of biweekly ERT at 20 mg/kg. b, Percentage of normal hepatocytes within a heart of a Pompe 89 
diseased infant after 1 year of biweekly ERT at 20 mg/kg. 90 
  91 
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 92 
Fig. S10 | GETEM for Pompe disease correction demonstrates the differences in timescales in genome editing driven rescue 93 
and cross-correction driven rescue. a, Rate of liver genome editing expressed as the percentage of the hepatocytes interacting 94 
with the genome editor per day along with the change of the percentage of edited (precise and imprecise) hepatocytes per day. This 95 
indicates that under 1.5 % of the liver interacts with the genome editor, and that the reach of the genome editor is limited. The total 96 
percentage of cells reached by the genome editor is about 0.8% by integrating this curve.  b, The percentage of the liver that is 97 
precisely edited, imprecisely edited and enzymatically cross-corrected after a single dose of one genome editor. While the 98 
percentage of genome edited cells stabilize within 5 days, the enzymatic cross correction continues to rise monotonically due to 99 
secreted GAA buildup and absorption. While the percentage of edited cells stabilizes within a few days, the percentage of 100 
enzymatically cross-corrected cells continues to rise monotonically throughout the month analyzed.  101 
  102 
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 103 

Fig. S11 | GETEM for Pompe disease correction in the striated skeletal muscle. a, Percentage of normal tissue within the 104 
developing striated skeletal muscle tissue of a Pompe diseased infant after the administration of six doses of genome editors at 107 105 
mg/kg. b, Bar chart showing the increase in the normal skeletal muscle tissue in situations ranging from double corrected cells 106 
produce no more GAA than single corrected cells to double corrected cells producing 150% more GAA than single corrected cells. 107 
Since double corrected cells form about 1% of the hepatocytes, their effect on the amelioration of the disease phenotype is minimal 108 
c, Trade-off between genome editor efficiency and precision focusing on the percentage of corrected muscle tissue. Heatmap 109 
indicates that lower efficiencies can be efficacious if higher precision editors are used. d, Trade-off between editor genome 110 
efficiency and genome editor stability, focusing on the percentage of corrected skeletal muscle tissue. Heatmap indicates that lower 111 
efficiency editors could be efficacious if the extracellular editor stability increases. e, Trade-off between increasing genome editor 112 
dose and progenitor affinity focusing on the percentage of corrected muscle tissue. Heatmap indicates that lower doses can be used 113 
with delivery strategies preferentially targeting progenitors. f, Using GETEM, heatmap indicating trade-off in skeletal muscle 114 
correction in the developing infant between the degradation rates of GAA in the serum and cellular GAA, indicating that 115 
stabilization of GAA in the serum to increase its half-life by even 2 hours can improve clinical outcome. (grey arrowhead indicates 116 
pre-stabilization, black arrowhead indicates post-stabilization). Heatmap scale based on 20 mg/kg rhGAA ERT, which corrects 117 
approximately 9.6% of skeletal muscle tissue (estimated, see Supplementary Information, Fig. S9).  118 
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 119 

Fig. S12 | GETEM for Pompe disease correction in the liver depot. a, Percentage of normal hepatocytes within the developing 120 
liver of a Pompe diseased infant after the administration of six doses of genome editors at 107 mg/kg. b, Bar chart showing the 121 
increase in the normal hepatocytes  in situations ranging from double corrected cells produce no more GAA than single corrected 122 
cells to double corrected cells producing 150% more GAA than single corrected cells. Since double corrected cells form about 1% 123 
of the hepatocytes, their effect on the amelioration of the disease phenotype is minimal c, Trade-off between genome editor 124 
efficiency and precision focusing on the percentage of normal hepatocytes. Heatmap indicates that lower efficiencies can be 125 
efficacious if higher precision editors are used. d, Trade-off between editor genome efficiency and genome editor stability, focusing 126 
on the percentage of normal hepatocytes. Heatmap indicates that lower efficiency editors could be efficacious if the extracellular 127 
editor stability increases. e, Trade-off between increasing genome editor dose and progenitor affinity focusing on the percentage 128 
of normal hepatocytes. Heatmap indicates that lower doses can be used with delivery strategies preferentially targeting progenitors. 129 
f, Using GETEM, heatmap indicating trade-off in hepatocyte correction in the developing infant between the degradation rates of 130 
GAA in the serum and cellular GAA, indicating that stabilization of GAA in the serum to increase its half-life by even 2 hours can 131 
improve clinical outcome. (grey arrowhead indicates pre-stabilization, black arrowhead indicates post-stabilization). Heatmap scale 132 
based on 20 mg/kg rhGAA ERT, which corrects approximately 53.5% of hepatocytes (estimated, see Supplementary 133 
Information, Fig. S9).  134 
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 135 

Fig. S13 | GETEM for Pompe disease correction using single large dose rather than multiple doses. Minimal differences are 136 
observed when 6 monthly doses of 107 mg/kg are delivered over 5 months v. delivering the equivalent amount of genome editor 137 
in a single bolus at ages 0 – 9 months. Data shown for striated cardiac tissue, striated muscle tissue and the liver depot, along with 138 
appropriate standard of care based on 20 mg/kg ERT (Fig. 5, and Fig. S9)  139 
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 140 

Figure S14| Cell therapy for Pompe disease requires persistent proliferative cells a, Plot showing the degree of phenotypically 141 
normal skeletal muscle tissue when either 10 billion non-proliferative single or double corrected cells are dosed or 100 million 142 
proliferative single or double corrected cells are dosed, , the double corrected cells whose GAA production is 150% excess relative 143 
to single corrected cells, for 4 different half-lives of dosed cells. For long lasting correction, proliferative progenitor cells need to 144 
have a half-life exceeding 100 days. b, Heatmap showing the proliferative cell dose (assuming double corrected cells have 75% 145 
excess GAA production relative to single corrected cells) against the half-life of dosed cells. If the dosed cells have a half-life 146 
similar to endogenous hepatocytes, a 75 million cell dose is sufficient for matching ERT. c, Heatmap showing the proliferative cell 147 
dose (assuming that the dosed calles have 250 day half-life) against the GAA production rate of dosed cells, demonstrating that 148 
dose has a higher effect on therapeutic efficacy than GAA production gained from double correction. d, Heatmap showing that the 149 
GAA production against the half-life of the dosed cells (assuming that 250 million cells were dosed), indicating that the half-life 150 
of the dosed cells has a higher effect on therapeutic efficacy than the GAA production gained from double correction.   151 
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 152 

Figure S15| Cell therapy for Pompe disease requires persistent proliferative cells a, Plot showing the degree of phenotypically 153 
normal hepatocytes when either 10 billion non-proliferative single or double corrected cells are dosed or 100 million proliferative 154 
single or double corrected cells are dosed, , the double corrected cells whose GAA production is 150% excess relative to single 155 
corrected cells, for 4 different half-lives of dosed cells. For long lasting correction, proliferative progenitor cells need to have a 156 
half-life exceeding 100 days. b, Heatmap showing the proliferative cell dose (assuming double corrected cells with 75% excess 157 
GAA production relative to single corrected cells) against the half-life of dosed cells. If the dosed cells have a half-life similar to 158 
endogenous hepatocytes, a 75 million cell dose is sufficient for matching ERT. c, Heatmap showing the proliferative cell dose 159 
(assuming that the dosed calles have 250 day half-life) against the GAA production rate of dosed cells, demonstrating that dose has 160 
a higher effect on therapeutic efficacy than GAA production gained from double correction. d, Heatmap showing that the GAA 161 
production against the half-life of the dosed cells (assuming that 250 million cells were dosed), indicating that the half-life of the 162 
dosed cells has a higher effect on therapeutic efficacy than the GAA production gained from double correction.   163 
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Supplementary Text 164 

