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Abstract 15 

Mutations in the FKRP gene cause dystroglycanopathy with disease severity ranging from 16 

mild LGMD2I to severe CMD. Recently, considerable progress has been made in developing 17 

experimental therapies, with AAV gene therapy and ribitol treatment demonstrating significant 18 

therapeutic effect. However, each treatment has its strengths and weaknesses. AAV gene therapy 19 

can achieve normal levels of transgene expression but requires high doses with toxicity concerns 20 

and variable distribution. Ribitol relies on residual FKRP function and restores limited levels of 21 

matriglycan. We hypothesized these two treatments can work synergistically to offer an optimized 22 

therapy with efficacy and safety unmatched by each treatment alone. The most effective treatment 23 

is the combination of high dose (5e13 vg/kg) AAV-FKRP with ribitol, whereas low dose 24 

(1e13vg/kg) AAV-FKRP combined with ribitol showed 22.6% increase in positive matriglycan 25 

fibers and the greater improvement in pathology when compared to low dose AAV-FKRP alone. 26 

Together, our results support the potential benefits of combining ribitol with AAV gene therapy 27 

for treating FKRP-related muscular dystrophy. The fact that ribitol is a metabolite in nature and 28 

has already been tested in animal models and clinical trials in humans without severe side effects 29 

provides a safety profile for it to be trialed in combination with AAV gene therapy. 30 

Introduction 31 

Dystroglycanopathy is a group of muscular dystrophies with defects in glycosylation of 32 

alpha dystroglycan (α-DG), which plays a critical role in membrane stability.1 Fukutin related 33 

protein (FKRP) gene (OMIM 606596) encodes a ribitol 5-phosphate transferase, which enables 34 

the addition of multiple repeats of glucuronic acid (GlcA) and xylose (Xyl) biglycans 35 

(matriglycan), which bind many extracellular matrix (ECM) proteins.2,3 Mutations in the FKRP 36 

gene are the most common cause of dystroglycanopathy, which presents a wide spectrum of 37 
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disease severity.4,5  Recently, substantial progress has been made in the development of 38 

experimental therapy to FKRP-related dystroglycanopathy. Specifically, our prior study with 39 

adeno-associated virus (AAV) gene therapy has demonstrated significant effect to delay and 40 

even stop disease progression in mouse models bearing mutations detected in patients.6-9 This 41 

line of treatment is currently being pursued in clinical trials both in Europe and North America 42 

(ClinicalTrials.gov Identifier: NCT05224505). We also reported that dietary supplementation 43 

with the pentose alcohol ribitol, can be readily converted into CDP-ribitol, the substrate of 44 

FKRP. Increase in the substrate enhances efficiency of mutant FKRP for the addition of the 45 

critical ribitol-5-phosphate to form the functionally glycosylated α-DG.10 Our in vivo studies 46 

have shown that, to a limited degree, ribitol can rescue glycosylation defects caused by FKRP 47 

mutations and preserve muscle function in dystrophic mouse models.11 Further, a phase II 48 

clinical trial has reported an increase in the ratio of glycosylated-α-DG over total α-DG, 49 

reduction in serum creatine kinase levels, and improvements in functional tests 50 

(ClinicalTrials.gov Identifier: NCT04800874 and NCT05775848). However, each of the 51 

treatments has its limitations to fulfil the life-long requirement to treat the diseases. AAV gene 52 

therapy could restore normal levels of matriglycan in muscles and prevent disease progression in 53 

the short-term, but require high dose AAV administration.8,9 However, higher doses in AAV 54 

gene therapy clinical trials have been associated with side effects of varying degrees of severity, 55 

including fatality.12 Lower doses of AAV are likely to be more safe but produce heterogenous 56 

transgene expression among fibers, a great concern for long-term efficacy.  57 

The effect of ribitol relies on the residual function of mutant FKRPs, limiting its capacity 58 

to restore matriglycan expression, especially for a proportion of patients with mutations leading 59 

to greatly diminished residual FKRP function.13 Fortunately, the endogenous mutant FKRP 60 
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restores relatively low but homogenously expressed matriglycan in both cardiac and skeletal 61 

muscles with ribitol treatment, providing better protection to diseased muscles.  62 

We hypothesized that these two therapies can work synergistically to treat FKRP-related 63 

dystroglycanopathies with several benefits: ribitol supplementation can stabilize disease 64 

progression before gene therapy becomes ready for use; ribitol treatment, after AAV-FKRP gene 65 

therapy, can maintain higher and longer therapeutic efficacy. In addition, a lower but 66 

homogeneous expression of matriglycan could partially mitigate the damage caused by uneven 67 

α-DG glycosylation by AAV gene therapy. Furthermore, the presence of transgene FKRP, even 68 

at low levels, could enhance ribitol effect. Thus, this combination might offer an optimized 69 

regime consisting of a lower dose and safer AAV treatment, and a long-term lower dose ribitol 70 

treatment, with both efficacy and safety unmatched by each treatment alone. 71 

In this study, we examined the combined treatment of AAV gene therapy and ribitol in 72 

FKRP-P448L mutant mice. Our results confirmed that long-term ribitol treatment alone 73 

improves pathology, muscle function and lifespan of dystrophic mice. Combination of AAV-74 

FKRP gene therapy with ribitol showed to be more effective than each treatment alone. Low 75 

dose AAV-FKRP (1e13vg/kg) combined with ribitol showed a 22.6% increase in percentage of 76 

positive matriglycan fibers and the greater improvement to pathology when compared to low 77 

dose AAV-FKRP alone. Together, these results support the therapeutic benefits of a 78 

combinatorial approach delivering the functional gene as well as its substrate metabolite to 79 

FKRP-related disorders. 80 

Results 81 

We have previously reported that orally administered ribitol is associated with 82 

incorporation of ribitol-5-phosphate to α-DG in cardiac and skeletal muscles of the FKRP-P448L 83 
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mutant mouse (P448L mice). To investigate the potential benefit of ribitol treatment in 84 

combination with AAV gene therapy, five-week-old P448L mice were given drinking water 85 

supplemented with 5% ribitol and 4 weeks later received a single tail-vein injection of AAV9 86 

carrying a codon-optimized, full-length human FKRP coding sequence under control of a 87 

muscle-specific creatin kinase-based promoter (AAV-FKRP).  Two doses of the AAV-FKRP, 88 

