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Duchenne Muscular Dystrophy is (DMD) a lethal muscle degenerative disease caused by nonsense or out of frame deletion mutations in the DMD gene [1], which encodes Dystrophin [2,3]. While
multiple therapeutic strategies to ameliorate the disease symptoms
are under development, there is currently no cure. Here we report an
unexpected finding that intramuscular injections of the anti-inflammatory interleukin 4 or 13 (IL4/13) not only reduce inflammation but
also restore Dystrophin protein production in the mdx mouse model
[4]. IL4/13 restores Dystrophin production by inducing changes in
the Dmd pre-mRNA splicing pattern that exclude the mutated exon
and restore the reading frame. We further show that systemic delivery of IL4-Fc can restore Dystrophin in multiple muscle groups and
increase muscle endurance and strength in mdx mice. Importantly,
IL4/13 treatment of mdx myoblasts is sufficient to induce exon skipping and restore Dmd reading frame in vitro. Moreover, IL4-treated
DMD patient myoblasts produce Dystrophin-positive myofibers after
transplantation. In light of the established clinical safety of IL4 treatment [5,6], we recommend IL4 as an agent of immediate consideration for treating duchenne muscular dystrophy.
DMD is a devastating genetic disorder that starts with muscle
weakness in early childhood and is ultimately lethal due to progressive muscle loss [1]. In skeletal muscles, the major DMD isoform
consists of 79 exons and encodes a 427 kD Dystrophin protein [2,3].
Dystrophin is a structural protein that links the actin cytoskeleton to
the sarcolemma and extracellular matrix to protect muscle against degeneration [7]. The mdx mouse carries a nonsense mutation in exon
23 (e23) of the orthologous Dmd gene and has been an invaluable a
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model for studying DMD [4]. This model also serves as a benchmark
for evaluating pre-translational studies [8]. Currently, the most promising pre-translational approach is using the CRISPR technology to
delete the mutated exon to restore reading frame [9,10]. However,
CRISPR mediated therapies will likely require years of evaluation for
safety due to potentially unexpected off target effects among highly
heterogeneous patient genomes. Therefore, improving methods currently under development and finding new strategies remain of high
priority [11].
Because exons in the middle of the DMD locus are largely dispensable [12], current methods are aimed to have internally truncated Dystrophin expressed via various means [13,14]. An estimated 80-90%
of DMD patients can benefit from single or multiple exon skipping
events to restore the reading frame and express internally truncated
Dsytrophin [15]. Based on this, the use splice-site blocking anti-sense
oligonucleotides to force exclusion of mutated exon to restore reading
frame is in clinical trials [16]. Disease progression of DMD is also accompanied by chronic inflammation, and various anti-inflammatory
treatments have been used to improve muscle pathology [17]. IL4 and
its closely related IL13 are anti-inflammatory interleukins [18] and
both have been shown to enhance myoblast fusion in vitro [19,20].
IL4 also acts through fibro-adipogenic progenitors to promote muscle
regeneration in vivo [21]. We therefore hypothesize that IL4 or IL13
treatment should have dual benefits of suppressing inflammation and
enhancing muscle regeneration in the mdx mouse.
To examine the effect of IL4 and IL13 in the mdx mouse, we injected each into the Tibialis Anterior (TA) muscles of the right leg,
and PBS into the left TA muscles of the same animals as controls
(Figure 1a). Because mdx mice develop pathology at ~3 weeks after birth [4], we chose early intervention at week 2 after birth (2 µg
of IL4 or IL13 per kg body weight (2 µg/kg) per TA muscle). Consistent with their anti-inflammatory role, IL4-and IL13-treated muscles displayed fewer interstitial cells and infiltrating F4/80-positive
(F4/80+) macrophages, compared to control muscles (Figure 1b-d).
Unexpectedly, when we examined Dystrophin expression using the
MANDRA1 antibody against its C-terminus (a.a. 3667-3671, encoded in exon 77) [22], we found that IL4- and IL13-treated mdx TA
muscles had significantly more MANDRA1+ myofibers (>20%) than
control mdx muscles (0.6%; Figure 1e,f). Western blot analyses confirmed increased levels of Dystrophin in IL4- and IL13-treated mdx
muscle lysates (Figure 1g,h). Using Evans Blue Dye (EBD) to assess
membrane permeability, we determined that IL4- and IL13-treated
samples had reduced EBD+ muscle fibers, reflecting an improved myofiber integrity (Figure 1i,j). Pharmacokinetic assessment of IL4 and
IL13 revealed the strongest effects (based on MANDRA1+ myofibers)
of both ILs was at 2 µg/kg in the 2- and 3-week age groups, while a
decreased effect at 5 µg/kg was noted. Treatment proved less effective
as mice matured (weeks 4-10). Thus early intervention by IL4 and
IL13 can reduce inflammatory infiltration and restore Dystrophin in
mdx TA muscles.
Using RT-PCR, we found multiple spliced forms that exclude the
mutated exon and predict contiguous reading frame in IL4/13-treated
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Figure 1: IL4 and IL13 improve mdx pathology and restore Dystrophin expression. (a) Diagram of the assay scheme: TA muscles of 2-week
old mdx mice were injected with IL4 or IL13 (right TA) and PBS (left TA)
and harvested 4 weeks later; DOB, day of birth. (b) Hematoxylin and eosin
(H/E) stained sections of wild type (WT), and mdx TA muscles treated
with PBS (+PBS), IL4 (+IL4), and IL13 (+IL13); arrows, fibrotic areas.
(c) Immunostaining by F4/80 (green) for infiltrating macrophages (arrowheads); nuclei stained with DAPI (blue). (d) Quantification of data in (c).
(e) Immunostaining by MANDRA1 for Dystrophin (green) of PBS-, IL4-,
and IL13-treated mdx TA muscles (top); nuclei stained with DAPI (blue)
and merged images at the bottom. (f) Percentage of Dys+ (MANDRA1+)
fibers from data in (e). (g) Western blot for Dystrophin (Dys) of PBS-, IL4and IL13-treated mdx muscles; wild type (WT), for comparison; α-tubulin
(α-tub), loading control. (h) Quantification of data in (g), normalized to
α-tub. (i) EBD staining in PBS-, IL4- and IL13-treated mdx TA muscles.
(j) Percentage of EBD+ fibers in (i). Bar graphs are shown as mean ± SEM
(n = 3 for each group); ** p ≤ 0.001. Scale bars = 50 µm.