Comparison of gene correction therapy to existing therapies in development and standard of care 165 

ERT is currently the only approved clinical treatment for Pompe disease1,2. However, patients require high 166 

levels of enzyme injected biweekly, rendering the treatment expensive and inconvenient3. ERT may also 167 

be less effective in a subset of patients that are cross-reactive immunologic material (CRIM) negative4. 168 

Therefore as an alternative, gene augmentation therapy by viral overexpression has long been assumed to 169 

be the most practical approach to genome surgery to address autosomal recessive disorders, especially 170 

compound heterozygous cases. Gene therapies have primarily made use of integrated viral cassettes 171 

including transgenes to express a normal GAA coding sequence from exogenous promoters. Viral gene 172 

therapy particles are injected either directly into muscle or administered systemically and transported to the 173 

liver. Infected cells can generate phenotype rescue (10-fold reduction in glycogen content), but fail to 174 

correct many non-transduced cells. These therapies also require high viral loads (>1010 viral genomes/kg)5–175 

8. Silencing of the viral transgene, immune response to the viral vector, and insertional oncogenesis are 176 

outstanding concerns with these viral gene therapy approaches. Anti-sense oligonucleotides can also be 177 

introduced to correct splicing in diseased patients that possess mutations at splicing sites, but would only 178 

be beneficial to a subset of potential patients9. Finally, autologous cell therapy has been proposed using 179 

cells engineered to constitutively overexpress GAA10. None of these approaches retain endogenous 180 

regulation and levels of GAA.  181 

 182 

Gene editing of primary fibroblasts from Pompe diseased patients 183 

Patient-derived, primary fibroblasts with different monoallelic mutations in GAA were edited using 184 

S1mplexes to demonstrate editing and correction for multiple mutations. For each line, a mutation specific 185 

guide and a correction ssODN with codon wobble was designed and generated. Correction and editing 186 

efficiencies, as well as editor precision, are shown in Fig. 5g,h. 187 

 188 
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Isolation of gene-corrected iPSCs 189 

We designed sgRNAs that were specific to the mutant allele by only evaluating those that contained the 190 

mutant site within the seed region of the sgRNA18. We exploited a RNA aptamer based approach developed 191 

in our lab, the S1mplex19, that was previously demonstrated to promote precise correction of alleles at many 192 

loci, including the GAA locus. After designing S1mplexes to correct each of these mutated alleles 193 

(Supplementary Tables 1-2), we delivered the S1mplexes to the iPSCs.  194 

 195 

As identifying double-corrected cells can be challenging, we complexed the specific sgRNA and ssODN 196 

pairs together and included a fluorophore as a marker for the presence of S1mplexes within the nucleus.  197 

Using a high-content analysis platform developed in our lab, ArrayEdit11, we were able to enrich for 198 

properly edited iPSCs. On day one post plating we measured the presence of S1mplex within the nucleus 199 

as well as identified µFeatures that contained only one cell to ensure clonal populations. On days two 200 

through six we measured the number of cells to obtain a growth rate via day over day change. Finally, on 201 

day 7 we measured the number of cells as well as stained cells with LysoSensor to identify populations that 202 

may have been edited using phenotypic recovery as a marker. We also mock transfected WA09 and Pompe 203 

iPSCs and plated them on ArrayEdit and subjected them to the same high content analysis as a control. 204 

After 7 days we plotted each individual µFeature by its LysoSensor intensity and growth rate and color 205 

coded each feature by the presence of S1mplexes on day 1, (Fig. S1c and 1d). We observed a large 206 

population of clones that grew slower than the slowest mock transfected Pompe colonies suggesting that 207 

these populations maybe undergoing editing events. By comparing LysoSensor intensity we also observed 208 

that many of the µFeatures within the wells had higher, and therefore more acidic organelles than mock 209 

transfected Pompe iPSCs. Remarkably, many of the µFeatures had similar intensities to control WA09 210 

hPSC colonies. By combining these data with the presence of S1mplexes we were able to select colonies 211 

that were potentially preferably edited at either loci individually or both simultaneously. Using this 212 

knowledge, we selected colonies of interest for expansion and analysis. 213 



19 
 
 

 214 

Following expansion of selected clones, we analyzed each one at both loci for the correction of mutations. 215 

We also designed the introduction of a PAM codon wobble to ensure that supplied donor DNA was the 216 

source for repair. When we looked at colonies that only had the presence of one S1mplex on day 1 we 217 

obtained clones that were edited at the specified allele. Interestingly, we did not isolate any clones that had 218 

indel mutations caused by NHEJ. Further, colonies that were positive for one S1mplex were not observed 219 

to be edited at the other locus. We next analyzed clones positive for both S1mplexes and managed to obtain 220 

a clone that was edited at both alleles and also contained the PAM wobble. There was also one colony that 221 

contained one PAM mutation while the other allele was repaired but did not introduce the PAM wobble. 222 

Importantly, across all screened clones we did not obtain any that contained indel products. We then 223 

selected one clone from each population (edited at either allele individually, or both) to assay for phenotypic 224 

recovery. 225 

 226 

Edited mRNA transcript analysis 227 

To analyze expression from the edited alleles, we performed deep sequencing of mRNA from the edited 228 

iPSC lines. In the unedited line we saw that at both loci, there was approximately a 1:1 balance in expression 229 

from the diseased and healthy alleles (Fig. S6b-c). This was predicted, as mRNA from both mutant alleles 230 

are expected to be expressed and similarly regulated. We then looked at the single corrected lines and 231 

observed that the corrected locus was expressed at a higher level (~5-fold increase) than the corresponding 232 

unedited locus (Fig. S6b-c). This finding was supported by conducting deep sequencing at both edited loci, 233 

as sequence data can be coupled to form a single mRNA transcript. Finally, when we analyzed the double 234 

corrected cells, we observed data similar to that of the unedited line in that both alleles are similarly 235 

expressed (Fig. S6b-c). 236 

 237 

Glycogen clearance with edited cells 238 
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After confirming the molecular biology signature of the corrected lines, we explored the ability of the edited 239 

cells to clear glycogen from the lysosome, signifying a return to a normal phenotype. First, we obtained 240 

protein lysates from all iPSC lines and incubated them with 4-methylumbelliferyl-β-galactopyranoside (4-241 

MUG). Active GAA protein cleaves this substrate and releases a fluorophore that can be detected with a 242 

standard plate reader. Consistent with previous results, we observed that the unedited cells had minimal 243 