1e13vg/kg (FKRP low) and 5e13 vg/kg (FKRP high) were chosen based on our earlier results. 89 

The higher dose leads to significant improvement in both pathology and muscle function, 90 

whereas the lower dose provides limited protection from disease progression and functional 91 

improvement. Oral ribitol treatment continued until the animals were euthanized at 34 or 55 92 

weeks of age, reaching 6-month and 1-year post-treatment, respectively.  93 

FKRP gene therapy and Ribitol treatment increase the weight and extend the lifespan of 94 

dystrophic FKRP-P448L mutant mice 95 

Both ribitol and AAV treatments were associated with an increase in body weight starting 96 

from about 1 month after the treatments with the increase becoming more obvious by the 97 

termination time points when compared to the untreated control P448L mice (Figure 1A). As 98 

expected from our earlier studies, no mouse died at the end of 1 year with all treatments and 99 

untreated control. To study the impact of each treatment on the lifespan of the P448L mice we 100 

extended the treatment to each cohort with 3 female mice until they reached humane endpoint 101 

criteria or a terminal endpoint of 104 weeks according to the IACUC protocol (Figure 1B). The 102 

survival of each treated cohort was compared to the lifespan of 10 untreated P448L females, 103 

which showed a median survival of 69.5 weeks. The mice treated only with ribitol or AAV at a 104 

low dose reached a median survival of 89 and 102 weeks, corresponding to a 28% and 47% 105 

increase, respectively. However, all of them reached humane end-point criteria before the 106 
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predetermined terminal endpoint of 104 weeks. On the other hand, 2 out of 3 females from three 107 

treatment cohorts, low dose AAV with ribitol, high dose AAV alone and high dose AAV with 108 

ribitol, remained healthy and normally active by 104 weeks of age. These results therefore 109 

showed survival benefit of all the treatments regimens, and especially to the cohorts with high 110 

dose AAV gene therapy and when ribitol was used in combination with low dose of AAV. 111 

Survival of treated male mice was not investigated since untreated P448L male mice have a 112 

lifespan of at least 104 weeks.9 113 

FKRP gene therapy and ribitol treatment increase matriglycan in cardiac and skeletal 114 

muscles 115 

Matriglycan expression in cardiac and skeletal muscles was analyzed at both 6 months 116 

and 1 year time points with the IIH6C4 monoclonal antibody which specifically recognizes 117 

matriglycan, the laminin-binding epitopes of α-DG (Figure 2 and Figure S1). As expected, all 118 

mice treated with ribitol, AAV-FKRP, or a combination of both treatments for 6 months showed 119 

increased levels of α-DG glycosylation in heart, limb muscle and diaphragm by 120 

immunohistochemistry (IHC) when compared to untreated mice (Figure 2A). The signal was of a 121 

higher intensity from mice treated with both low and high AAV-FKRP doses when compared to 122 

those only drinking ribitol (Figure 2A and 2C). However, the signal from mice treated with 123 

ribitol alone was homogeneous in intensity and distribution among most of the fibers in both 124 

cardiac and skeletal muscle, whereas matriglycan expression was patchy with a proportion of 125 

fibers lacking any positive signals from the muscles with AAV-FKRP treatment, especially at a 126 

low dose (Figure 2A). When ribitol treatment was combined with the low dose AAV-FKRP, the 127 

contrast between positive and negative fibers appeared less distinct than in AAV low dose alone, 128 

likely from the contribution of ribitol and the endogenous mutant FKRP on matriglycan 129 
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synthesis in fibers that lacked AAV transduction. The IIH6C4 fluorescence intensity per fiber 130 

from the IHC assay in TA muscles was analyzed on each treated cohort and untreated P448L 131 

mice at 6 months post-treatment (Figure 2B). IIH6C4 mean fluorescence intensity thresholds 132 

were stipulated (Figure 2C), and percentage of negative, weak, and bright fibers were quantified 133 

per each group (Figure 2D). Of all treated cohorts, mice treated with ribitol alone showed the 134 

smaller percentage of brightly positive fibers compared to mice treated with AAV-FKRP at a 135 

low or high dose. However, most of the fiber (66.6%) were positive with a weak IIH6C4 136 

fluorescent intensity. Mice treated with low dose AAV-FKRP presented 31.5% of negative 137 

fibers, the largest amount among all treated cohorts.  In mice treated with combination of ribitol 138 

and low dose AAV-FKRP, the number of total positive fibers increased to 91% from 68.4% in 139 

mice treated with low dose AAV-FKRP alone, with the largest contribution to this increase being 140 

from fibers with a weak IIH6C4 intensity. 141 

Quantitative differences in levels of matriglycan expression in muscles from different 142 

treatment cohorts were confirmed by western blot (WB) with IIH6C4 antibody, and its 143 

functionality was further supported by laminin overlay assay (Lam OL) at 6 months and 1-year 144 

post-treatment (Figure 2E and 2G, respectively). The levels of matriglycan at 6 months post-145 

treatment showed detectable but limited signal for the ribitol treatment alone (8%, 3% and 11% 146 

in heart, TA, and diaphragm, respectively), whereas about 50% of normal levels of matriglycan 147 

were detected in both skeletal and cardiac muscles from high dose AAV-FKRP treated mice 148 

(Figure 2F). Similar levels of matriglycan were detected between the cohorts of combined 149 

treatment, and AAV-FKRP treatment alone. This is likely due to both reduced sensitivity of 150 

IIH6C4 antibody in WB compared to IHC and limited increase in matriglycan by ribitol 151 

treatment compared to that induced by AAV.  By 1 year post treatment, the homogeneity of the 152 
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increase in levels of matriglycan with ribitol treatment alone became more distinct compared to 153 

