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ABSTRACT  17 

 18 

Duchenne muscular dystrophy (DMD) is a lethal muscle wasting disease caused by absence of 19 

dystrophin, a protein essential to preserve muscle integrity continuously challenged by contractions. 20 

Gene therapy utilizing adeno-associated virus (AAV) to deliver truncated forms of dystrophin (µDys) is 21 

currently the most promising therapeutic approach. However, the therapeutic outcome in treated patients 22 

has not been as successful as anticipated by animal studies, underscoring the need of improved and high-23 

throughput models for accurate and fast prediction of human response. Here, we describe the generation 24 

of MYOtissues, a 3D muscle platform based on direct myogenic conversion of human induced 25 

pluripotent stem cells (iPSC), whose structural and functional maturation is enhanced by fibroblasts 26 

incorporation. MYOtissues derived from DMD-iPSC including DMD fibroblasts, exacerbated 27 

pathogenic hallmarks such as fibrosis and muscle force loss. As a proof of concept, we showed that 28 

AAV-mediated µDys gene transfer improved muscle resistance and membrane stability in DMD-29 

MYOtissues, highlighting the suitability of our system for gene therapy screening.  30 
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Introduction 31 

Duchenne muscular dystrophy (DMD; ONIM: #310200) is the most common and severe muscle 32 

disorder in children, with a prevalence of 1:5000 boys (1) with no resolutive cure up to date. DMD 33 

is caused by genetic mutations in the dystrophin gene that results in the lack of Dystrophin, a key 34 

protein of the sarcolemma required for the biochemical support of myofibers and force 35 

transmission (2–5). DMD is characterized by progressive muscle wasting affecting skeletal 36 

muscles primarily and cardiac and respiratory muscles later, thereby causing premature death (6). 37 

Dystrophin links the sarcolemma with the extracellular matrix (ECM) through the dystrophin 38 

glycoprotein complex (DGC) and therefore its absence renders muscle cells susceptible to 39 

contraction-induced damage (7,8). Moreover, consecutive rounds of muscle membrane 40 

degeneration and regeneration caused by the mechanical stress, induce, in turn, secondary 41 

pathogenic events such as chronic inflammation and fibrosis that exacerbate the disease phenotype 42 

(9–12). Fibrosis, an excessive deposition of ECM components, is a critical driver of DMD 43 

progression. Indeed,  secretion of TGFβ (Transforming Growth Factor beta), the major 44 

profibrogenic factor released from damaged muscle cells, stimulates the production of ECM 45 

components, mainly from fibroblasts but also autonomously from myofibers (13–15) causing loss 46 

of muscle function. 47 

Gene therapy exploiting adeno-associated virus (AAV) to deliver the therapeutic payload is 48 

currently the most promising therapeutical approach for DMD as proved by ongoing clinical trials 49 

employing short forms of Dystrophin (µDys) encoding a truncated, but functional, protein (16–22). 50 

However, while the therapeutic effects were unequivocally achieved in DMD animal models, the 51 

results from clinical trials revealed limited therapeutic efficacy as well as unexpected safety issues 52 

(23). 53 

These observations confirm the limited translatability of results obtained in animal models to 54 

human patients. Moreover, increasing evidences highlighted the sub-optimal activity of µDys, 55 

likely due to absent protein domains, preventing full correction of the phenotype and making 56 

necessary the investigation of new treatments (24,25). It appears therefore crucial to develop high 57 

throughput models mimicking human DMD pathology, suitable to quickly test the efficacy of 58 

therapeutics, more reliably and with reduced animal waste and costs. In vitro modeling based on 59 

human cells is a valuable option. In particular, the induced pluripotent stem cells (iPSC) technology 60 

offers the opportunity to derive an unlimited number of specialized cells using patients’ cells for 61 

disease modeling and drug screening (26,27). Among the in vitro cellular models, organoid-like 62 

structures are becoming invaluable for disease modeling as the use of 3D cultures and biomaterials 63 

allows the reconstitution of tissue architecture and microenvironment that are instrumental for 64 
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pathophysiological evaluations (28,29). However, organoid applications for AAV gene therapy 65 

have been limitedly explored and mostly in the context of retinopathies (27,30–34). No reports are 66 

available to date on the use of muscle organoids for AAV gene replacement therapy application 67 

and only AAV-based CRISPR-Cas9 correction of DMD iPSC prior to formation of organoids were 68 

reported as gene therapy approach (35).  69 

For skeletal muscle engineering, several differentiation protocols from human IPSC (iPSC)  are 70 

available (36–39). However, they present limitations associated with the long duration of the 71 

protocol, up to 60 days, due to the multiple cellular transitions mediated by media 72 

supplementations. Although this approach mimics muscle development, it is subjected to higher 73 

inter-experimental variability due to the heterogeneity of the cell population. Additionally, muscle 74 

force analysis remains a challenge in the field, only partially explored, especially for muscle 75 

resistance evaluation. Here, we described the rapid generation of iPSC-derived muscle organoid-76 

like structure, crafted to include only specific cell types, and named hereafter MYOtissues. We 77 

employed and adapted an engineered muscle platform to generate MYOtissues using a previously 78 

reported method for direct iPSC conversion into skeletal muscles cells (13,40,41). We further 79 

included fibroblasts to increase structural maturation, according to their reported role in helping 80 

muscle assembly, and as a source of microenvironment cues exerted by their secretory activity (42–81 

45). We demonstrated that fibroblasts-including MYOtissues showed improved structural 82 

organization and developed higher muscle force during contractions. Remarkably, DMD iPSC-83 

derived MYOtissues that included DMD-fibroblasts displayed exacerbated pathogenic features 84 

related to muscle fragility, that allowed significant detection of muscle dysfunctions defined as key 85 

therapeutic readouts.  86 

We then applied AAV-mediated µDys gene replacement, a gold standard in DMD gene therapy, 87 

as a proof of concept of the suitability of MYOtissues as a platform for therapeutic evaluation. We 88 

showed a dose-dependent response in the efficacy of µDys to restore muscle function and 89 

membrane stability and revealed partial correction at optimal doses. Our findings indicate that 90 

MYOtissues derived from dystrophic iPSC, whose phenotype is exacerbated by fibroblast 91 

inclusion, could be used as preclinical human models for muscle force-based screens with the 92 

potential to accelerate the identifications of effective therapeutics for DMD.   93 
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Results  94 