GAA activity. Interestingly, when activity of the single and double corrected lines was measured, all lines 244 

had approximately the same cleavage ability. This is consistent with the lack of symptom presentation in 245 

Pompe disease carriers. As an internal assay control, we also measured neutral GAA activity and saw no 246 

difference between any of the lines, including the unedited cells (Fig. S7b,c and Fig. S8c,e). More 247 

importantly, we also tested the GAA activity of spent media after 24 hours of culture (Fig. S8e).  248 

 249 

In silico model development 250 

The in silico model was constructed by considering four categories of mechanisms in a variety of cells and 251 

tissues: 252 

1. Progenitor growth and differentiation 253 

2. GAA absorption and production to generate transient enzymatically cross-corrected phenotypes 254 

3. Genome editing – precise and imprecise editing at either or both alleles 255 

4. Enzymatic cross-correction of distal tissues from depot – cardiac muscle and skeletal muscle 256 

As described below, simplified differential equation models for each of these four mechanisms were 257 

assembled to generate the overarching model for Pompe disease. 258 

 259 

Mechanism 1: Progenitor Growth and Differentiation 260 

Infantile liver growth was modeled to show the propagation of early gene editing over time. Since the infant 261 

liver grows through the proliferation and differentiation of a non-abundant progenitor, editing the 262 

progenitor has profound effects on the phenotype of the mature cells after a certain period of growth. This 263 
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model assumes that mature hepatocytes in the uninjured liver are unlikely to be proliferative12, and that 264 

there exists a hepatocyte progenitor, which divides and gives rise to non-proliferative mature hepatocyte12. 265 

These progenitors are shown to occupy approximately 1% of the liver 12.  266 

Liver growth is significant in the first year of life, the 50th percentile weight of a newborn liver is 140 g, 267 

and at 1 year, its weight is 400 g13. The number of hepatocytes in an adult has been estimated to be 2.4×1011 268 

14, and the corresponding mass of the liver is about 1561 g. Therefore, the number of hepatocytes in the 269 

newborn liver is estimated to be 6.14×1010. 270 

 271 

The following equations were used to describe the growth and maturation of hepatocyte progenitor cells in 272 

the uninjured liver. Hepatocyte progenitor cells indicated by P, and mature non-proliferative hepatocytes 273 

indicated by M. The ratio of mature:progenitor hepatocytes is represented as 𝜒𝜒: 1. The rate of proliferation 274 

of progenitor P is indicated by 𝜆𝜆 and the rate of differentiation of progenitor P is indicated by 𝛾𝛾. 275 

 276 

𝑃𝑃 →  𝑀𝑀 (1) 

𝑃𝑃 →  𝑃𝑃 + 𝑃𝑃 (2) 

𝑀𝑀 = 𝜒𝜒𝜒𝜒 (3) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝜆𝜆𝜆𝜆 −  𝛾𝛾𝛾𝛾 
(4) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝛾𝛾𝛾𝛾 
(5) 

The initial and boundary conditions utilized to solve these equations were P = 6.08×108, M = 6.08×1010 at 277 

time t = 0, and P = 1.75×109, M = 1.73×1011 at time t = 365 days. It is also assumed that the 278 

progenitor:mature cell ratio remains 1:100 through this period of growth. Solving equation (3) – (5) for the 279 

parameters analytically, 𝜆𝜆 and 𝛾𝛾 were found to be 0.2902 d-1 and 0.2876 d-1 respectively.  280 

 281 

Mechanism 2: Estimation of GAA Absorption and Production by Healthy Cells 282 
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GAA produced by striated muscle tissue and the liver is secreted extracellularly and can be detected in 283 

serum. Therefore, to model GAA absorption and production, it is necessary to estimate both the quantity of 284 

GAA present in healthy infants and approximate excess secreted GAA. Production of glucose within the 285 

body happens through glycogenolysis and gluconeogenesis15. Tracking glucose production within the body 286 

from stored glycogen stores (glycogenesis) can be utilized to estimate the amount of GAA in the body.  287 

 288 

The rate of glycogenolysis in neonates is 0.4 – 0.9 mg kg-1 min-1. Therefore we used the lower estimate of 289 

0.4 mg kg-1 min-1, or 1.708 ×103 μmol h-1 L-1 to calculate the quantity of GAA required to correct an unedited 290 

cell. The calculation assumes that the activity is measured as a rate of glucose production, in a newborn 291 

weighing 3.5 kg, and a blood volume of 273 mL16. This was used along with the correlation between GAA 292 

activity and GAA protein mass17, to estimate that the total mass of GAA protein within the body to 11.99 293 

mg, or 1.12 ×106 molecules of GAA per WT healthy cell (containing two correct alleles). Therefore, 1.12 294 

×106 molecules of GAA are required to correct one unedited cell. Using the difference between the 295 

minimum and maximum glycogenolysis rate and the half-life of cellular GAA to be 7 days18, the excess 296 

GAA production rate (beyond the required amount for cellular function) was estimated to be 9.702 ×105 297 

molecules cell-1 d-1 for a cell with two correct alleles. 298 

 299 

Cross-correction of cells via external GAA and cross-corrected cells reverting were modeled using three 300 

equations, the first representing the cross-correction of P to PCC which is enzymatically catalyzed by GAA, 301 

the second representing the decay of cellular GAA, represented as the conversion of PCC to P, and the 302 

third, representing the decay of GAA. 303 

𝑃𝑃 → 𝑃𝑃𝑃𝑃𝑃𝑃;𝐺𝐺𝐺𝐺𝐺𝐺 (6) 

𝑃𝑃𝑃𝑃𝑃𝑃 → 𝑃𝑃 (7) 

𝐺𝐺𝐺𝐺𝐺𝐺 →  ∅ (8) 
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −(𝑘𝑘𝐶𝐶𝐶𝐶)(𝐺𝐺𝐺𝐺𝐺𝐺)𝑃𝑃 + (𝑘𝑘𝑑𝑑)𝑃𝑃𝑃𝑃𝑃𝑃 
(9) 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= (𝑘𝑘𝐶𝐶𝐶𝐶)(𝐺𝐺𝐺𝐺𝐺𝐺)𝑃𝑃 − (𝑘𝑘𝑑𝑑)𝑃𝑃𝑃𝑃𝑃𝑃 
(10) 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 
(11) 

 ∅ → 𝐺𝐺𝐺𝐺𝐺𝐺;𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (12) 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 
(13) 

Using a pseudo steady-state assumption and assuming 8,594×1016 molecules are dosed (enough GAA for 304 

full correction of all hepatocytes), along with assuming 50% correction in 0.5 days, the value of 𝑘𝑘𝐶𝐶𝐶𝐶 was 305 

evaluated to be 1.613×10-17 GAA-1 d-1. Using the half-lives stated above 𝑘𝑘𝑑𝑑 was estimated to be 0.0990 d-306 