AAV treated mice, although this level of increase was barely detectable by WB analysis (Figure 154 

S1, and Figure 2G, respectively). However, at this time point, the levels of matriglycan in mice 155 

with combined treatment of low dose AAV-FKRP and ribitol were 9% and 13% higher in 156 

cardiac and TA muscles, respectively, compared to the mice treated with low dose of AAV-157 

FKRP alone (Figure 2H). 158 

Ribitol and AAV-FKRP treatment improve pathology in FKRP-P448L mutant mice 159 

The diaphragm of the P448L mouse exhibits pronounced and progressive fibrosis as the 160 

mouse ages. At 6 months after treatment, the diaphragm of the untreated mice had already 161 

experienced extensive degeneration and fibrosis which occupied more than 40% of the tissue 162 

areas when examined with Masson Trichrome staining (Figure 3A). Improvement in pathology 163 

of the mutant mice at this time point was clearly detected with all treatment cohorts (Figure 3A 164 

upper panels and 3B left panel). Among the treatments, fibrosis was reduced to 22% in ribitol-165 

treated mice and further lowered to 12% in mice receiving the combined treatment with either a 166 

high or low dose of AAV-FKRP. When mice were analyzed after 1-year of treatments (Figure 167 

3A lower panels and 3B right panel), the percentage of fibrosis among the treatments was similar 168 

to that at 6 months post-treatment, except for mice treated with ribitol alone in which the 169 

percentage of fibrosis increased from 22 to 32%. 170 

Histological improvements of the dystrophic phenotype of treated P448L mice were 171 

demonstrated by hematoxylin and eosin (H&E) staining at 6 months and 1-year post-treatment 172 

(Figure 4 and Figure S2, respectively). Consistent with previous reports, untreated mice 173 

presented skeletal muscle with large areas of degenerating fibers, high variation in fiber size and 174 
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a considerable number of centrally nucleated fibers (CNF). Fiber size normal distribution curve 175 

analysis showed that all treated cohorts improved the pathology of limb muscles compared to 176 

untreated mice, especially after 1 year of treatment, evidenced by the decrease in proportion of 177 

small-sized fibers which is the indicator of fiber degeneration and regeneration (Figure 5A, lower 178 

panel). Moreover, combined treatment of ribitol with either low or high dose of AAV-FKRP 179 

displayed a more homogeneous fiber size distribution overall, compared to untreated mice and 180 

mice treated with ribitol or gene therapy alone, with more mid-sized fibers and less small and 181 

large diameter fibers as shown by the taller and narrower shape of the curves at both time points. 182 

Treated mice also showed decreases in central nucleation in the limb muscle for all cohorts at 6-183 

month time point compared to untreated mice (Figure 5B, upper panel). Ribitol treatment alone 184 

reduced CNF from 70% to 52% when compared to untreated mice. Combined treatment of 185 

ribitol with lower dose AAV-FKRP showed a decrease on CNF to 33%, a larger improvement 186 

compared to ribitol treatment and low dose AAV-FKRP alone (52.3% and 44%, respectively). 187 

However, combined treatment with ribitol did not further reduce the percentage of CNF when 188 

compared to high dose AAV-FKRP treatment alone. By the 1-year time point, improvement in 189 

CNF of the TA muscles was maintained in all cohorts except for ribitol treatment alone which 190 

did not show reduction compared to untreated mice (Figure 5B, lower panel). 191 

Ribitol and FKRP gene therapy significantly improve muscle functions 192 

To assess the effect of muscle functions under the treatment regimes, P448L mice were 193 

examined at 18, 31 and 52 weeks post-treatment by treadmill exhaustion test, recording running 194 

distance and time in comparison with age-matched untreated P448L mice. Significant increase in 195 

both running distance and time was observed with the AAV-FKRP treatment alone at both high 196 

and low doses compared to untreated mice. Ribitol treatment alone also improved running 197 
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distance at all three time points but without reaching statistical significance (Figure 6A, upper 198 

panel). Interestingly, mice receiving combined high dose AAV-FKRP and ribitol treatment did 199 

not show further improvement in performance when compared to mice treated with AAV-FKRP 200 

alone at most time points. However, mice treated with low dose of AAV-FKRP in combination 201 

with ribitol showed better performance in both running distance and time at 52 weeks compared 202 

to the gene therapy alone. This improvement in running distance was more evident when 203 

calculated at each time point as fold increase (ratio) compared to the distance run by the 204 

untreated mice, indicating better maintenance of muscle function in the mice receiving combined 205 

low dose FKRP and ribitol treatment than low dose AAV gene therapy alone (Figure 6B). 206 

However, grip force measurement at the same time points showed limited improvement by all 207 

the treated cohorts compared to the controls (Figure S3). Nevertheless, this is consistent with our 208 

previous results with the same AAV-FKRP gene therapy using the same mouse model.8,9 209 

The respiratory muscle function was also examined by non-invasive plethysmography 210 

tests at 5 different time points, between 5 and 52 weeks, during the 1-year treatment period 211 

(Figure 7). The changes in respiratory function during this period varied with different 212 

treatments. Both higher dose of AAV-FKRP alone and with ribitol, as well as low dose AAV-213 

FKRP with ribitol, showed clear improvement in peak inspiratory flow (PIF), expiratory volume 214 

(EV), tidal volume (TV), and minute volume (MV), compared to untreated P448L mice. In 215 

contrast, lower dose AAV-FKRP alone showed values closer to those of the untreated mice. 216 

Interestingly, end inspiratory pause (EIP) and tidal mid-expiratory flow (EF50) increased 217 

steadily, especially after 18 weeks of age in the untreated cohort and became the highest at the 218 

52-week time point whereas all the treatment cohorts maintained relatively stable levels. 219 