 95 

Generation of structurally organized 3D human MYOtissues by direct conversion of iPSC 96 

and inclusion of fibroblasts 97 

MYOtissues were generated from human iPSC committed to differentiate into the myogenic 98 

lineage by inducible expression of MyoD and BAF60C (13), from now on referred as iPSCBM.. 99 

MYOtissues were prepared starting from iPSCBM after one day from the induction of myogenic 100 

genes. Casting procedure was performed through adaptation of an engineered muscle system 101 

(39,46) which results in the growth of the tissue in a ring format supported by two flexible silicon 102 

stretchers (Figure 1A). The differentiation protocol was optimized from the conditions previously 103 

reported (13,40,41) using myogenic commercial media that ensured the highest expression of 104 

myogenic markers and myogenic differentiation in monolayer condition. Since cellular 105 

heterogenicity, especially of mesenchymal origin, has been shown to be important for muscle 106 

formation (39,45,47,48), we included human immortalized fibroblasts during the casting 107 

procedure, to assess whether this would affect muscle organization. For this aim, casting was 108 

performed using iPSCBM cells in presence or absence of human fibroblasts. The 3D cultures were 109 

kept for 2 days in growth medium, afterwards medium was replaced for differentiation for 110 

additional 12 days (Figure 1A). A pilot study was conducted to identify the optimal fibroblast 111 

concentration required to achieve correct differentiation and high-level organization. We found 112 

that inclusion of fibroblasts accelerated the condensation of the muscle rings into a compact 113 

structure 0.8 mm long and 1mm thick at day 14 (Figure 1B). At that time point, we characterized 114 

the muscle differentiation in the MYOtissues by performing immunofluorescence (IF) in whole-115 

mount tissues for sarcomeric α-actinin (SAA), and we could clearly observe an enrichment of SAA 116 

positives myotubes throughout the ring-shaped micro-tissue (Figure 1C). We then aimed to assess 117 

the impact of fibroblasts inclusion on muscle structure. For that, alignment of myotube and 118 

circularity were evaluated. Staining for Myosin Heavy Chain (MyHC, myotube marker) and 119 

Vimentin (fibroblasts marker) on longitudinal sections showed fibroblasts recruitment near muscle 120 

fibers (Figure 1D). Measurement of the angles between the myotubes showed a significant 121 

decrease with fibroblasts inclusion, which correlates with a better myotube alignment (Figure 1E). 122 

Additionally, circularity of myofibers was measured from transversal sections stained for the 123 

membrane marker WGA (wheat germ agglutinin), using ratio between X and Y Feret diameters 124 

(Figure 1D). MYOtissues with fibroblasts had an improved circularity (ratio closer to 1) when 125 

compared to control (Figure 1E). Improved myofiber circularity and myotubes alignment as 126 
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shown, indicate that fibroblasts incorporation during the casting procedure, guides myofiber 127 

orientation providing structural support for MYOtissues, a prerequisite for maturation.  128 

 129 

Improved structural and functional maturation of fibroblast-including MYOtissues 130 

Since muscle function is strictly dependent on the internal myofiber organization, we evaluated the 131 

maturation of our 3D MYOtissues by looking at the sarcomere structure. Transversal and 132 

longitudinal sections were used to monitor Dystrophin expression at the sarcolemma (Figure 2A) 133 

and SAA localization for assessment of the striation pattern typical of mature myotubes (Figure 134 

2B). Dystrophin was properly localized to the muscle membrane of myotubes from MYOtissues 135 

including fibroblasts and was significantly more expressed compared to MYOtissues without 136 

fibroblasts (Figure 2A, D). Remarkably, the maturation index, reported as percentage of number 137 

of nuclei included in striated myotubes, was significantly superior in MYOtissues including 138 

fibroblasts as compared to MYOtissues without fibroblasts which appear very disorganized with 139 

rare appearance of striations (Figure 2B, E). The proper sarcomeric organization was also 140 

confirmed by electron microscopy where we could clearly detect longer, properly formed Z 141 

patterning, presence of I and A bands along with an overall increase of sarcomeric density and 142 

alignment (Figure 2C). We further performed gene expression analysis for terminal differentiation 143 

markers such as muscle creatine kinase (MCK), myosin heavy chain isoforms, such as MYH2, 144 

representative of fast adult fiber type, and MYH7, as a slow fibers marker (Figure 2F). Higher 145 

expression of all genes in MYOtissues containing fibroblasts, confirms the acquisition of a more 146 

mature state, compared to MYOtissues without fibroblasts. 147 

We then assessed whether our MYOtissues were functional by looking at their physiological 148 

response to contraction stimulations, using a muscle organ bath system (49) based on electrical 149 

pacing. To evaluate muscle force, MYOtissues were weighted and then transferred to the muscle 150 

strip chamber (Figure 2G). Before performing force analysis, both optimal length (Lo) and optimal 151 

frequency relationship were established to identify the optimal MYOtissues stretching and electric 152 

pulse frequency at which they developed peak of force (Figure 2H). The establishment of these 153 

parameters is essential to perform reliably muscle force comparisons between different types of 154 

MYOtissues. Indeed, Lo of fibroblast containing-MYOtissues was smaller than MYOtissues 155 

without fibroblasts as a result of more compact and stiff structure. We also verified that two weeks 156 

of maturation of the 3D culture was the optimal condition for functional evaluation. Indeed, at 3 157 

weeks of culture, we detected a loss of contraction force.  Isometric force analysis revealed 158 

significantly higher tetanic force in MYOtissue containing fibroblasts compared to the control, as 159 

(Figure 2I). Values were then normalized indirectly for the cross sectional area (CSA) using the 160 
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weight and Lo established for each MYOtissues for each MYOtissues (43,50) and expressed as 161 

specific tetanic force (mN/mm2) (Figure 2J). In particular, the highest force with peak values 162 

ranging from 0.3 to 0.5 mN versus 0.1 to 0.2 mN in MYOtissues without fibroblasts after 163 

normalization (Figure 2J). These data demonstrated that MYOtissues plus fibroblasts have an 164 

improved structural organization and functional maturation that enables force contraction studies 165 

by electrical pacing. 166 

 167 

DMD iPSC-derived MYOtissues display exacerbated pathogenic hallmarks 168 

The improved muscle organization and functional maturation showed by iPSC-derived 169 