1, and 𝑘𝑘𝐺𝐺𝐺𝐺𝐺𝐺 was estimated to be 4.158 d-1. Finally, using the GAA production rate calculated above, 𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 307 

was set to 9.702 ×105 molecules cell-1 d-1 for a cell with two correct alleles and 4.851 ×105 molecules cell-1 308 

d-1 for a cell with a single corrected allele. 309 

 310 

Mechanism 3: Gene Editing – Monoallelic Gene Editing 311 

In order to model gene editing at a single allele, two models were combined, a central dogma model and a 312 

gene editing model. The first was a model of the central dogma19, which was utilized to generate the 313 

effective RNP dose from plasmid, mRNA or AAV dosage. This model was combined with the model for 314 

liver progenitor growth and differentiation (Equations (1) – (5), adapted for mice, so number of hepatocytes 315 

9.3771×107, 𝜆𝜆 was 0.5346 day-1, 𝛾𝛾 was 0.5293 day-1), described above. To make the model specific to FAH-316 

/- mice, cell death was modeled such that removal of NTBC caused a 20% loss of hepatocytes within 30 317 

days20, 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ was 0.0074 day-1, and 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 was 1 when NTBC was removed. This was combined with the 318 

model described below for gene editing and modified for different delivery methods. 319 

𝑃𝑃 →  𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (14) 
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𝑀𝑀 →  𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (15) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ × 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑃𝑃 
(16) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ × 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑀𝑀 
(17) 

 320 

The following equations were used to model the editing of progenitor P at allele 1 using S1, a genome editor 321 

targeting allele 1 to form precisely edited progenitor P1 and imprecisely edited progenitor P1′. The rate of 322 

precise editing is 𝑘𝑘1 and of imprecise editing is 𝑘𝑘1′. The rate of genome editor decay is 𝑘𝑘𝑠𝑠𝑠𝑠. 323 

𝑃𝑃 + 𝑆𝑆1 → 𝑃𝑃1 + 𝑃𝑃1′ (18) 

𝑆𝑆1 →  ∅ (19) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −(𝑘𝑘1 + 𝑘𝑘1′)(𝑆𝑆1)𝑃𝑃 
(20) 

𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑

= (𝑘𝑘1)(𝑆𝑆1)𝑃𝑃 
(21) 

𝑑𝑑𝑑𝑑′
𝑑𝑑𝑑𝑑

= (𝑘𝑘1′)(𝑆𝑆1)𝑃𝑃 
(22) 

𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑠𝑠𝑠𝑠𝑆𝑆1 
(23) 

The combined model was then modified for the following delivery methods. 324 

 325 

For plasmid delivery of SpyCas920, the initial DNA dose used was 3.411×1012 molecules corresponding to 326 

30 µg DNA injection of a 8000 bp plasmid. At times greater than 3 days, 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 was made 1. The precise 327 

to imprecise ratio used was 0.3396 based on editing data provided in the study. The editing outcomes were 328 

assayed on day 33 post treatment in this study. 329 

 330 

For plasmid delivery of RA6.3 base editor21, the initial DNA dose used was 6.54×1012 molecules 331 

corresponding to 60 µg DNA injection of a 8400 bp plasmid. At times greater than 6 days, 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 was made 332 
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1. The precise to imprecise ratio used was 0.9 based on editing data provided in the study. The editing 333 

outcomes were assayed on day 33 post treatment in this study. 334 

 335 

For mRNA delivery of SpyCas9 and AAV delivery of the HDR template22, it was assumed that the HDR 336 

template is in stoichiometric excess to the SpyCas9, and therefore, HDR availability was not independently 337 

modeled. The mRNA dose was used was 1.65×1013 molecules corresponding to 40 µg (about 2 mg/kg of a 338 

10 week mouse with a weight of 20g) of a 4500 bp mRNA. The data provided in the paper indicated a 339 

modified RNA degradation rate of 2.49 day-1. At times greater than 7 days, 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 was made 1 to compare 340 

to other studies. The precise to imprecise ratio used was 0.0320 based on editing data provided in the study. 341 

The editing outcomes were assayed on day 7 post treatment in this study. 342 

 343 

For AAV delivery of SauCas9 to correct gene Otc23, the AAV was modeled as an effective DNA dose of 344 

50 copies per cell, based on data provided in the study, or 2.843×109 molecules. The DNA decay rate was 345 

modeled based on the decay in the number of copies of SauCas9/cell as reported, and was 0.0553 day-1. 346 

This DNA decay rate is an order of magnitude lower than what was reported in the central dogma model. 347 

At times greater than 14 days, 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 was made 1. The effective DNA dose is assumed to have taken place 348 

1 week post virus introduction, based on data presented in the study. The precise to imprecise ratio used 349 

was 0.3226 based on editing data provided in the study. The editing outcomes were assayed on day 21 post 350 

treatment in this study, in our simulation, it is represented as day 14, as we assumed that the viral 351 

transfection and DNA expression took a week. 352 

 353 

For the training and validation, bootstrapping was used to generate 10,000 replicates based on the published 354 

data for each of the gene correction publications described above20–23 on the percentage of precise edits in 355 

the liver. For each bootstrapped percentage edit, the corresponding total editing rate and corresponding 356 

precise (𝑘𝑘1) and imprecise (𝑘𝑘1′) editing rate constants were evaluated using model iteration. 357 
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 358 

For each set of editing rate constant, the rate of liver genome editing was evaluated by calculating the flux 359 

of the gene editing process [equations (21) and (22)] normalized against the total number of cells against 360 

the liver at each time point. This flux was integrated over the time period of the model to evaluate the time 361 

averaged rate of change of liver genome. From the 4 x 104 bootstrapped replicates, the mean, and mean ± 362 

standard deviation of the time averaged rate of change of liver genome was evaluated. These were divided 363 

by the RNP dose24 to generate the second order editing rate constant (𝑘𝑘1′).  364 

 365 

For Fah substitution via microhomology mediated editing25, NTBC withdrawal was programmed to be on 366 

day 7, and the simulation validation time point was day 30. Model precision was set to 30%, based on their 367 

reported flow data. 368 

 369 

For Hpd editing via plasmid delivery of NmeCas926, the DNA dose was recalculated using the size of the 370 

NmeCas9 plasmid, as it was smaller (4377 kb) than pX330 used by both the plasmid SpyCas9 and MMEJ 371 

studies. Simulation was run to 43 days to compare results. The imprecise editing rate constant was set to 372 

zero as all edits lead to cells that are metabolically reprogrammed and are immune to death due to NTBC 373 

withdrawal. An event was added at 21 days to simulate NTBC supplementation for 3 days as per the 374 

experimental protocol. The progenitor growth and differentiation rates were altered, as the mice in this 375 

study were between 15 – 20 weeks old, as opposed to 8 weeks old.  376 

 377 

For Icam-2 editing using mRNA lipid nanoparticles27, the molar dose of SpyCas9was calculated based on 378 

the 1:1 SpyCas9 mRNA:sgRNA dose, and it was assumed that the SpyCas9 is the limiting reagent. There 379 

was no selection event, as this model does not select for edited phenotypes, and the precise editing rate 380 

constant was set to zero, as this study only looks at indel generation and not precise gene correction.  381 