Prolonged EIP has been observed in our earlier studies as one of the most significant changes in 220 
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respiratory function with aging of the P448L mice and shortening of EIP is constantly associated 221 

with effective gene therapy.9,11 222 

Effect of Ribitol treatment on AAV-FKRP transduction in skeletal muscle 223 

To assess whether pretreatment with ribitol affects AAV-mediated transgene delivery in 224 

muscles, AAV genome copy number was quantified by real-time quantitative PCR (qPCR) in 225 

cardiac and skeletal tissues of 55-week-old mice (Figure 8A). We confirmed a dose-dependent 226 

increase on AAV-FKRP vector copy number and did not observe any effect of exogenous ribitol 227 

on the uptake of AAV-FKRP particles in heart and TA, as shown by the similar number of AAV-228 

FKRP genomes detected in the presence and absence of ribitol at both AAV-FKRP doses. 229 

However, when FKRP protein expression was analyzed by JESS simple wester in cardiac tissue 230 

of 34 weeks-old mice (55 kDa monomer and 110 kDa dimeric form)14, we observed an increase 231 

on FKRP expression in presence of ribitol, specially at high dose AAV-FKRP (Figure 8B and 232 

8C). We have previously reported that ribitol does not affect the endogenous FKRP transcripts 233 

levels in cardiac, limb muscle and diaphragm.10 The reason for the higher FKRP expression in 234 

presence of exogenous ribitol in mouse treated with AAV-FKRP is not understood. One 235 

hypothesis is that the better improved muscle condition with combined treatment permit better 236 

expression of the transgene driven under MCK promoter. This however required further 237 

investigation. 238 

Discussion 239 

In this study, we examined effects of combined treatment of AAV gene therapy with 240 

ribitol. Consistent with our earlier data, ribitol treatment alone improves pathology and muscle 241 

function and AAV-FKRP gene therapy dose-dependently improves muscle pathology and 242 
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function.  These results further support the applications of the individual treatment for LGMD2I 243 

and other muscular dystrophies caused by FKRP mutations. The most effective treatment is the 244 

combination of high dose (5e13 vg/ /Kg) AAV gene therapy with ribitol treatment, whereas low 245 

dose AAV (1e13vg/kg) alone showed similar improvements in pathology and function to ribitol 246 

treatment alone. This underscores the importance of appropriate AAV dosage for achieving 247 

desirable efficacy and the dilemma of balancing high dose treatment and toxicity, especially for 248 

treating muscular dystrophy which requires life-long sustained protection. The reasons for 249 

increased fibrosis in the diaphragm of ribitol-treated old mice are not understood. One possibility 250 

is that the improvement in muscle functions may increase muscle activity causing stress to the 251 

muscles with limited matriglycan restoration induced by ribitol treatment at older age. This could 252 

lead to further accumulation of damage with regeneration and fibrosis. Increase in CNF in the 253 

same aged mice supports this hypothesis. 254 

One interesting observation from this study is the differential effect in matriglycan 255 

induction and benefit in survival and muscle function between ribitol treatment and lower dose 256 

AAV-FKRP gene therapy. Treatment with ribitol alone enhanced matriglycan expression only 257 

above the detectable levels. Yet, improvement in muscle function is clearly demonstrated by 258 

treadmill exhaustion and respiratory function tests. In contrast, low dose AAV-FKRP treatment 259 

induces abundant matriglycan in both skeletal and cardiac muscles in total amount, greatly 260 

exceeding the amount induced by ribitol. However, the low dose AAV-FKRP treated mice only 261 

showed similar degrees of improvement in muscle and respiratory functions as well as benefit to 262 

survival of female mice as that observed with ribitol treatment. The discrepancy between levels 263 

of restored matriglycan and muscle function clearly emphasizes the importance of homogenous 264 

distribution in therapeutic gene product on efficacy of gene and other therapies as revealed by 265 
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early studies of dystrophin gene therapy.  Rafael et al. described two patterns of dystrophin 266 

transgene expression, uniformity and variability.15 Uniformity refers to transgene expression in 267 

nearly 100% of muscle fibers by IHC whereas variable expression observes a mosaic pattern 268 

with fibers expressing higher than normal levels adjacent to fibers without positive signal. Mice 269 

with uniformly expressed dystrophin are phenotypically indistinguishable from C57, whereas 270 

mice with a mosaic pattern of expression remain pathogenic with limited improvement in CNFs 271 

and fibrosis evidenced by dystrophic morphology of the diaphragm indistinguishable from 272 

parental mdx mice. These observations clearly indicate the presence of continuous degeneration 273 

and regeneration in the muscles with mosaic pattern of transgene expression. In a follow-up 274 

study with the same MCK promotor-driven mini-dystrophin expression, the authors further 275 

categorized transduction pattern in muscles as variable, slightly variable or uniform.16 276 

Transgenic animals with uniform expression exhibited the fewest dystrophic symptoms, whereas 277 

animals with comparable overall levels of dystrophin in a variable pattern were more severely 278 

affected.  The authors concluded that uniformity of transgene expression is an important 279 

predictor of a therapeutic effect and is more important than the overall level of expression. The 280 

limited protection and likely detrimental consequence of heterogeneity in transgene expression 281 

by a gene therapy is therefore expected. Over-loading of transprotein is also likely detrimental to 282 

the fibers. Further, a mosaic pattern of transgene expression within a single muscle will likely 283 

create poorly coordinated contraction, leading to continued fiber damage and degeneration 284 

particularly to those fibers or segments of fibers with little and no transgene expression. This 285 

process could accelerate with time and diminish the amount of muscle fibers and eventually lead 286 

to failure of treatment. In contrast, ribitol treatment produces low levels of matriglycan but with 287 

a homogenous distribution, with most fibers expressing similar levels of matriglycan. This may 288 
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well explain the significant benefit of ribitol treatment despite limited matriglycan induction. It is 289 

also important to recall that low levels of endogenous protein expression as therapeutics can 290 

provide significant efficacy with other disease related genes.17 Increased expression of 291 

endogenous dystrophin induced by antisense oligonucleotide (ASO) therapy can be difficult to 292 

detect especially by WB. More importantly, ASO clinical trials have suggested that barely 293 

detectable or even lower than 1% of normal levels in dystrophin upregulation can be associated 294 

with clinically meaningful benefits.18,19  295 

We hypothesized that ribitol can enhance the function of the transprotein FKRP as well 296 

as endogenous mutant FKRP on matriglycan synthesis, thus a combination of the treatments 297 

could be more effective to increase the levels of matriglycan. Detection of matriglycan by IHC 298 

showed a more homogenously distributed expression in the muscles with combined treatments 299 

when compared to the muscles treated only by AAV-FKRP of the same dosage, indicating the 300 

contribution of ribitol treatment in the muscles. However, the difference in levels of matriglycan 301 

between the AAV-FKRP treated groups with and without ribitol supplementation cannot be 302 

demonstrated by WB as clear as by IHC. This is most likely due to limited proportion of 303 

matriglycan induced by ribitol in the tissues already with high levels of matriglycan induced by 304 