MYOtissues including fibroblasts, prompted us to exploit fibroblast features in disease modeling 170 

for DMD, where their role in disease progression is well known (14,15). We incorporated DMD 171 

fibroblasts as means to recapitulate the pathogenic microenvironment arising from their profibrotic 172 

activity exerted by tissue remodeling and matrix deposition (15,51). By this means we ultimately 173 

sought to reproduce the fibrotic-induced stiffness that could negatively affect contractile force of 174 

DMD MYOtissues, as it was shown previously in DMD cardiomyocytes (52). For that purpose, 175 

we used two DMD iPSC with different DMD mutations, a deletion of exon 45 (dEx45) or of exons 176 

8-9 (dEx8-9) (53) together with human DMD immortalized fibroblasts, to generated DMD 177 

MYOtissues As control, two iPSC lines derived from healthy patients (Ctr1, Ctr2) were used and 178 

one representative (Ctr1) was carried for the further analysis after verifying comparable muscle 179 

differentiation and muscle performance. We additionally used  as isogenic control, the DMD dEx8-180 

9 iPSC corrected to restore dystrophin expression (53) (hereafter called corrDMD dEx8-9). Ctr or 181 

DMD MYOtissues were generated together with human healthy or DMD immortalized fibroblasts 182 

for histological, molecular and functional analyses. (Figure 3A). The myogenic differentiation of 183 

both Ctr and DMD iPSC lines was first tested in 2D and showed comparable differentiation 184 

efficiency. Histological characterization in MYOtissues, showed absence of Dystrophin protein in 185 

DMD MYOtissues and efficient myogenic differentiation and maturation in Ctr and DMD 186 

MYOtissues, as shown by the striated pattern visualized by SAA-stained sections (Figure 3B). We 187 

then monitored fibrotic hallmarks at histological level by looking at Fibronectin (Fn1), one of the 188 

major TGFβ target ECM gene and phosphorylated SMAD3 (pSMAD3), the transcriptional effector 189 

of canonical TGFβ pathway. Notably, DMD MYOtissues including DMD fibroblasts showed 190 

increase expression of Fn1 and increased number of pSMAD3 positive nuclei, indicating activation 191 

of TGFβ in DMD MYOtissues and fibrosis (Figure 3B-C). Presence of fibrosis within the DMD 192 

MYOtissues was also confirmed by the increased mRNA expression of Fn1 and Collagen 1 193 
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(Col1A) (Figure 3D). Additionally, we monitored the collagen secreted in the medium to further 194 

confirm the presence of fibrotic environment of DMD MYOtissues. For this aim, we used Collagen 195 

IV detecting assay, so to exclude the possibility to detect any contaminant Collagen coming from 196 

the matrix which is of type I. Notably, we observed an increase in Collagen IV released in the 197 

media of DMD MYOtissues, as compared to Ctr MYOtissues, that was significantly higher in the 198 

condition including fibroblasts (Figure 3E). 199 

To assess whether DMD MYOtissues display hallmarks of DMD pathophysiology, we evaluated 200 

muscle function, that represents one of the most difficult challenges in the establishment of 201 

therapeutic readouts with in vitro systems. To identify reliable force parameters reflecting the 202 

defective DMD muscle performance, we subjected MYOtissues to isometric contractions (ISO) to 203 

measure tetanic force (Figure 3F), and to eccentric contractions (ECC) to assess muscle resistance 204 

and fatiguability (Figure 3G). As eccentric contraction plays a critical role in the disease 205 

progression of DMD (54) and repeated contractions trigger the degeneration/regeneration cycles 206 

(7), we used a specific ECC repetition protocol to assess muscle force loss and resistance under 207 

exhaustion. The protocol consisted of ten repetitions of ECC, where the force developed after each 208 

lengthening was calculated to trace muscle force drop over time. The drop force in both DMD 209 

dEx45 and dEx8-9-derived-MYOtissues (over 10 repetitions), was significantly higher than in 210 

control MYOtissues (Ctr1) and the corrected isogenic cell line (corrDMDdEx8-9) including or not 211 

fibroblasts (Figure 3G). To accurately quantify muscle fatigue, we calculated the fatigue index as 212 

drop of force between the isometric contractions performed before and after the 10x repetitions of 213 

ECC.  The analysis showed a significant higher fatigue index in DMD MYOtissues as compared 214 

to Ctr MYOtissues and remarkably, this phenomenon was accentuated by the presence of 215 

fibroblasts. (Figure 3H). Collectively these data indicate that DMD MYOtissues including 216 

dystrophic fibroblasts, displayed significant and exacerbated reduction of muscle resistance and 217 

increase of fatigue index (Figure 3G-H), thereby defining them as the most appropriate system for 218 

further screenings. These data show that ECC-based drop force evaluation is a meaningful and 219 

reliable test to be used as therapeutic readouts as significant difference were detected between Ctr 220 

and DMD MYOtissues. These findings also indicate the necessity to activate and reveal the disease 221 

by mechanical challenges, which accelerates muscle fatigue in DMD MYOtissue as compared to 222 

Ctr MYOtissues. 223 

 224 
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AAV-µDystrophin gene transfer improves muscle resistance and restoration of DGC 225 

components 226 

As proof of concept that MYOtissues were suitable as a screening platform for gene therapy products, 227 

we used AAV-mediated delivery of µDystrophin and assessed its therapeutic efficacy in the DMD 228 

context. For this aim, we used AAV9, as this serotype was used in recent clinical trials and showed 229 

high transduction rate in patients’ myofibers (55,56). AAV9 infectivity in 3D engineered muscles was 230 

evaluated by a GFP reporter system (57), however in vitro µdystrophin AAV gene transfer, to the best 231 

of our knowledge, has not yet been reported. We first optimized the infection conditions using the 232 

reporter AAV9-CMV-GFP in Ctr MYOtissues including fibroblasts. Infections was performed at day 233 

7 of the differentiation protocol, diluting AAV particles directly in the medium, and maintained for 234 

additional 7 days. We then used a codon optimized µDystrophin gene (dR4-23) under the control of 235 

the muscle specific sp512 promoter (19) for gene transfer using AAV9 (AAV9-µDys) in DMDdEx45 236 