 382 
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For Pah targeting using an intein split base editor delivered using two AAVs28, the AAV dose was scaled 383 

using data from the Otc editing story23. Precision was set to 64.52% based on the published number of 384 

alleles with the desired base substitution (precisely edited) compared to the number of residues proximal to 385 

the cut site with undesired base substitution (imprecisely edited).  386 

 387 

From the 4 x 104 bootstrapped replicates, the mean, and mean ± standard deviation of the time averaged 388 

rate of change of liver genome was evaluated. These were divided by the human RNP dose to generate the 389 

second order editing rate constant (𝑘𝑘1 + 𝑘𝑘1′). The RNP per cell used in the Pten editing study was 390 

multiplied with an estimate of the total number of hepatocytes in the newborn human liver to calculate the 391 

human RNP dose. With this second order single editing rate constant calculation, the third order single 392 

double editing (biallelic editing) rate constant was calculated. The second order single editing rate constant 393 

range was evaluated to be 4.23 × 10–21 to 3.01 × 10–20 s1mplex–1 day–1. 394 

 395 

Mechanism 3: Gene Editing – Biallelic Gene Editing 396 

Biallelic gene editing was hypothesized to occur in one of two ways – sequentially (without co-CRISPR-397 

cooperation29) and simultaneously with both S1mplexes cooperating to edit at both alleles at the same time 398 

(with co-CRISPR-cooperation). The co-CRISPR-cooperation is represented by a coefficient, the co-399 

CRISPR-coefficient 𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶. When 𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶 = 1, the rate of sequential biallelic editing should be approximately 400 

equal to the rate of simultaneous biallelic editing. If 𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶 > 1, editing on one allele should make editing 401 

on the other allele easier (higher rate); and, if 𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶 < 1, editing on one allele should make editing on the 402 

other allele more difficult (slower).  403 

 404 

In order to develop the mathematical expressions that satisfy the above assumptions, two mathematical 405 

models were constructed in MATLAB Simbiology (R2020a). The first model constructed which describes 406 
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sequential editing of progenitor P at allele 1 by S1mplex S1 forming P1 followed by editing of P1 at allele 407 

2 by S1mplex S2 forming P12.    408 

𝑃𝑃 + 𝑆𝑆1 → 𝑃𝑃1 (20) 

𝑃𝑃1 + 𝑆𝑆2 → 𝑃𝑃12 (21) 

𝑆𝑆1 →  ∅ (22) 

𝑆𝑆2 →  ∅ (23) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −(𝑘𝑘1)(𝑆𝑆1)𝑃𝑃 
(24) 

𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑

= (𝑘𝑘1)(𝑆𝑆1)𝑃𝑃 − (𝑘𝑘2)(𝑆𝑆2)𝑃𝑃1 
(25) 

𝑑𝑑𝑑𝑑12
𝑑𝑑𝑑𝑑

= (𝑘𝑘2)(𝑆𝑆2)𝑃𝑃1 
(26) 

𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑠𝑠𝑠𝑠1𝑆𝑆1 
(27) 

𝑑𝑑𝑑𝑑2
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑠𝑠𝑠𝑠2𝑆𝑆2 
(28) 

The second model constructed describes simultaneous biallelic editing of progenitor P at both alleles to 409 

form P12 in a single step. 410 

𝑃𝑃 + 𝑆𝑆1 + 𝑆𝑆2 → 𝑃𝑃12 (29) 

𝑃𝑃1 + 𝑆𝑆2 → 𝑃𝑃12 (30) 

𝑆𝑆1 →  ∅ (31) 

𝑆𝑆2 →  ∅ (32) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −(𝑘𝑘12)(𝑆𝑆1)(𝑆𝑆2)𝑃𝑃 
(33) 

𝑑𝑑𝑑𝑑12
𝑑𝑑𝑑𝑑

= (𝑘𝑘12)(𝑆𝑆1)(𝑆𝑆2)𝑃𝑃 
(34) 

𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑠𝑠𝑠𝑠1𝑆𝑆1 
(35) 
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𝑑𝑑𝑑𝑑2
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑠𝑠𝑠𝑠2𝑆𝑆2 
(36) 

These first approximation is based on the harmonic mean of 𝑘𝑘1 and 𝑘𝑘2. The harmonic mean is utilized 411 

typically when rates of processes need to be averaged. The units of 𝑘𝑘1 and 𝑘𝑘2 are S1mplex-1d-1, and the 412 

units of 𝑘𝑘12 are S1mplex-2d-1. All S1mplex concentrations used in the evaluation of these rate constants are 413 

based on the initial S1mplex concentrations dosed. 414 

𝑘𝑘12 = 𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶
(𝑘𝑘1)(𝑘𝑘2)

(𝑘𝑘1) + (𝑘𝑘2)
 .

1
(𝑆𝑆1) + (𝑆𝑆2)

 
(37) 

The double editing rate constant range was evaluated to be 2.10 × 10–40 to 1.06 × 10–38 s1mplex–2 day–1. 415 

 416 

Mechanism 4: Enzymatic cross-correction of distal tissues from liver depot – cardiac muscle 417 

 418 

Modeling the GAA consumption of the heart was performed by first estimating the GAA activity in the 419 

healthy newborn heart, and then scaling the GAA requirement for cross-correction by the growth rate of 420 

the heart. We assume that the GAA activity of the heart and correspondingly, the GAA requirement for 421 

enzymatic cross-correction scales with heart tissue size, scales with both muscle enlargement and division 422 

30. The number of cardiomyocytes in the left ventricle increase from 1 – 2 billion in 5 years, while left 423 

ventricle volume increases from 2.5 – 15 × 103 μm3 in 5 years 30. Since, the percentage change in number 424 

of cells in the first year is 20%, and in cardiac volume is 400%, we consider changes in cardiac glycogen 425 

content based solely on cardiac muscle volume or mass. The heart weight of a newborn infant is 426 

approximately 25 g 31. The GAA activity of the murine heart muscle has been reported to be 21.4 nmol/h/mg 427 

protein in healthy mice 32, and muscle tissue is approximately 15% protein by weight 33.  Finally, since 428 

mouse muscle cells have comparatively only 10% of the glycogen content as human muscle cells 34, we 429 

estimate that the GAA activity of human cardiac muscle to be approximately 10% of murine GAA activity, 430 

2.14 nmol/h/mg. Using the correlation between GAA activity and weight 17, the GAA content of the 431 
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newborn heart is 55 ng/mg protein. The initial volume of the heart is 25 g, and it grows at 400% linearly 432 

per year to 125 g in the first year. 433 

 434 

Using a pseudo steady-state assumption and assuming 1.831×1015 molecules are dosed (enough GAA for 435 

full correction of all cardiac muscle cells), along with assuming 50% correction in 0.5 days, the value of 436 

𝑘𝑘𝐶𝐶𝐶𝐶 was evaluated to be 7.571×10-16 GAA-1 d-1. Using the half-lives stated above 𝑘𝑘𝑑𝑑 was estimated to be 437 

0.0990 d-1. Given that ERT at 20 mg/kg raises murine GAA levels to 2000% of normal, but cardiac GAA 438 

levels to only 32% of normal 2, we model an additional tissue dosing factor for cardiac GAA (termed as a 439 

“loss factor” in the model code). Through preliminary simulations of rhGAA ERT in the model, the cardiac 440 