AAV-FKRP alone, and the limited sensitivity of the detection method. It is worthy to note that 305 

detection of matriglycan by WB with the currently available IIH6C4 antibody is difficult 306 

especially at low level of expression. The nature of the antibody from mouse origin makes it less 307 

sensitive to distinguish weak signal from higher background signal in mouse tissues. 308 

Nevertheless, the contribution of ribitol to the AAV-FKRP therapy can be appreciated from the 309 

greater functional improvements in the combined treatment cohorts compared to AAV-FKRP 310 
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alone, as indicated by strengthened performance in treadmill exercise tests, better improvements 311 

in respiratory functions and muscle pathology.  312 

In summary, this study demonstrates the potential benefits of combining ribitol treatment 313 

with suboptimal as well as relatively high dosage AAV gene therapy for treating FKRP-related 314 

muscular dystrophy.  The fact that ribitol is a metabolite in nature and has already been tested 315 

both in animal model and clinical trials for more than 1 year without severe side effect provides a 316 

safety profile for it to be trialed before and after AAV gene therapy. The results also exemplify 317 

the potential of gene therapy in combination with substrate treatment for enhanced efficacy. 318 

Materials and Methods 319 

Animal care. All animal studies were approved by the Institutional Animal Care and Use 320 

Committee (IACUC) of Carolinas Medical Center and Wake Forest University. All mice were 321 

housed in the vivarium of Carolinas Medical Center following animal care guidelines of the 322 

institute. Animals were ear tagged prior to group assignment. Food and water were available ad 323 

libitum during all phase of the study. Body weight was measured from 4 weeks of age until 324 

experimental or humane endpoint. 325 

Mouse model. FKRP P448L mutant mice were generated by the McColl-Lockwood Laboratory 326 

for Muscular Dystrophy Research.20,21 The mouse model contains a homozygous missense 327 

mutation (c.1343C>T, p.Pro448Leu) in the FKRP gene with the floxed neomycin resistant 328 

(Neor) cassette removed from the insertion site. C57BL/6J (wild-type/C57) mice were purchased 329 

from Jackson Laboratory (Bar Harbor, ME) and used as normal controls where appropriate. 330 

AAV Vector and Ribitol administration. The recombinant AAV-FKRP vector was purchased 331 

from ViGene Biosciences (Rockville, MD). Full-length human FKRP cDNA was synthesized for 332 

Jo
urn

al 
Pre-

pro
of

Administrator



16 
 

high expression in mouse and subsequently subcloned into a single-stranded AAV9 vector under 333 

control of a muscle-specific promoter, followed by a polyadenylation signal from the bovine 334 

growth hormone gene. The titer of the viral vector stocks was 6.85e13 and 2.32e13 vg/ml. AAV-335 

FKRP was given as a single tail-vein injection to 9-week-old P448L mice, either at a dose of 336 

1e13 or 5e13 viral genomes per kilogram of body weight (vg/kg) diluted with 0.9% saline to a 337 

final volume of 100 µl. 338 

Ribitol was purchased from Biosynth International, Inc. (A-3000 Adonitol, >98%, Biosynth, 339 

Itasca, IL) and dissolved in drinking water to the final concentration of 5%. Water bottles 340 

containing ribitol were changed once per week. P448L mice were drinking 5% Ribitol at 5 weeks 341 

of age and until natural death or euthanasia.  342 

Mice were randomly assigned to either treatment or control groups. No animal was excluded. A 343 

total number of 10 mice was used for each group, with equal number of male and female. 344 

Untreated age-matched P448L and wild-type C57BL/6 mice were used as controls. Treated and 345 

untreated P448L mice were euthanized at 34 (n=3, 2 male and 1 female) or 55 (n=3, 2 male and 346 

1 female) weeks of age. For survival studies, mice were euthanized at a terminal endpoint of 104 347 

weeks of age, or upon reaching a humane endpoint.  348 

Immunohistochemical, Western Blot, and Jess Simple Western analysis. Tissues were 349 

dissected and snap-frozen in dry-ice-chilled-2-methylbutane. For immunohistochemical 350 

detection of glycosylated α-DG, 6 μm thick cross sections of untreated and treated P448L mice 351 

tissues, as well as tissues from C57BL/6 control were included in each slide. Briefly, slides were 352 

fixed in ethanol and blocked in blocking buffer (6% bovine serum albumin (BSA), 4% normal 353 

goat serum (NGS) in 1x PBS for 30 min at room temperature. Sections were then incubated 354 

overnight at 4 °C with primary mouse monoclonal antibody IIH6C4 from EMD Millipore 355 
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(Billerica, MA) against glycosylated α-DG. Sections were then washed 3 times in 1x PBS and 356 

incubated with secondary AlexaFluor 488 goat anti-mouse IgM from Invitrogen (Carlsbad, CA) 357 

(1:500) at room temperature for 2 h. Sections were washed 3 times in 1x PBS and mounted with 358 

fluorescence mounting medium from Abcam (Cambridge, UK) containing 1X DAPI (4’,6’-359 

diamidino-2-phenylindole) for nuclear staining. Immunofluorescence was visualized using an 360 