mdx muscles (Figure 2a), indicating that skipping of the mutated exon
23 underlies Dystrophin restoration. Given that the DMD transcript
has a half-life of ~16 h [23] and that exon-skipped Dmd transcripts
are found weeks after IL4/13 injection, these exon-skipping events
appear persistent. Multiple splicing variants predict multiple Dystrophin isoforms. To examine this, we used Dmd exon-specific antibodies MANDYS18 (to an epitope encoded in e26) and MANEX4850A
(to an epitope encoded in e48-50) [22] together with MANDRA1.
Double staining of MANDYS18 and MANDRA1 showed mosaic
distribution of these epitopes (Figure 2b-d), reflecting that induced
Dystrophin+ fibers express different variants. Similar results were
found for MANEX4850A and MANDRA1 double staining. Accompanying Dystrophin production, Dystrobrevin and Syntrophin were
also restored at the sarcolemma of treated mdx muscles (Figure 2e-g),
suggesting formation of functional complex. Thus, IL4 and IL13 induce exon skipping to restore Dystrophin and its associated proteins
to the mdx sarcolemma.
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Figure 2: IL4 and IL13 induce multiple in-frame exon-skipping events
and restore Dystrophin and its associated proteins. (a) RT–PCR detected e22-24, e22-26, and e22-45 joined transcripts induced by IL4 and
IL13, relative to PBS-treated TA muscles; non-skipped e22-23-24, input
control. Splicing patterns are summarized at the right, with the locations of
epitopes recognized by MANDYS18 and MANDRA1. (b-d) Examples of
double-immunostaining by MANDYS18 (red) and MANDRA1 (green) of
(b) PBS-, (c) IL4-, and (d) IL13-treated mdx muscles; nuclei stained with
DAPI (blue); merged images to the right. Asterisks indicate MANDRA1+MANDYS18+ myofibers; arrowheads, MANDYS18-MANDRA1+ myofibers; arrows, MANDYS18+MANDRA1- myofibers. Note the uneven
distribution of epitopes within a myofiber. Scale bar = 50 µm. (e) Immunohistochemistry of PBS, IL4-, and IL13-treated mdx TA muscles with
antibodies specific for Dystrobrevin and Syntrophin. Scale bar = 200 µm.