GAA dose factor was estimated to be 0.005, implying that only 0.5% of the rhGAA dosed in ERT reaches 441 

the heart at therapeutically beneficial GAA. For gene therapy this loss factor is estimated to be 400% higher 442 

as the immune response (anti-GAA antibody levels) to rhGAA produced through gene augmentation 443 

therapy is 80% lower than the immune response to rhGAA ERT 35. 444 

 445 

Mechanism 4: Enzymatic cross-correction of distal tissues from liver depot – skeletal muscle 446 

Modeling the GAA consumption of skeletal muscle tissue was performed by first estimating the GAA 447 

activity in healthy newborn skeletal tissue, and then scaling the GAA requirement for cross-correction by 448 

the growth rate of skeletal tissue. We assume that the GAA activity of skeletal muscle and correspondingly, 449 

the GAA requirement for enzymatic cross-correction scales with skeletal tissue size (i.e., scales with muscle 450 

enlargement rather than cell division as muscle cells are generally considered to be post-mitotic36). The 451 

GAA activity of the murine skeletal muscle has been reported to be 13.5 nmol/h/mg protein in healthy mice 452 

32, and muscle tissue is approximately 15% protein by weight 33. Finally, since mouse muscle cells have 453 

comparatively only 10% of the glycogen content as human muscle cells 34, we estimate the GAA activity 454 

of human striated muscle to be approximately 10% of murine GAA activity, 1.36 nmol/h/mg. Using the 455 

correlation between GAA activity and weight 17, the GAA content of the newborn skeletal muscle is 35 456 
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ng/mg protein. Skeletal muscle mass represents about 25% of the muscle mass of an infant and is assumed 457 

to grow in proportion to the infant. Hence, the non-cardiac muscle mass at birth is assumed to be 850 g and 458 

at 1 year of age is assumed to be 2500 g. 459 

 460 

Using a pseudo steady-state assumption and assuming 3.834 ×1015 molecules are dosed (enough GAA for 461 

full correction of all muscle tissue), along with assuming 50% correction in 0.5 days, the value of 𝑘𝑘𝐶𝐶𝐶𝐶 was 462 

evaluated to be 3.611×10-16 GAA-1 d-1. Using the half-lives stated above 𝑘𝑘𝑑𝑑 was estimated to be 0.0990 d-463 

1. Given that ERT at 100 mg/kg raises murine GAA levels to 2000% of normal, but skeletal muscle GAA 464 

levels to only 32% of normal 2, we model an additional tissue dosing factor for skeletal GAA (termed as a 465 

loss factor in the model code). Through preliminary simulations of rhGAA ERT in the model, the skeletal 466 

GAA dose factor was estimated to be 0.002, implying that only 0.2% of the rhGAA dosed in ERT reaches 467 

the skeletal muscle at therapeutically beneficial GAA. For gene therapy this loss factor is estimated to be 468 

400% higher as the immune response (anti-GAA antibody levels) to rhGAA produced through gene 469 

augmentation therapy is 80% lower than the immune response to rhGAA ERT 35. 470 

 471 

Assembly of the full in silico model 472 

The model was generated using MATLAB scripts for generating the species and the reactions. The model 473 

was then edited in the SimBiology interface to add the doses of genome editor and rhGAA, along with rules 474 

for calculation of several rate equations. MATLAB R2020a was utilized for simulating the model using the 475 

ode15s solver. For the generation of the heatmaps sbioaccelerate was utilized to speed up execution of the 476 

model. 477 

 478 

Global sensitivity analysis of the in silico model 479 

Efficacy is most sensitive to tissue morphogenesis parameters (Fig. 6e) due to the nature of hepatocyte 480 

growth, where in a rare (1% abundance) progenitor gives rise to all new cells contributing to organ growth12. 481 
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For parameters related to the design of genome editors, the efficiency and genome editor stability, followed 482 

by precision and progenitor affinity are cooperative (Fig. 6f, 6g and 6h), and engineering both genome 483 

editor performance and improving genome editor stability can both assist in greater phenotypic correction. 484 

The coCRISPR cooperativity sensitivity was 2 orders of magnitude lower than the other sensitivities, 485 

indicating that outcomes were relatively insensitive to the cooperativity between genome editors targeting 486 

multiple alleles within the same cell, the so called coCRISPR strategy. Double edited cells are orders of 487 

magnitude lower than single edited cells in the final distribution of genotypes (Fig. 6d), so high 488 

cooperativity ends up having a lower effect on rescue than the other efficiency, dosing and delivery 489 

mechanisms described in the main text. This result indicates that administration of genome editors 490 

attempting to correct different alleles need not necessarily be administered at the same time, and that 491 

alternating, sequential or staggered dosing would likely have similar efficacy, assuming that delivery, 492 

immune response or other factors are largely similar for each dose. There could be safety benefits to such 493 

approaches to reduce the likelihood of genomic deletions, translocations or inversions from multiple double 494 

strand breaks within the same cell. 495 

 496 

Discussion on GETEM Model Assumptions 497 

The model of for ERT uses clinical results from glycogenolysis studies to generate a per cell requirement 498 

for GAA in the human body, the dosing regimen for ERT is from a different unconnected clinical study. 499 

This glycogenolysis study compared two methods for measuring glycogenolysis and gluconeogenesis in 500 

premature infants15 (Supplementary Information). We then assume that the per-cell requirement for GAA 501 

in these infants is similar to that of normal neonates and infants. Similar studies have not been conducted 502 

for older healthier infants and children. Therefore, we also investigated the sensitivity of liver GAA 503 

requirement (Fig. 6e) and conclude that even if the per-cell GAA requirement and production estimates are 504 

inaccurate, tissue morphogenesis would still play the major role in genome editing therapy.  505 

 506 
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GETEM predicts a high amount of GAA being produced in the liver, but only a small proportion of this 507 

GAA being therapeutically available to striated cardiac and skeletal tissue (2% and 0.8% respectively for 508 

gene corrected GAA). These numbers are based on pre-clinical studies of lysosomal storage disorders32. 509 

While ongoing literature on GAA gene augmentation therapy acknowledges that despite extremely high 510 

levels of exogenous GAA produced in the liver (2030% normal), the GAA concentrations in heart (205% 511 

normal) and skeletal muscle (51.2% - 100% normal, depending on the muscle) are significantly lower. 512 

Recent studies have acknowledged some methods to address this issue37, including treatment with long 513 

acting β2-agonist clenbutrol to increase cellular uptake of GAA via the cation-independent Mannose 514 