Olympus BX51/BX52 fluorescence microscope (Opelco, Dulles, VA) and images were captured 361 

using the Olympus DP70 digital camera system (Opelco). For IIH6C4 fluorescence intensity 362 

quantification in TA, a total of 3 representative 20x magnification images per animal (a total of 363 

300-400 fiber per mice) were analyzed. Using the multi-point selection on ImageJ software, the 364 

mean fluorescence intensity from a representative area of the membrane of each fiber was 365 

calculated.  366 

For western blot analysis, tissues were homogenized in extraction buffer (50 mM Tris-HCl pH 367 

8.0, 150 mM NaCl, and 1% Triton X-100), supplemented with 1x protease inhibitor cocktail 368 

(Sigma-Aldrich). Protein concentration was quantified by the Bradford assay (Bio-Rad DC 369 

protein assay). Fifty µg of protein was loaded on a 4-15% Bio-Rad Mini-PROTEAN TGX gel 370 

(Bio-Rad) and immunoblotted. Amount of total protein loaded for C57BL/6 mice was half of the 371 

amount loaded for the P448L mice. Nitrocellulose membranes (Bio-Rad) were blocked with 5% 372 

milk in 1x phosphate-buffered saline (PBS) for 2 h at room temperature and then incubated with 373 

the following primary antibodies overnight at 4°C: IIH6C4 (1:1000) and α-actin (Sigma) 374 

(1:2000). Appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies were 375 

incubated for 2 h at room temperature. For laminin overlay assay (Lam OL), nitrocellulose 376 

membranes were blocked with laminin overlay buffer (10 mM ethanolamine, 140 mM NaCl, 1 377 

mM MgCl2, and 1 mM CaCl2, pH 7.4) containing 5% nonfat dry milk for 1 h at 4 °C, followed 378 
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by incubation with laminin from Engelbreth-Holm-Swarm murine sarcoma basement membrane 379 

(Sigma, L2020, 1:500) overnight at 4 °C in laminin overlay buffer. Membranes were then 380 

incubated with rabbit anti-laminin antibody (Sigma, L9393, 1:500), followed by goat anti-rabbit 381 

HRP-conjugated immunoglobulin G secondary antibody (Santa Cruz Biotechnology, 1:8000). 382 

All blots were developed by electrochemiluminescence immunodetection (Perkin-Elmer), 383 

exposed to GeneMate auto-radiographic film (VWR International), and subjected to manual film 384 

processing. Matriglycan detection with IIH6C4 antibody by western blot analysis was performed 385 

on 2-3 mice per treated cohort and untreated control mice. 386 

For immunodetection of FKRP in cardiac mouse tissues, we used the ProteinSimple Western 387 

JessTM system, an alternative for classical western blotting in which all assay steps from protein 388 

separation, immunoprobing, detection, and data analysis are automated. The protein separation 389 

was performed using a 12-230 separation kit (Bio-Techne SM-W004-1). Briefly, protein samples 390 

were extracted using the previously described method for western blot and diluted to a final 391 

concentration of 2 mg/ml in the supplied sample buffer. The primary and secondary antibodies 392 

were diluted in milk-free diluent (Bio-Techne 043-524). Rabbit polyclonal FKRP (FKRP-393 

STEM22) and HSP60 (R&D Systems AF1800) antibodies were diluted to 1:500 and 1:100, 394 

respectively, with the anti-rabbit-IgG-NIR secondary (Bio-Techne 043-819), against HSP60 395 

primary, diluted to 1:100. The Anti-rabbit-HRP secondary (Bio-Techne 042-206), against FKRP 396 

primary, is provided ready to use with no dilution needed. Samples were separated for 25 397 

minutes at 375V with a blocking time of 5 minutes, using milk-free antibody diluent. Primary 398 

and secondary antibodies were incubated for 30 minutes each. Due to both primary antibodies 399 

being rabbit, two separate capillaries were used on the same plate cartridge using the same 400 

protein sample. 401 
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Histopathological and morphometric analysis. Frozen tissues were processed for H&E and 402 

Masson’s Trichrome staining following standard procedures. Muscle cross-sectional fiber 403 

equivalent diameter was determined from tibialis anterior stained with H&E using MetaMorph 404 

v7.7 Software (Molecular Devices). The percentage of centrally nucleated myofibers were 405 

manually quantified from the same tissue sections stained with H&E. Fibrotic area represented 406 

by blue staining in the Masson’s Trichrome stained sections was quantified from diaphragm 407 

using the ImageJ software. For all the morphometric analyses, a total of 300 to 500 fibers from 4 408 

representative 20x magnification images per animal were analyzed. 409 

Muscle Function tests. For treadmill exhaustion test, 18-,31-, and 52-week-old mice were 410 

placed on the belt of a five-lane-motorized treadmill (LE8700 treadmill, Panlab/Harvard 411 

Apparatus, Barcelona, Spain) supplied with shock grids mounted at the back of the treadmill, 412 

which delivered a 0.2 mA current to provide motivation for exercise. Initially, the mice were 413 

subjected to an acclimation period (time, 5 min; speed, 8 cm/s, and 0° incline). Immediately after 414 

acclimation period, the test commenced with speed increases of 2 cm/s every minute until 415 

exhaustion. The test was stopped and the time to exhaustion was determined when the mouse 416 

remained on the shock grid for 5 s without attempting to re-engage the treadmill.8  417 

Whole body plethysmography. Respiratory functional analysis in conscious, freely moving 5-, 418 

9-, 18-, 31-, and 52- week-old mice were measured using a whole-body plethysmography 419 

technique as described previously.8 The plethysmograph apparatus (emka Technologies, Falls 420 