MYOtissues (Figure 4A). Low and high doses were established based on previous dosing studies to 237 

have intermediate transduction level at low dose (1E+9vg/MYOtissue), and high transduction level at 238 

high dose (5E+10vg/MYOtissue). Gene transfer efficiency was evaluated by quantification of Viral 239 

copy number (VCN) on genomic DNA extracted from MYOtissue and by expression level of the 240 

transgene and the encoded protein (Figure 4B-D). A clear dose-dependent entry of µDys increase of 241 

DNA, mRNA and protein levels were detected following AAV9-µDys gene transfer in the 242 

MYOtissues. Histological quantification of µDystrophin showed 30% of dystrophin positive 243 

myotubes at low dose compared to 95% in the high dose condition (Figure 4E, top panel). 244 

Because dystrophin exerts its biomechanical support by holding the DGC in place, we monitored key 245 

components of the DGC, the transmembrane  β-dystroglycan and the extra-cellular α-dystroglycan,  246 

whose proper expression and localization is impaired in the absence of Dystrophin (58). 247 

Immunostaining on transversal MYOtissues showed a dose-dependent yet not complete restoration of 248 

α- and β-dystroglycan (Figure 4E, middle and low panel). Interestingly, even high doses ensuring 249 

nearly total Dystrophin transduction did not fully restore α and β-dystroglycan, suggesting a potential 250 

therapeutic limitation of µDys. Overall, these data demonstrate the efficiency of µDystrophin gene 251 

transfer in DMD MYOtissues and partial, restoration of Dystrophin-associated components to the 252 

sarcolemma. 253 

 254 

 255 
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µDystrophin gene transfer rescues muscle strength and reduces the inflammatory milieu 256 

To verify whether DGC restoration was associated to higher membrane stability and with protection from 257 

mechanical stress, Ctr and DMD MYOtissues treated or not with µDys were subjected to muscle force 258 

analysis (Figure 5A). Interestingly, isometric tetanic force analysis did not reveal any significant increase 259 

in DMDdEx45 MYOtissues following µDys delivery compared to not infected condition (Figure 5B). 260 

We then challenged the muscles by eccentric repetitions, and, under this condition, we observed a dose-261 

dependent increase of muscle strength that reached significance only with high dose µDys (Figure 5C). 262 

Consistently with the acquired muscle resistance, the fatigue index was greatly reduced in DMD 263 

MYOtissues treated with high dose of µDys, close to the levels of Ctr MYOtissues (Figure 5D). These 264 

results were confirmed in MYOtissues derived from DMDdEx8-9 and its corrected isogenic control, 265 

where force analysis revealed improved muscle resistance and fatigue tolerance upon optimal µDys 266 

delivery. These data indicate that high dose µDys greatly improve muscle resistance and fatigue 267 

tolerance, whereas suboptimal transduction is not sufficient to significantly improve muscle strength, as 268 

shown by the partial gain of muscle strength in DMD dEx45-derived MYOtissues. One of the pathogenic 269 

hallmarks in damaged dystrophic muscle is the inflammatory response, mediated by proinflammatory 270 

cytokine release by myofibers, fibroblasts and infiltrating immune cells. For this aim, we looked at the 271 

secretion of Interleukin  1 (IL-1), Interleukin 6 (IL-6) and Tumor Necrosis Factor alpha (TNFα), (11,59) 272 

in DMD dEx45-derived MYOtissues. Conditioned media was collected 24h before and after the eccentric 273 

contraction repetitions to measure secretion of the proteins of interest. Remarkably, secretion of the three 274 

factors decreased significantly upon µDys restoration, in a dose-dependent manner and this effect was 275 

more important in the condition media after eccentric contractions (Figure 5E). These data confirmed 276 

the beneficial effect of µDys in improving the pathogenic milieu, likely as a result of improved membrane 277 

stability and reduced mechanical stress.  278 
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Discussion 279 

 280 

The investigation and identification of new therapeutic strategies to face DMD is hampered by the 281 

lack of disease models that mimic adequately human pathology and could serve as a reliable 282 

screening platform. Here, we report the generation of 3D engineered muscles called MYOtissues, 283 

composed by a homogeneous population of myogenic cells derived from direct conversion of iPSC 284 

(13,40) combined with a population of fibroblasts, casted in a collagen-based matrix. We employed 285 

fibroblasts to reach a mature muscle structure that resulted in higher functional performance under 286 

muscle force evaluation. We then included human DMD fibroblasts to increase the severity of DMD 287 

iPSC derived-MYOtissues phenotype, driven by their profibrotic activity, as shown by exacerbated 288 

muscle force loss upon mechanical stress. By employing AAV-mediated µDys gene transfer, we 289 

demonstrated that DMD-MYOtissues highly transduced, recovered muscle resistance to eccentric 290 

contractions and partial membrane stability, with consequent amelioration of the inflammatory 291 

milieu. This evidence provides for the first time, the proof of principle of the suitability of DMD-292 

MYOtissues as a reliable screening platform based on muscle strength assessment. 293 

 294 

Reliable muscle function evaluation in engineered skeletal muscle tissues 295 

Although several remarkable studies reported on muscle force in 3D models (39,53,60–62), muscle 296 

function evaluation is still a hurdle when coping with the difficulty in identifying disease-specific 297 

muscle force parameters, with the lack of an easy method to normalize muscle force and with the 298 

high variability of organoid models. Here we established parameters to evaluate muscle strength and 299 

fatigue index, defined as resistance to repeated eccentric contractions. These metrics, in addition to 300 

the already well-known correlation with the dystrophic phenotype (63), enables reliable force 301 

measurement independent of normalization, as it represents the ratio within the same engineered 302 

muscle tissue. Furthermore, our system showed reduce variability by minimizing intrinsic 303 

variabilities that could be caused by early defects during the pathogenesis. Several studies reported 304 

on a reduced myogenic differentiation ability in DMD-derived muscles, as compared to control. The 305 

difference in the myogenic gene expression pattern is likely due to the differentiation protocol used. 306 