Phosphate Receptor (CI-MPR), along with gene therapy. The methods used for increasing gene 515 

augmentation therapy efficacy can be successfully applied to the described genome editing therapy model 516 

to increase its efficacy, as we demonstrate by simulating a GAA stabilizing adjuvant dosed in conjunction 517 

with genome editing therapy (Fig. 6i). Understanding the reasons for GAA loss between the liver and distal 518 

organs will aid the development of more effective therapies; mathematically accounting for this loss opens 519 

underexplored avenues for improving gene therapy outcomes. 520 

 521 

The dosing in the mathematical model is based on the amount of RNP directly reaching the liver. These 522 

estimates were derived from data based on RNP dosing in mouse livers24. However, a significant portion is 523 

likely to reach the liver, as nanoparticle pharmacokinetics studies have indicated that the liver is a 524 

destination for sequestration of nanoparticles38, thus with some scaling our model findings stand. Our 525 

modeling of multiple doses compared to a single large dose (Fig. S13) appears to be counterintuitive, as 526 

the large dose appears to provide equivalent effect regardless of the age of administration. This is likely 527 

due to high sensitivity of the tissue morphogenesis factors, which mask the effect of increased therapeutic 528 

dose on the percentage normal cardiac tissue. For cell therapy, the cell dose is less sensitive than the 529 

persistence of the cells dosed (Fig. 7e) and tissue morphogenesis factors. 530 

 531 
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Finally, with regards to cell therapy, we have demonstrated quantitatively the importance of persistence 532 

and proliferative capacity of the cells dosed. This model assumes the number of cells that successfully 533 

functionally engraft, which is likely to be lower than the total number of cells dosed. Additionally, the 534 

model assumes that the engrafted cells behave similar to native progenitor and mature liver cells with 535 

respect to growth and differentiation characteristics. Studies that have looked at xenogenic progenitor cell 536 

dosing (human PDX1+ pancreatic progenitors in mice) have shown that once properly purified, the 537 

progenitor cells grow at rates similar to endogenous tissue and differentiate in vivo into terminal non-538 

proliferative cells39.  539 

 540 

Similar implantation studies performed in the liver also show that human liver cell populations containing 541 

progenitors can repopulate mouse livers without tumor formation or fibrosis40. Therefore, the assumption 542 

that engrafted cells will behave similar to endogenous tissue is justified.   543 

 544 

Death rates were not considered for the genome editing model, they were intrinsically included in the 545 

growth rate. For the implanted cells, the death rate was only implemented in the dosed progenitor 546 

population. Once these cells differentiated into cells resembling mature hepatocytes, they added to the 547 

mature hepatocyte population in the model. These edited mature hepatocytes are assumed to continue to 548 

remain in the liver during the duration of therapy modeled (12 months). We assume that the persistence 549 

phenotype modeled applied only to dosed progenitors and their undifferentiated progeny, their 550 

differentiated progeny was assumed not to have this phenotype. While several assumptions were made to 551 

model ERT, genome editing and cell therapy in GETEM, they are grounded in the current in vivo 552 

understanding of these phenomena.  553 

 554 

Finally, all the modeling of growth of liver cells has been done assuming linear growth of a male infant at 555 

the 50th percentile during the first 15 months of age41. Our model would have to be modified beyond this 556 
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time through the analytical solution of Equations 1 – 5, as the growth rates and characteristics change after 557 

the first year of growth. Due to this limitation, all results shown only consider growth until this timepoint. 558 

This limitation is clinically relevant because the median lifespan of patients diagnosed with infantile onset 559 

Pompe disease is 8.7 months without treatment42. Our model shows that genome editing and cell therapy 560 

can provide durable responses within this timeframe without continued dosing beyond this timeframe, as 561 

required for ERT.  562 
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Supplementary Tables 658 

Supplementary Table 1: Protospacer and respective PAMs used for genomic targeting. 659 

Name Protospacer PAM 

1441delT sgRNA CTCGTTGTCCAGGTAGGCCC GGG 

2237G>A sgRNA TGGACCACCAGCTCCTGTAG GGG 

W746X sgRNA  GGACCACCAGCTCCTGTAGG GGG 

D645N sgRNA GCCCAGGAAGCCGCAGACGT  TGG 

R660H sgRNA CAGAGGAGCTGTGTGTGCAC TGG 

 660 

  661 
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Supplementary Table 2: ssODNs used to direct gene correction after double strand break formation.  662 

Name Sequence (5`-3`) 

1441insT 

ssODN 

CTTCCATGCAGGCCCTGGGTGGGGCCGGGTCTCCCCACTGCAGC 

CTCTCGTTGTCCAGGTATGGCCCGGATCCACTGCCTTCCCCGACTTCACCAACCCC 

2237A>G 

ssODN 

TGCCCATCCCCCTTGCAGGTTCCCCAAGGACTCTAGCACCTGGA 

CTGTGGACCACCAGCTCCTGTGGGGAGAGGCCCTGCTCATCACCCCAGTGCTCCAG 

W746X 

ssODN 

TGCCCATCCCCCTTGCAGGTTCCCCAAGGACTCTAGCACCTGGACTGTG 

GACCACCAGCTCCTGTGGGGAGAGGCCCTGCTCATCACCCCAGTGCTCCAG 

D645N 

ssODN 

AGAAATCCTGCAGTTTAACCTGCTGGGGGTGCCTCTGGTCGGGGCAGACGTCT 

GTGGCTTCCTGGGCAACACCTCAGAGGAGCTGTGTGTGCACTGGACC 

R660H 

ssODN 

GGGCCAACGTCTGCGGCTTCCTGGGCAACACCTCAGAGGAGCTATGTGTGCGCTG 

GACCCAGCTGGGGGCCTTCTACCCCTTCATGCGGAACCACAACAG 

 663 

  664 
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Supplementary Table 3: Forward and reverse primers for genomic loci. 665 

Name Primer F (5`-3`) Primer R (5`-3`) 

1441delT genomic AGCTGCTCATTGACCTCCAG CAATCCACATGCCGTCGAAG 

2237G>A genomic AATTCAGCCTCTTCCTGTGC CATACGTTCCTCTTTCCGCC 

Full length genomic TGACAGGTTTCCCTCTTCCCAG TTGATAACCTACACTGCGGGGG 

1441delT qPCR/NGS AGTGGGGCTTCCATGCAG GGTTGGTGAAGTCGGGGAAG 

2237G>A qPCR/NGS CCAAGGACTCTAGCACCTGGAC GGGAAGTAGCCAGTCACTTCGG 

W746X NGS  TCCCATTCATCACCCGTATGC AGGTCGTACCATGTGCCCAA 

D645N R660H NGS  CTGAGGACCAGCCTGACTCT CCACCCTACCAGACTGAGCA 

 666 

  667 
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Supplementary Table 4: Off-target sequences and corresponding genomic locus for each sgRNA used. 668 

Mismatches from protospacer are labelled in red. 669 

sgRNA Target Sequence Off-target sequence Chromosome 
location 

2237G>A 
TGGACCACCAGCTCCTGTAG 

OT1 TAGACCACCAGCTCCTGCAG chr8:-42696136 
OT2 CTCACCACCTGCTCCTGTAG chr9:-123379574 
OT3 TTGACCAGCAGCTCCTGTCG chr15:-77699091 
OT4 TGGCACACCAGCTCCTGTTG chr14:-58627302 
OT5 GTGACCAAGAGCTCCTGTAG chr17:-8010424 
OT6 AGGGTCACCACCTCCTGTAG chr10:-71293697 
OT7 TCTACAAGCAGCTCCTGTAG chr4:+19857056 
OT8 TGGTGCACAGGCTCCTGTAG chr18:-10682896 
OT9 AGCACCACCAGCTCCTGCAG chr14:-73799987 
OT10 TGGGCCATCTTCTCCTGTAG chrX:+64921874 