Transcriptomic analyses revealed 200 up-regulated and 254
down-regulated genes common in IL4- and IL13-treated mdx muscles, compared to PBS-treated mdx muscles. Forty-eight of these
genes showed a reversed trend of expression from that in DMD patients and animal models [24-28], supporting an improvement. As
expected from known actions of IL4 and IL13, a larger fraction of
skeletal muscle tissue/fiber developmental genes shows upregulation,
while an increased fraction of inflammatory genes is repressed.
Systemic delivery of IL2-Fc was recently reported to ameliorate
histopathology of mdx muscles [29]. We were inspired to test whether
systemic IL4-Fc could restore Dystrophin in different muscle groups.
IL4-Fc and IL2-Fc (at 10 µg/kg bodyweight) were injected peritoneally into 2 weeks old mdx mice for comparison. TA, diaphragm and
gastrocnemius muscles were analyzed 4 weeks later. IL4-Fc treated
mdx mice contained significantly more MANDRA1+ myofibers in
all 3 muscle groups, compared to PBS- and IL2-Fc-treated groups
(Figure 3a-d). Western blot analyses confirmed increased Dystrophin
levels (Figure 3e-h) and EBD staining confirmed increased membrane integrity in these muscle groups. To determine whether muscle
strength and resistance were improved, we assessed forelimb weightlifting capability (Figure 3i) and used the Kondziela’s inverted test for
muscle resistance and strength (Figure 3j) [30,31]. As expected, IL4Fc treated group performed better on both tests than the PBS-treated
group.
We next examined whether IL4 and IL13 acted directly on mdx
myoblasts to induce Dmd exon skipping. Using a modified myoblast
Volume 8 • Issue 2 • 100098
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Figure 3: Intraperitoneal injection of IL4-Fc restores Dystrophin and
improves muscle strength. 2-week old mdx mice were injected with
PBS, IL2-Fc or IL4-Fc intraperitoneally, and various muscle groups were
harvested 4 weeks later. (a) Immunostaining by MANDRA1 (red) of TA,
Gastrocnemius (Gast) and Diaphragm (Diap) muscles from mdx mice injected with PBS, IL2-Fc, and IL4-Fc; nuclei stained with DAPI (blue).
(b-d) Percentage of Dys+ fibers in a section from (b) TA, (c) Gast, and
(d) Diap, from data in (a). (e) Western blots for Dys in TA, Gast, and
Diap muscles from PBS- and IL4-Fc-treated mdx mice; α-tubulin (α-tub),
loading control. Three biological replicates of each group are shown, and
the WT sample, for comparison. (f-h) Quantification of Dys levels from
(f) TA, (g) Gast, and (h) Diap muscles, normalized to α-tub and presented
as percentages of the WT level. (i) Weightlifting test of forelimbs muscle
strength and (j) Kondziela’s inverted test for muscle strength and resistance using all four limbs, for PBS- and IL4-Fc-treated mdx mice. The
scores were normalized by the body weight. Bar graphs are shown as
mean ± SEM (n =3 for each group); ** p ≤ 0.001.

recruitment protocol [19], we isolated myoblasts from ~2 weeks old
mdx mice and treated them with IL4 or IL13 for 48 h in growth media.
These cells were then exposed to differentiation media for 72 h and
assayed for Dystrophin expression. Treated mdx myoblasts gave rise
to ~50% MANDRA1+ cells, while control mdx cells showed ~5-10%
spontaneously reverted cells (Figure 4a,b). After normalization to
Myogenin (MyoG)+ nuclear number (Figure 4c), the MANDRA1-inducing effect of IL4/13 remained. This result was unlikely a consequence of increased mdx myoblast proliferation as IL4/IL13 displayed
only a modest mitogenic activity (Supplementary Fig. S5b). Furthermore, e22-24 joined Dmd transcripts were detected by RT-PCR in
IL4/IL13-treated myoblasts (Figure 4d). Titration data indicated that
Dystrophin restoration activity of IL4 and IL13 plateaued at 5 and
10 ng/ml, respectively, without a negative impact up to 100 ng/ml,
contrasting to their narrow effective dose in vivo. We also confirmed
in our culture the absence of the PDGFRa! fibro-adipogenic progenitor (Supplementary Fig. S5d), an IL4 target cell type that indirectly
enhances muscle regeneration [21].
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Figure 4: IL4 restores Dystrophin expression in mdx and DMD myoblasts in cultures and after transplantation. (a) Primary mdx myoblasts
were mock-treated (cont) or treated with IL4 or IL13 (See Fig. S5a for assay scheme) and immunostained for MANDRA1 (red) and MyoG (green)
of PBS-, IL4- and IL13-treated mdx cultures; nuclei stained with DAPI
(blue); merged images to the right; arrowheads, MANDRA1+MyoG+
cells. Scale bar = 30 µm. (b) Percentages of MANDRA1+ (Dys+) overlapping signals with DAPI+ nuclei from data in (a). (c) Percentages of MANDRA1+ (Dys+) signals overlapping with MyoG+ nuclei from data in (a).
For (b, c), bar graphs are mean ± SEM (n =3 for each); * p ≤ 0.01, **p ≤
0.001. (d) RT–PCR detected e22-24 joined transcripts induced by IL4 and
IL13; un-skipped e22-23-24, input control. (e) Two human DMD myoblast
lines with different exon deletions (Del.45, deletion of exon 45; Del.45-51,
deletion of exons 45-51) were cultured as mentioned in (a) and immunostaining by MANEX4850A (green) for the Del.45 line, and MANEX5556A
for the Del.45-51 line from non-treated (NT), IL4- and IL13-treated samples; nuclei stained with DAPI (blue). Scale bar = 50 µm. (f) RT–PCR
detected e44-46 and e44-52 joined transcripts induced by IL4 or IL13 in
the two DMD myoblast lines. (g-j) IL4-treated (g) Del.45 and (i) Del.45-51
myoblasts transplanted into the TA muscle of NRG mice were harvested 4
weeks later and immunostained for human-specific Spectrin (green) and
DYS2 (red); nuclei stained with DAPI (blue); merged images to the right.
Percentages of DYS2 in Spectrin+ cells from data in (g) and (i) are in (h)
and (j), respectively; bar graphs are shown as mean ± SEM (n = 3 for each
group); ** p ≤ 0.001. Scale bars = 50 µm.