As such, in protocol using chemical myogenic cocktails reproducing developmental cues it is more 307 

appropriate to detect early changes in DMD myopathies, while with direct transgene-based 308 

differentiation methods we can bypass and defective steps. As a result, our system aims at developing 309 

muscle artificial tissues from healthy or DMD iPSC that can be further challenged to activate and 310 

then reveal their pathogenic potential. This system has the advantage to be unbiased because we can 311 

perform muscle force analysis without considering the intrinsic contractile or myogenic defects that 312 
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would affecting muscle force necessarily (39,64,65). Therefore, we can perform screening in a 313 

reliable way, limiting intrinsic variables.  314 

 315 

Activating DMD phenotype 316 

Muscle development and differentiation requires cues elicited from the mesenchymal compartments 317 

(39,45). Since we used a transgene-based direct differentiation that bypasses the 318 

mesodermal/mesenchymal transition, we decided to use fibroblasts as they are the major component 319 

of the endomysium, the connective tissue surrounding the myofibers important for myofiber 320 

maturation (45,48). Fibroblasts were also shown to be important for self-assembly of the myofibers 321 

(42,47). We showed that including fibroblasts during the casting process, improved muscle 322 

alignment and the muscle force developed after electrical-induced contractions. Fibroblasts were 323 

mostly found in the external compartment of the 3D structure, surrounding and guiding muscle cells 324 

towards the same direction during differentiation, as shown by organized, elongated, and compact 325 

shape adopted when fibroblasts were included). As a result of the ameliorated muscle architecture 326 

and structural support, likely elicited by ECM production, fibroblasts containing-MYOtissues 327 

displayed more functional maturation and generated higher tetanus force during contraction.  328 

We exploited fibroblasts also to exacerbate DMD phenotype until able to appreciate significant 329 

difference of the hallmarks of DMD pathology such as muscle function loss and fibrosis, caused by 330 

displacement of the DGC. For this purpose, we used DMD fibroblasts as a source of fibrotic cues to 331 

reproduce the pathogenic microenvironment and therefore exacerbate disease progression. 332 

Furthermore, is still unclear whether and how fibrosis impacts on contractility and muscle force in 333 

skeletal muscles. Recent studies shed light on the role of fibrosis-induced stiffness in contractile 334 

dysfunction of cardiomyocytes (52). It is tempting to hypothesize that pathogenic stiffening of 335 

muscle tissue is also involved in contraction defects and muscle force generation. 336 

Collectively, our results showed that the use of severe modelling, characterize by a surrounding 337 

cytokine and fibrotic-rich milieu, and the use of a muscle exhaustion/fatigue test, allows improved 338 

modeling of DMD phenotype and enable reliable detection of pathological outcome once the muscle 339 

is stressed environmentally and mechanically.  340 

 341 

 Challenges and perspectives 342 

 By employing AAV-mediated delivery of µDys, the gold-standard in the DMD gene therapy, we 343 

proved that pro-fibrotic DMD MYOtissues efficiently transduced with µDys, recovered muscle 344 

strength and membrane stability.  Interestingly, even high doses ensuring nearly total Dystrophin 345 
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transduction did not fully restore proper localization of key DGC members, opening the way to 346 

deeper interrogation of µDys efficacy. One limitation of our approach relates to the use of non-347 

isogenic fibroblast cell lines to generate MYOtissues that can introduce variabilities due to different 348 

genetic backgrounds. However, this study aimed firstly at identifying the involvement of fibroblasts 349 

derived from a specific pathophysiological context in the exacerbation of the DMD pathogenic 350 

hallmarks for screening purposes. Indeed, as shown in different DMD iPSC lines, DMD fibroblasts 351 

inclusion, by its excessive matrix deposition, allows more faithful recapitulation of the fibrotic and 352 

inflammatory milieu that impact on muscle function and membrane stability. Overall, the 353 

exacerbated severity of DMD MYOtissues allows a broader window to evaluate therapeutic potential 354 

of AAV gene therapy products. Next-generation MYOtissues will then have to be derived using 355 

isogenic myogenic and fibroblast populations. Additionally, it would be of interest to recapitulate in 356 

our system, the role of fibroblasts and fibro-adipogenic progenitors in the disease progression and 357 

how their plasticity, activation and frequency is affected within a DMD muscle context, as shown 358 

recently in in vivo single-cell studies (66). Therefore, the inclusion of healthy fibroblasts in the 359 

generation of DMD MYOtissues can provide insights into their fibrogenic activation that contributes 360 

to the severity of the dystrophic phenotype.  361 

By exacerbating the disease with DMD fibroblasts-dependent release of fibrotic cues and 362 

inflammatory cues. Notably, µDys delivery in DMD MYOtissues significantly attenuates the release 363 

of pro-inflammatory cytokines elicited by mechanical stress making our system suitable to integrate 364 

muscle function with the microenvironment. Thus, the MYOtissue platform provides the unique 365 

opportunity to associate the effect of gene transfer not only on the muscle function but also on the 366 

extracellular context that plays a key role in the initiation and progression of the disease. It will be 367 

interesting in the future to investigate the cross talk between muscle cells and fibroblasts that 368 

ultimately generate a pathogenic milieu in DMD muscles, that ultimately drives unbalanced immune 369 

response. In this regard, other cell populations such as macrophages, could be added in the 370 

MYOtissue to answer this question.  371 

Because our protocol for muscle MYOtissue generation is fast, robust and allows large-scale testing, 372 

our   system could be easily used as a testing platform not only for gene therapy but also to test 373 

pharmacological approaches. Thus, exacerbated MYOtissues provide a valuable human in vitro 374 

counterpart to animal in vivo preclinical studies, for a more stringent and reliable screening with the 375 

potential to accelerate the identifications of new treatments as wells as to unravel therapeutic 376 

limitations of current DMD treatments.  377 
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        Materials and Methods 378 

Experimental design 379 

The objective of this study was to generate a human model of disease suitable for therapeutic 380 

screening or testing. We used control (Ctr) and DMD patients’ iPSC to derive 3D muscle 381 

constructs, based on an optimized differentiation protocol and casting procedure, called 382 