1441delT 
TGGACCACCAGCTCCTGTAG 

OT1 CTGGTTGTCCAGGTGGGCCC chr19:+9976610 
OT2 CTCGATGGCCAGGTAGGCCT chr9:+113788274 
OT3 ATTATTGACCAGGTAGGCCC chr20:-42195228 
OT4 CTACCTGCCCAGGTAGGCCC chr12:-120926049 
OT5 CTCCTTGCCCAGGTAGCCCC chr3:+13655121 
OT6 CTTCTTGTCCAGGTAGGCAC chr22:-21693839 
OT7 CACGTGGTCCAGGTAGGCCT chr14:-104755666 
OT8 CTGGCTGACCAGGTAGGCCT chr11:-110492658 
OT9 CGCATTCTCCAGGTAGGCCA chrX:+71130220 
OT10 CTCCACCTCCAGGTAGGCCC chr18:-15005864 

  670 
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Supplementary Table 5: Forward and reverse primers used to amplify off-target genomic loci. 671 

Off-Target Primer Primer F (5`-3`) Primer R (5`-3`) 
2237-OT1 CCCTCCTCTGTGTGCCATTA GTGCCATATTTTGGGGACCAC 
2237-OT2 GGGGCATGGTCAGATGATGG CACAGAAATTCCTGAGGCCAAC 
2237-OT3 GGAGAGGCTGACCTTCATGG TCGTGCTTTCCTGACCATCG 
2237-OT4 CCTGGGGGAAAGGTAAAAGA GCTGGAATGGTCTCGATCTC 
2237-OT5 CACCCTGGAGTAGGCTTTCA AGGACAGTGCCCTCACAATC 
2237-OT6 ATGACCTCTGGGAATGCAGA TCTGATGCTCCCTCAGTCCT 
2237-OT7 CCCATTGCAACTGTGAACAA TCTCCAACCATCAAGGAACA 
2237-OT8 TCGCTCTGAAATGGGGATAG CATATTTCCGGCACCATCTT 
2237-OT9 CGTGTCTAGCCCCATCTCTT CCTCCTCCCTGGTCCTAAAC 
2237-OT10 GGGGAGCTTACCACCTTAGC GCCTCTGTCTTCCAAATTGC 
1441-OT1 AGTGTGCTTCCACTGTCGTT GTGCGGGTAACCTTCTCCAT 
1441-OT2 TTCCTCTGCTGCTGAGTTGG GCCGATTAAAAGGCTGTCGC 
1441-OT3 AGAGCCCTGGAGGTCATTGT CTGTCTGGCCTCTGAATCGG 
1441-OT4 ATTAGCCGGTGCCATGATAA CGAGGAGCAACAGGGTAGAG 
1441-OT5 GGGCAGTGTACCAGGTTAGG GGTCCCCTAGGGTTAGCTTG 
1441-OT6 CTGGACGACCTGAGCATTTT AGAGTTCCACTTGGCCAGAA 
1441-OT7 CATTCCACAGAGCCTGGTTT ACTGCATAGGGATGGGACTG 
1441-OT8 CACTTTCCCCAGCTCTTCAG ATGGCACACCTGGTCCTAAC 
1441-OT9 TCTCCACACGTGTTCCAATC AAATATACACGGCCCACACC 
1441-OT10 CTGTCCTCAGCCAACAGTGA GTGTTCACAGCCAACACAGG 

 672 

 673 
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Supplementary Table 6: Subset of mutations in GAA and accompanying allele-specific sgRNAs. 675 

Red denotes location of mutations relative to wildtype for allele-specific sgRNAs. 676 

Mutation sgRNA Sequence Allele 

Frequency 

(x10-5) 

c.118C>T GAGGAGCCACTCAGCTCTCAGGG 0.86 

c.258dupC ATCGAAGCGGCTGTTGGGGGGGG 2.65 

c.525delT CTGGACGTGATGATGGAGAC-GAG 7.04 

c.1822C>T AGTGGCCGGCGTATCAGCCGTGG 2.76 

c.1827delC TGCTGGCCACGGCCGATA-GCCGG 3.75 

c.1930_1936dupGCCGACG AAGCCGCAGACGTCGGCCGTCGG 1.17 

c.2242dupG CACCAGCTCCTGTAGGGGGGAGG 1.66 

c.2560C>T ACCAAGGGTGGGGAGGCCTGAGG 21.5 

c.2662G>T TAACACGATCGTGAATTAGCTGG 1.65 

 677 

  678 
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Supplementary Table 7: Numbers of lysosomes analyzed for determination of enzymatic cross correction 679 

in Fig 4. 680 

Media Source a1 a2 n 

Pompe iPSC Cardiomyocytes Conditioned Media – – 262 

1441delT Correct Cardiomyocytes Conditioned Media – + 201 

2237G>A Correct Cardiomyocytes Conditioned Media + – 261 

Double Correct.c1 Cardiomyocytes Conditioned Media + + 249 

Control hPSC line Cardiomyocytes Conditioned Media + + 135 

Fresh media + 10 nM rhGAA N/A N/A 302 

 681 

  682 
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Supplementary Table 8: Published data for training and validating GETEM. 683 

Gene Therapy Modality Being Modeled Number of 

Mice 

Data source within 

publication 

Plasmid SpyCas9 to edit Fah20 2 Supplementary Fig. S3 

Plasmid ABE Base Editor to edit Fah21 6 Fig. 2 

mRNA SpyCas9 to edit Fah22 4 Fig. 3 

AAV SauCas9 to edit Otc23 6 Fig. 3 

RNP SpyCas9 to edit Pten24 12 Fig. 3h 

Gene correction via Cas9 and MMEJ to edit Fah25 4 Text (Page 121) 

Plasmid NmeCas9 to edit Hpd26 5 Fig. 2d 

mRNA LNP SauCas9 to edit Icam-227 4 Fig. 4 

AAV N-int-BE3 to edit Pah28 4 Fig. 3e 

Total 47  

 684 

  685 
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Supplementary Table 9: Simbiology Project Files Utilized for GETEM. 686 

Gene Therapy Modality Being Modeled Filename 

Plasmid SpyCas9 to edit Fah FAH_Editing_Project_v14_Yin_2014.sbproj 

Plasmid ABE Base Editor to edit Fah FAH_Editing_Project_v16_Song_2018.sbproj 

mRNA SpyCas9 to edit Fah FAH_Editing_Project_v15_Yin_2016.sbproj 

AAV SauCas9 to edit Otc FAH_Editing_Project_v13_Yang_2016_AAV.sbproj 

RNP SpyCas9 to edit Pten PTEN_Editing_Project_Wei_2020.sbproj 

Gene correction via Cas9 and MMEJ to 

edit Fah 

FAH_Editing_Project_Shin_2018.sbproj 

Plasmid NmeCas9 to edit Hpd HPD_Editing_Project_Ibraheim_2018.sbproj 

mRNA LNP SauCas9 to edit Icam-2 ICAM_2_Editing_Sago_2018.sbproj 

AAV N-int-BE3 to edit Pah PAH_Editing_Villiger_et_al_2018.sbproj 

Pompe gene correction Pompe_Model_v28.sbproj 

Pompe gene correction + Cell Therapy Pompe_Model_v30_CellDeath.sbproj 

 687 