qRT-PCR profiling of key signaling components of IL4 and IL13
revealed that (except for Tyk2) IL4Rα, Jak1, Jak2, Jak3, and Stat6
are expressed at higher levels in 2-week than in 3-mon old mdx myoblasts, providing a possible explanation for the age-dependent response in vivo. Importantly, Dystrophin restoration in mdx myoblasts
induced by IL4 is dependent on IL4Ra, as this effect was abolished
when we performed siRNA knockdown of IL4Ra, compared to a control scrambled siRNA (siScr). We also found that inhibition of JAK1
and JAK2 by pharmacological inhibitors negates IL4-induced Dystrophin reversion, providing additional support for a direct effect of
IL4 signaling in myoblast. We further conducted RNA-seq of mdx
and IL4-treated mdx samples and analyzed their splicing patterns. IL4
did not cause a significant change in the overall mRNA processing
pattern, suggesting that exon-skipping of the mutant Dmd locus is not
the consequence of a global splicing change.
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As we applied IL4 to mdx cells at the myoblast growth stage and
observed Dystrophin reversion in differentiated myotubes, we asked
whether IL4 treatment could have a long-term effect. For this, we
obtained reserve cells32, similar to quiescent muscle stem cells, from
differentiated mdx cultures that were initially un-treated or treated
with IL47 them again, all the while without adding IL4. Intriguingly,
IL4-treated mdx myoblasts retained Dystrophin reversion phenotype
in the second round of differentiation. This predicts that IL4/13 treatment in vivo may also maintain myofibers with restored Dystrophin
over a long period. Indeed, 30 weeks after a single intramuscular injection of IL4 or IL13, considerable MANDRA1+ myofibers were
found. Altogether, we conclude that IL4, and likely IL13, acts directly
on mdx myoblasts to induce a long-term Dystrophin reversion phenotype.
To begin evaluating the viability of IL4/13 as a treatment for
DMD, we explored whether the exon skipping/Dystrophin restoration
activity of IL4 and IL13 was effective on DMD patient-derived immortalized cell lines [33]. We chose two lines that were derived from
juveniles and represented frequently deleted genomic region of DMD,
Del.45 and Del.45-51. They were treated with IL4 or IL13, induced
to differentiated and assayed for Dystrophin. For the Del.45 line,
MANEX4850A [22] were used for assessment (Figure 4e), and for
the Del.45-51 line, MANEX5556A [22] (to epitopes encoded in exons 55-56; Fig.ure 4e). These epitopes were not detected in non-treated (NT) cell lines, but present after treatment of IL4. Curiously, IL13
induced the MANEX4850A epitope in the Del.e45 line, but not the
MANEX5556A epitope in the Del.45-51 line. RT-PCR data confirmed e44-46 and e44-52 joined transcripts in IL4-treated Del.45
and Del.45-51 lines, respectively, and e44-46 joined transcripts in
IL13-treated Del.45 line (Figure 4f).
Finally, we tested whether xenotransplantation of IL4-treated
Del.45 and Del.45-51 cells into cryodamaged TA muscles of NRG
mouse would yield Dystrophin+ myofibers. One month after transplantation, we found human-specific Spectrin+ myofibers derived
from transplanted Del.45 (Figure 4g) and Del.45-51 cells (Figure 4i)
regardless of treatments. Within the Spectrin+ area, significantly more
DYS2+ myofibers were found in IL4-treated, compared to non-treated Del.45 (Figure 4g,h) and Del.45-51 (Figure 4i,j) cells. Thus,
IL4-treated DMD cell lines show restored Dystrophin expression in
vivo.
Our study defines a new role for IL4 and IL13 and expands their
functional repertories beyond immune responses [18], myoblast recruitment/muscle regeneration [18-20], and brown adipogenesis [34].
Interestingly, we found IL4/13 treatment most effective on juvenile
animals and myoblasts. We propose IL4/13 utilizes a developmental
window to affect long-term changes in pre-mRNA splicing pattern.
As IL4 induces exon-skipping events around the middle exons of the
Dmd/DMD loci, it may have a wide-range of application to a larger cohort of patients than the specific designs needed for anti-sense
oligos or CRISPR to each patient. In contrast to current strategies
employing transgenes, stem cells, oligonucleotides, and CRISPR, IL4
and IL13 are natural biomolecules and the safety of IL4 has been established in clinical trials [5,6]. How IL4/IL13 induces exon skipping
of the mutated Dmd locus in mouse and human patient myoblasts remains an intriguing open question to be answered. We therefore urge
clinical teams specialized in DMD to consider fast track the process
and begin trials of applying our approach to patients.
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Animals and Treatments
C57BL/10, mdx and NRG mice (Jackson Laboratory) were housed
in a pathogen-free facility. All animal experiments were approved by
IACUC. PBS, IL4 and IL13 (R&D Systems) were delivered intramuscularly. IL2-Fc, IL4-Fc (AdipoGen Life Sciences), and Evans
Blue dye (EBD, Sigma) were delivered intraperitoneally. NRG mice
were used as transplantation recipients for human DMD myoblasts.
Age of animals and muscle sample harvest time line are specified in
the text and legends.