MYOtissues. DMD MYOtissues were firstly characterized for their ability to recapitulate 383 

pathogenic features by histological evaluation in sections, gene expression analysis, secretome and 384 

force analysis. Of note, functional readouts were established in order to detect significant 385 

differences between Ctr and DMD MYOtissues such as eccentric contractions drop force analysis 386 

and fatigue index measurements. We then used DMD MYOtissue containing DMD fibroblasts to 387 

test the efficacy of gene therapy treatment using delivery of AAV9-µDys, by looking at the 388 

therapeutic readouts previously identified. Muscle force analysis after electrical-induced 389 

contractions, was performed looking at the tetanic force or at the drop force after eccentric 390 

contractions. At least 10 replicates (n, as indicated fin the figure legend) were used for each 391 

condition. Molecular and serum biomarker analysis was performed in the same MYOtissue right 392 

after the force measurements, while histological analysis was performed on other replicates not 393 

receiving electrical stimuli. For muscle force analysis, normalization for CSA was performed to 394 

reduce inter and intra-variability.  395 

 396 

Cell culture and differentiation protocol 397 

Human iPSCs used in the study were as follow: Ctr1 (AG08C5) derived from healthy fibroblasts 398 

(AG08498, Coriell Institute), Ctr2 (I-Stem), IPSC DMDdEx45 (Coriell, GM25313); DMDdEx8-9 399 

and DMDdEx6-9 (corrected, isogenic control) (provided by Doctor E. Olson). iPSCs were 400 

maintained using mTeSRplus medium and passaged using ReleSR (Stem Cell Tech) on matrigel 401 

coated wells (Corning). iPSC engineering and muscle differentiation was performed adapting a 402 

transgene-based method previously described (13,40). Briefly, iPSC expressing inducible Baf60C 403 

and MyoD (iPSCBM) were induced to express the transgenes by Doxycycline treatment in 404 

mTESRplus media. Then, iPSCBM were dissociated and, either plated at 60k cells/cm², or resuspend 405 

in the hydrogel for 3D casting. For two-dimensional differentiation, the committed cells are kept 406 

in growth media (SKM02, AMSbiokit) supplemented with Doxycycline 200ng/ml for 2 days and 407 

then switched to differentiation media (SKM03 plus, AMSbiokit) supplemented with Doxycyclin 408 

200 ng/ml for additional 5 days. Human immortalized fibroblasts from control (AB1191) and DMD 409 

patient (AB1024) were generated and obtained from Myobank-AFM of Myology Institute. Ctr and 410 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 28, 2023. ; https://doi.org/10.1101/2023.07.26.550063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.26.550063
http://creativecommons.org/licenses/by-nc-nd/4.0/


DMD human immortalized fibroblasts, used in co-culture with hiPSC in 3D MYOtissues, were 411 

maintained in culture in 20% FBS DMEM Glutamax supplemented medium.  412 

 413 

Generation of MYOtissues  414 

MYOtissues from iPSC were generated adapting the protocol described for engineered heart tissue 415 

(67).Specifically,, 1.25 x 106 iPSC-committed (24 hours after induction with Doxycycline) are 416 

resuspended in 77 µl of growth media supplemented with hES cell Recovery (Stemgent) and 417 

molded in hydrogel composed by 40 µl of Bovine Collagen solution 6mg/ml (Sigma-Aldrich), 17.8 418 

µl of Matrigel Growth Factor reduced (Corning) 10% v/v 3), 40µl 2X DMEM (Gibco) 4) and 5.2 419 

µl of NaOH 1.5N 5). For the generation of MYOtissues including Fibroblasts, 1.25 x 105 (1:10) 420 

immortalized fibroblasts are included in the iPSC-committed mix during hydrogel preparation.  421 

The hydrogels are casted into 48-well plate TM5 MyrPlate (Myriamed), containing in each well a 422 

pair of flexible poles (static stretchers) that supports the growth of the engineered tissue in a ring 423 

shape. After 1 hour of polymerization at 37°C, media is added for 24 hours. At day 2 of the 3D, 424 

growth media (SKM02, AMSbiokit) is replaced by differentiation media (SKM03plus, 425 

AMSbiokit) and changed every day until day14.  426 

 427 

Muscle force analysis  428 

Functional analyses were carried out at day 14 after 3D casting. Contraction experiments were 429 

performed using the MyoDynamics Muscle Strip System 840 MD (DMT Technologies) and CS4 430 

stimulator (DMT Technologies). All functional analysis were performed at 37°C, 5% CO2 95% 431 

O2, in Tyrode’s solution supplemented with 25 mM NaHCO3.  Optimal muscle length was 432 

determined by gradually stretching the muscle until there was no further increase in the twitch 433 

tension. Functional tests were performed under isometric and eccentric conditions. MYOtissues 434 

were electrically stimulated with 250 pulses of 30V, 4ms width at the 125Hz of frequency for both 435 

isometric and eccentric contractions. For eccentric analysis, organoids were 1 mm stretched at the 436 

6.5 cm/s during the muscular contraction. Each artificial tissue was subjected to 1 isometric 437 

contraction, 10 eccentric contractions and 1 isometric contraction. Data collection and analysis was 438 

done by PowerLab device and LabChart software (AD instruments) respectively. Fatigue is 439 

represented as percentage drop force between the first and the last isometric contraction. Where 440 

indicated, force is indirectly normalized for the CSA (Cross Section Area) calculated as muscle 441 

force (mN) x Lo (mm) x density (mg/mm3)/weight (mg) and expressed as mN/mm2. Muscle density 442 

is experimentally determined as 2.089 mg/mm3.   443 

 444 
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Electron Microscopy studies 445 

 446 

Electron microscopy analysis was prospectively performed on MYOtissue specimens that were 447 

fixed with glutaraldehyde (2.5%, pH 7.4), post fixed with osmium tetroxide (2%), dehydrated in a 448 

graded series of ethanol ranging from 30% to absolute solution and embedded in resin (EMBed-449 

812, Electron Microscopy Sciences, USA). Ultra-thin sections from at least four blocks from WT 450 

iPSC-derived Organoids in presence or absence of WT fibroblasts were stained with uranyl acetate 451 

and lead citrate. The grids were observed using a “JEOL 1400 Flash” electron microscope (120 452 

kV) and were photo documented using a Xarosa camera (Soft Imaging System, France). 453 

 454 

Immunofluorescence  455 

MYOtissues are fixed if 4% methanol-free PFA overnight at day 14. For whole mount staining, 456 

fixed MYOtissues were permeabilized, stained and dehydrated with the MACS clearing kit 457 