Church, VA) was connected to a ventilation pump to maintain a constant air flow, a differential 421 

pressure transducer, a usbAMP signal amplifier, and a computer running EMKA iox2 software 422 

with the respiratory flow analyzer module, which was used to detect pressure changes due to 423 

breathing and recording the transducer signal. An initial amount of 20 ml of air was injected and 424 
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withdrawn via a 20 ml syringe into the chamber for calibration. Mice were placed inside the free-425 

moving plethysmograph chamber and allowed to acclimate for 5 min to minimize any effects of 426 

stress-related changes in ventilation. Resting ventilation was measured for a duration of 15 min 427 

after the acclimation period. Body temperatures of all mice were assumed to be 37°C and to 428 

remain constant during the ventilation protocol. 429 

Statistical analysis. All data are expressed as mean ± SEM unless stated otherwise. Statistical 430 

analyses were performed with GraphPad Prism version 7.01 for Windows (GraphPad Software). 431 

Individual means were compared using one-way ANOVA with Dunnett’s test to correct for 432 

multiple comparisons for each treatment versus untreated mice. 433 

Data availability. The authors declare that all data supporting the findings of this study are 434 

available within the article and its Supplemental Information Files. 435 
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Figure 1. Effect of Ribitol and AAV-FKRP treatment on body weight and lifespan of 524 

P448L mutant mice. Mice were treated with 5% ribitol in drinking water (RIBITOL), a single 525 

dose of 1e13 or 5e13 vg/kg AAV-FKRP (FKRP low and FKRP high, respectively), or combined 526 

treatment of 5% ribitol and either 1e13 or 5e13 vg/kg AAV-FKRP (RIBITOL + FKRP low and 527 

RIBITOL + FKRP high, respectively). Treated cohorts were compared to age-matched control 528 

mice (UNTREATED). (A) Body weight (gr) comparison among mice treated as described above 529 

(Female: n = 5 up to 6 months of age; n = 4 from 6 months to 12 months of age; n = 3 starting at 530 

12 months of age; Male: n = 5 up to 6 months of age; n = 3 from 6 months to 12 months of age). 531 

Mice died by natural cause or were euthanized by either reaching humane endpoint criteria or a 532 

predetermined terminal endpoint of 34, 55 or 104 weeks). (B) Kaplan-Meier survival curve of 533 

female P448L mutant mice treated as described above (n = 10 for untreated mice; n = 3 for all 534 

treated cohorts). Mice died by natural cause or were euthanized by either reaching humane 535 

endpoint criteria or the predetermined terminal endpoint of 104 weeks.  536 

Figure 2: Induction of matriglycan in cardiac and skeletal muscle of P448L mice treated 537 

with Ribitol and AAV-FKRP gene therapy for 6 months and 1 year. Five % Ribitol was 538 

supplemented in drinking water at 5 weeks of age (RIBITOL). AAV-FKRP was administered 539 

systemically as a single dose at 1e13 (FKRP low) or 5e13 vg/kg (FKRP high) at 9 weeks of age. 540 

Mice under combined therapy were drinking 5% ribitol and received AAV-FKRP either at 1e13 541 

or 5e13 vg/kg (RIBITOL + FKRP low and RIBITOL + FKRP high, respectively). (A) 542 

Immunohistochemical staining with IIH6C4 antibody of cardiac (HEART), tibialis anterior (TA) 543 

and diaphragm (DIAPH) of treated and age-matched untreated P448L mice at 34 weeks of age. 544 

Arrows indicate negative fibers in AAV-FKRP alone treatment compared to weak stained fiber 545 

in AAV-FKRP and ribitol combined therapy. DAPI was used for nuclear staining. (B, C, D) 546 

Jo
urn

al 
Pre-

pro
of



24 
 

Quantification of matriglycan by IIH6C4 fluorescence intensity in TA of treated and age-547 

matched untreated P448L mice at 34 weeks of age (n = 3 per each cohort). (B) Histogram of 548 

fiber frequency distribution as percentage. (C) Nonlinear Gaussian Regression fitting histogram 549 

showed in B. Dotted lines represent thresholds between negative and positive (weak and strong) 550 

fibers. (D) Staked-bar graph representing percentage of fibers with IIH6C4 fluorescence intensity 551 

calculated in B (Negative fiber: IIH6C4 mean intensity <10; positive weak fiber: IIH6C4 mean 552 

intensity between 10 and 30; positive bright fiber: IIH6C4 mean intensity >30). (E, F) Western 553 

blot analysis of protein lysates from untreated and treated mice at 34 weeks of age. Matriglycan 554 

was detected by blotting with IIH6C4 and by laminin overlay assay (Lam OL). Detection of α-555 

actin was used as loading control. (F) Quantification of IIH6C4 band intensity showed in (E), 556 

normalized to α-actin expression for each tissue showed as percentage of levels in C57 mice. (G, 557 

H) Western blot analysis of protein lysates from untreated and treated mice at 55 weeks of age. 558 

Matriglycan was detected by blotting with IIH6C4 and by laminin overlay assay (Lam OL). 559 

Detection of α-actin was used as loading control. (H) Quantification of IIH6C4 band intensity 560 

showed in (G), normalized to α-actin expression for each tissue showed as percentage of levels 561 

in C57 mice. The western blot figures show representative data analyzed for 2-3 mice per cohort. 562 

Figure 3: Effect of Ribitol and AAV-FKRP Gene Therapy on the progression of fibrosis in 563 

diaphragm of P448L mice. Mice were treated with 5% ribitol in drinking water (RIBITOL), a 564 

single dose of 1e13 or 5e13 vg/kg AAV-FKRP (FKRP low and FKRP high, respectively), or 565 

combined treatment of 5% ribitol and either 1e13 or 5e13 vg/kg AAV-FKRP (RIBITOL + FKRP 566 

low and RIBITOL + FKRP high, respectively). (A) Masson’s Trichrome staining in diaphragms 567 

of treated and age-matched untreated P448L mice, as well as C57BL/6 control mice, at 34-week 568 

(upper panels) and 55-week (lower panel) of age.  Scale bar, 50μm. (B) Percentage of fibrotic 569 

Jo
urn

al 
Pre-

pro
of



25 
 

areas quantified from Masson’s Trichrome staining in diaphragm of untreated and treated mice at 570 

34 weeks (left panel) and 55 weeks (right panel) of age. Four representative 20x magnification 571 

images per animal were analyzed. (n = 3 per each cohort). Error bars represent mean ± SEM. 572 

(**) p ≤ 0.01, (****) p ≤ 0.0001, one-way ANOVA with Dunnett’s test to correct for multiple 573 

comparisons for each treatment versus untreated mice.   574 

Figure 4: Histopathology of muscle tissues from P448L mice treated with Ribitol and AAV-575 

FKRP for 6 months. H&E staining of heart, tibialis anterior (TA) and diaphragm (DIAPH) 576 

tissues from 34 weeks old control P448L mice (Untreated), or mice treated with 5% ribitol in 577 

drinking water (Ribitol), mice injected with 1e13 or 5e13 vg/kg AAV-FKRP (FKRP low and 578 

FKRP high, respectively), or mice receiving combined treatment of 5% ribitol plus either 1e13 or 579 

5e13 vg/kg AAV-FKRP (R + FKRP low and R + FKRP high, respectively). Scale bar, 50μm.  580 

Figure 5: Effect of Ribitol and AAV-FKRP gene therapy on fiber size distribution and 581 

centrally nucleated fibers of P448L mice treated for 6 months and 1 year. (A) Gaussian fiber 582 

size distribution as percentage of relative frequency in tibialis anterior muscles of either treated 583 

or untreated P448L mice, and C57 control, at 6-month and 1-year post-treatment (upper panel 584 

and lower panel, respectively). Mice were treated with 5% ribitol in drinking water (RIBITOL), 585 

a single dose of 1e13 or 5e13 vg/kg AAV-FKRP (FKRP low and FKRP high, respectively), or 586 

combined treatment of 5% ribitol and either 1e13 or 5e13 vg/kg AAV-FKRP (RIBITOL + FKRP 587 

low and RIBITOL + FKRP high, respectively) (n = 3 per each cohort). (B) Percentage of fibers 588 

with central nucleation in tibialis anterior muscles of P448L mice untreated or treated as 589 

described in (A) by 6-months and 1-year post treatment (upper panel and lower panel, 590 

respectively) (n = 3 per each cohort). Error bars represent mean ± SEM. (*) p≤0.05, (**) p≤0.01, 591 
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one-way ANOVA with Dunnett’s test to correct for multiple comparisons for each treatment 592 

versus untreated mice. 593 

Figure 6: Effect of Ribitol and AAV-FKRP gene therapy on skeletal muscle function on 594 

P448L mice. (A) Treadmill exhaustion test assessing running distance (m) and time (min) in 595 

treated and age-matched untreated P448L mice. Ribitol-treated mice drank 5% ribitol 596 

(RIBITOL). AAV-FKRP-treated mice received a single dose of 1e13 or 5e13 vg/kg (FKRP low 597 

and FKRP high, respectively). Mice receiving the combined treatment were injected with a 598 

single dose of 1e13 or 5e13 vg/kg AAV-FKRP and drank 5% (RIBITOL + FKRP low and 599 

RIBITOL + FKRP high, respectively). Test was performed at 18, 31, and 52 weeks of age (18w, 600 

31w, and 52 weeks, respectively). (n = 10 per each cohort at 18w and 31w time point, and n = 7 601 

per each cohort at 52w time point). Error bars represent mean ± SEM. (*) p≤0.05, (**) p≤0.01, 602 

(***) p≤0.001, (****) p≤0.0001, one-way ANOVA with Dunnett’s test to correct for multiple 603 

comparisons for each treatment versus age-matched untreated mice. (B) Distance running 604 

progression by each treated cohort normalized to the distance run by untreated mice at each time 605 

point.  606 

Figure 7. Evaluation of respiratory function in P448L mice treated with Ribitol and AAV-607 

FKRP gene therapy. Plethysmography test was conducted in treated and age-matched untreated 608 

P448L mice at different times of age (x axis represents the mice age in weeks). Data obtained at 609 

5 weeks of age (before treatment started) was used as base line and subtracted from each time 610 

point per each mouse. (n = 10 per each cohort at 5-, 9-, 18- and 31-week time points, and n = 7 611 

per each cohort at 52-week time point). Ribitol-treated mice drank 5% ribitol (RIBITOL). AAV-612 

FKRP-treated mice received a single dose of 1e13 or 5e13 vg/kg (FKRP low and FKRP high, 613 

respectively). Mice receiving the combined treatment were injected with a single dose of 1e13 or 614 
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5e13 vg/kg AAV-FKRP and drank 5% ribitol (RIBITOL + FKRP low and RIBITOL + FKRP 615 

high, respectively). Error bars represent mean ± SEM. PIF, peak inspiratory flow (ml/s); EV, 616 

expired volume (ml); TV, tidal volume (ml); EIP; endo-inspiratory pause (msec); MV, minute 617 

volume (ml); EF50, mid-expiratory flow (ml/s). 618 

Figure 8. Effect of Ribitol on AAV-FKRP transduction efficiency. (A) Vector copy number 619 

per µg of input DNA in heart and skeletal (TA = tibialis anterior) tissues from P448L mice 620 

treated with AAV-FKRP alone (FKRP low: 1e13 vg/kg; FKRP high: 5e13 vg/kg) and combined 621 

with 5% ribitol treatment (Ribitol + FKRP low and Ribitol + FKRP high) at 55-week of age (n = 622 

3). Error bars represent mean ± SEM. (B) FKRP protein levels from cardiac tissue of 34-week-623 

old treated and untreated P448L mice analyzed by ProteinSimple JessTM Capillary Western Blot 624 

analyzer. Detection of HSP60 was used as loading control. (C) Quantification of FKRP band 625 

intensity showed on (B). Values were normalized to HSP60 expression for each tissue. 626 
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Cataldi and colleagues report that combining AAV gene therapy and Ribitol treatment for FKRP-related 

dystroglycanopathies result in an optimized therapy compared to each treatment alone. Ribitol 

increases FKRP’s substrate pool while AAV-mediated FKRP expression compensates for mutant FKRPs, 

improving pathology, muscle function and survival in a FKRP-dystrophic mouse model. 
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