(Miltenyi) accordingly to manufacturer’s instructions. Whole mount-stained organoids are then 458 

imaged with confocal microscope (LEICA STED SP8) at 10X magnification.   459 

For staining on transversal or longitudinal sections, fixed MYOtissues are dehydrated with a 460 

gradient of sucrose (7.5%-30%) over-day and embedded in OCT matrix in plastic mold. After 24 461 

hr, embedded organoids are processed with the cryostat (LEICA) with 15 µm thick sections. Slices 462 

were then dried and fixed again with 4% methanol-free PFA (Invitrogen). Fixed sections are then 463 

blocked with serum cocktail (5% Goat serum and 5% Fetal bovine serum), before being stained 464 

overnight at +4°C with primary antibody. After that, slices are washed three times in PBS and 465 

hybridized with AlexaFluor secondary antibody accordingly to the host species of the first 466 

antibody. Stained slides were then covered with Fluoromont + Dapi and glass slide 1.5H. For 467 

imaging, sections are scanned with AxioScan microscope and confocal Leica SP8. FIJI and 468 

CellPose was used for images analysis. Myotube alignment was determined by angles 469 

measurement function (FIJI). Myotubes circularity was determined by custom FIJI script. Briefly, 470 

myotubes cross section area was first segmented  by pre-trained Cellpose2 cyto2 model (68) and 471 

then converted into Regions of Interest (ROIs) by Labels_To_Rois.py plugin (69) for subsequent 472 

quantification on FIJI (Ferret diameters X and Y).  473 

 474 

          Gene expression analysis 475 

For gene expression analysis, RNA was isolated from MYOtissues by RNeasy micro kit 476 

(QIAGEN) accordingly to manufacturer’s instructions, controlled and quantify by Nanodrop. 0.5-477 

1µg of RNA was retro-transcribed to cDNA thanks to the RevertAid H Minus First Strand cDNA 478 
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Synthesis Kit (Invitrogen). Droplet digital PCR was performed to assess the expression of 479 

myogenic factors (MyoD, Myh2, Myh7, MCK), of fibrotic markers (Col1A, Fn1) and µDystrophin, 480 

thanks to the QX200™ ddPCR™ EvaGreen Supermix (Biorad). Gene expression results in copy/µl 481 

are represented as fold change to the expression of MyoD normalized for GAPDH housekeeping 482 

gene. 483 

 484 

Biomarker analysis from conditioned media 485 

Secretome analysis was performed using the MILLIPLEX® Multiplex Assays Using Luminex® 486 

Technology (Millipore), accordingly to manufacturer’s instructions. 487 

 488 

AAV production and organoids infection 489 

Recombinant AAV were produced as previously described (70) using AAV9 serotype. Purification 490 

was performed using affinity chromatography and titration was done by ddPCR using ITRs 491 

primers. For optimization of infection, an AAV9-CMV-GFP construct was used. The micro-492 

dystrophin transgene used in the study, under the control of spc512 promoter, was an optimized 493 

version of construct used for GENETHON’s preclinical investigation and clinical trial (71), with 494 

deletion from spectrin-like repeats 4 to 23 and full C-terminal truncation, here referred as µDys. 495 

Infection in organoids was performed delivering the AAV9 particles diluted into the differentiation 496 

media at day 7, at two different doses: 1E+10 vg/organoids (low dose) and 5E+10 vg/organoids 497 

(high dose). Media was replaced after 24 hr from the infection and changed daily until day 14.  498 

 499 

Viral copy number analysis  500 

Viral DNA was extracted from mature MYOtissues by NucleoMag Pathogen kit (Macherey Nagel) 501 

using Kingfisher instrument (Thermofisher). DNA yield and purity was assessed by Nanodrop; 502 

VCN (viral copy number) was identified by droplet digital PCR using supermix for probe (Biorad). 503 

Results are shown as copy number variation using P0 as reference DNA.  504 

 505 

Capillary western blot analysis 506 

MYOtissues proteins were extracted in RIPA buffer supplemented with Protease Inhibitor Cocktail 507 

EDTA-free (Roche) and Benzonase by homogenization. Total proteins were then quantified by 508 

BCA method, thanks to the Pierce BCA protein assay kit (Invitrogen) accordingly to 509 

manufacturer’s instructions. Protein detection has been performed by capillary western blot, thanks 510 

to the JESS protein simple (Bio-techne), accordingly to manufacturer’s directions. Micro-511 
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dystrophin detection has been performed by the antibody DysB (NCL-DYSB, Leica, 1:20) and its 512 

expression has been quantified by total protein normalization.  513 

 514 

Statistical analysis 515 

All data were analyzed by GraphPad Prism 9.5.1 software. Error bars on plots represent the 516 

standard error of the mean (SEM). Statistical significance was determined by either one-way or 517 

two-way analysis of variance (ANOVA) with Tukey’s correction for multiple comparison tests. 518 

Results were considered significant at p < 0.05.    519 
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         MAIN FIGURES  814 

 815 

          Figure 1 816 

 817 

 818 

Figure 1. Generation of iPSC-derived MYOtissues and impact of fibroblasts inclusion on muscle organization. 819 

(A) Scheme of the protocol used to generate muscle artificial tissues (MYOtissues) from iPSC committed towards 820 

the myogenic lineage by 24h treatment with doxycycline for inducible expression of MyoD and BAF60C 821 

transgenes (iPSCBM). Casting procedure included: committed iPSC, fibroblasts when indicated (+/-fibro) and a 822 

collagen-based scaffold, within a 48 well plate equipped with silicon pillars. After 2 days in growth medium, the 823 

3D structures were shifted in differentiation medium until day 14 for histological analysis. (B) Condensation 824 

kinetics of MYOtissues +/-fibro. (C) Whole-mount staining of MYOtissues with Sarcomeric α-Actinin (SAA) and 825 

3D reconstruction of the ring-shaped constructs using confocal imaging. Scale bar: 1mm. (D) Representative 826 

longitudinal and cross sections of MYOtissues +/- fibroblasts, immunostained for Myosin Heavy Chain (MyHC) 827 

and Vimentin or for wheat germ agglutinin (WGA). Nuclei were visualized with DAPI. Scale bars 200µm (left 828 

panel) and 10 µm (middle and right panel). Arrows indicate fibroblasts recruited adjacently to the muscle fibers; 829 
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α is the angle formed between myotubes; lines indicate aligned myotubes, crosses represent X/Y myotubes 830 

diameters. (E) The alignment was calculated based on the angle (α) formed between myotubes (α close to 0 831 

corresponds to aligned myotubes, while far from 0 corresponds to not aligned myotubes), while circularity from 832 

X/Y myotubes diameters ratio (ratio 1 circular, far from 1 not circular). Data were collected from 3 independent 833 

experiments with at least 3 replicates. Unpaired two-tailed t-test was used (**p ≤ 0.01, ****p ≤ 0.0001). 834 
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 836 

       Figure 2 837 

 838 

 839 

Figure 2. Structural and functional maturation in fibroblast-including MYOtissues. (A) Representative 840 

transversal sections stained for Dystrophin. Scale bar: 40µm. Nuclei were visualized with DAPI (B) 841 

Representative longitudinal sections of MYOtissues +/- fibroblasts (fibro), immunostained for sarcomeric α-842 

Actinin (SAA). Scale bars: 40µm, enlargement 10µm. (C) Transmission electron microscopy images showing 843 

sarcomeric structures. Orange arrows: Z-lines. Scale bar: 500nm. (D) Dystrophin staining quantification 844 

represented as mean intensity fluorescence and expressed as fold change to the negative control (sections stained 845 

without first antibody). (E) Quantification of maturation index calculated as % of nuclei inside striated myofibers 846 

visualized by SAA staining. (F) Gene expression analysis of MCK, Myh2 and Myh7, reported as gene expression 847 

relative to MYOD expressing population (G) Contractile muscle force analysis of MYOtissues using a muscle-848 

strip based organ bath system. Before placement in the strip chamber, MYOtissues were weighted, and optimal 849 

length (Lo) measured for normalization of force data (see methods). (H) Normalized force-frequency relationships 850 
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in MYOtissues +/- fibro (n=2). (I) Representative tetanic force traces at optimal frequency (125 Hz) in MYOtissues 851 

+/- fibro. (J) Normalized tetanic force peak in MYOtissues +/- fibroblasts (n=8 to 15). Data are presented as 852 

means +/- SEM. Unpaired t test was applied for statistical analysis for maturation index (panel F) and for 853 

normalized tetanic force analysis (panel J). For all the other panels, One-way ANOVA statistical test was 854 

performed. (*p ≤0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).  855 
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       Figure 3  857 

 858 

Figure 3. DMD iPSC-MYOtissues including DMD fibroblasts exacerbate pathogenic hallmarks. (A) Overview 859 

of MYOtissues generation from control (Ctr) and DMD iPSC (dEX45 and dEx8-9) including ctr or dystrophic 860 

fibroblasts respectively for histological characterization and gene expression analysis. (B) Immunostaining of 861 

MYOtissues cross sections for Dystrophin (Dys) or Fibronectin (Fn1)/pSMAD3 and for SAA in longitudinal 862 

sections. Scale bar: 40µm. (C) Quantification of Fn1 signal and % of pSMAD3 nuclei in Ctr and DMD 863 

MYOtissues. (D) RT-ddPCR analysis of fibrotic markers in Ctr or DMD iPSC-derived MYOtissues with 864 

fibroblasts. (E) Expression level of Collagen IV secreted in Ctr and DMD MYOtissues with fibroblasts (f) and 865 
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without fibroblasts. (F) Isometric (ISO) contraction analysis: tetanic force developed normalized for CSA in Ctr, 866 

DMD and corrDMDdEx8-9 MYOtissues with and without fibroblasts (G) Force drop over 10 repetitions of 867 

eccentric (ECC) contractions in Ctr, DMD and corrDMDdEx8-9 MYOtissues including fibroblasts(H) Fatigue 868 

index, calculated as % of drop force between two ISO performed before and after 10x repetitions of ECC in Ctr, 869 

DMD and corrDMDdEx8-9 MYOtissues +/- respective fibroblasts. Data are presented as mean ± SEM (n=3-8). 870 

One-way ANOVA with Tukey’s correction was performed for statistical purposes (*p ≤0.05, **p ≤ 0.01, ***p ≤ 871 

0.001, ****p ≤ 0.000, ns= not significant 872 

 873 
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       Figure 4 875 

 876 

Figure 4. AAV-mediated delivery of µDys in exacerbated DMD MYOtissues ameliorates membrane stability. 877 

(A) Scheme of AAV9-µDys infection and doses used in DMD iPSC-derived MYOtissues. (B-C-D) Evaluation of 878 

gene transfer efficiency by Viral copy number (VCN) analysis (B), mRNA expression levels (C) and protein 879 

expression analysis by capillary western blot in DMD dEx45-derived MYOtissues infected with low and high 880 

dose of µDys versus non infected (-), MW: molecular weight (D). (E) Histological evaluation of Dystrophin 881 

Glycoprotein Complex (DGC) upon infection, by immunostaining for Dystrophin (Dys), α-Dystroglycan (α-DG) 882 

and β-Dystroglycan (β-DG) of WT and DMD cross sections of MYOtissues. Relative quantifications are shown. 883 

Data are presented as means +/- SEM. Statistical analysis performed with one-way ANOVA analysis with 884 

Tukey’s correction (*p ≤0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.000, ns = not significant). 885 

      886 

 887 

 888 
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Figure 5 889 

 890 

_  891 

Figure 5. Muscle strength evaluation and secretome analysis following eccentric contractions. (A) Ctr and 892 

DMDdEx45 MYOtissues subjected to muscle force assessment and to secretome analysis following AAV-µDys 893 

gene transfer. (B) Tetanic force normalized for cross section area (CSA) in untreated (-) and treated with 894 

µDystrophin (µDys) at low and high doses. (C) Drop force over 10 repetitions of eccentric (ECC) contractions 895 

in Ctr and DMDdEx45 MYOtissues including fibroblasts and treated with low and high dose of µDys. (D) 896 

Fatigue index in Ctr and DMDdEx45 MYOtissues treated or not with µDystrophin (E) Quantification of TNF 897 

alpha, IL-6 and IL-8 cytokines released in the media before and after the isometric and eccentric exercises. Data 898 

are presented as mean ± SEM (n=2-8) Statistical analysis performed with one-way ANOVA analysis with Tukey’s 899 

correction (*p ≤0.05, **p ≤ 0.01, ***p ≤ 0.001) ns, not significant. 900 

 901 

 902 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 28, 2023. ; https://doi.org/10.1101/2023.07.26.550063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.26.550063
http://creativecommons.org/licenses/by-nc-nd/4.0/