Processing of muscle samples
Muscle samples were cryosectioned at 8 µm. For histology or
immunofluorescence, sections were fixed by 4% paraformaldehyde
(in PBS), and subjected to hematoxilin & eosin (Surgipath) staining
or primary and secondary antibody incubation, respectively, as described [35]. For visualizing EBD staining, sections were fixed in
cold acetone (-20°C). Antibody sources and dilutions are detailed in
supplementary information.

Western blotting
Muscle protein extracts were prepared as described [35] and resolved by SDS-PAGE (4-20% gradient gel, Bio-Rad), followed by
Western blotting using specified antibodies and ECL detection (GE
Healthcare).

Primary myoblast culture
Primary myoblasts were isolated as described [18] and cultured
on Matrigel (BD Biosciences) coated dishes or chamber slides. PBS,
IL4 or IL13 was added directly to growth media. Cultures were then
washed and incubated for 72 h in differentiation medium, and used
for immunostaining, protein extracts; RT-PCR or RNA-seq. Reserve
cells were isolated by partial trypsinisation [32] of 4-day differentiated cultures. For siRNA (Life Technologies) transfection, Lipofectamine 3000 (Invitrogen) were used. JAK1-3 inhibitors (Calbiochem)
were applied 6 h prior to IL4 addition and throughout culture period.
For myoblast proliferation, Cell Titer 96 Aqueous One Solution Cell
Proliferation Assay kit (Promega) was used.

RNA extraction, RT–PCR, nested RT–PCR and quantitative PCR (qPCR)
Total RNAs from TA samples and cultured cells were extracted
using TRIzol reagent (Invitrogen) and used for RT-PCR, qRT-PCR,
or RNA-seq. Exon skipped Dmd transcripts were detected using nested primers to detect in-frame splicing events. PCR products were resolved by electrophoresis on a 2% agarose gel. qPCR was performed
using the BioRad CFX96 Real-Time System with CFX manager.

Muscle strength
Kondziela’s test and a weightlifting test were performed to evaluate strength, resistance, and exercise abilities [30,31]. The scores
were calculated and normalized by the body weight.

Human DMD immortalized cell culture and transplantation
Human DMD cell lines were maintained in Skeletal Muscle Cell
Growth Medium (Promocell). IL4 and IL13 (R&D Systems) treatment was the same as for mdx myoblasts. For transplantation, 5×105
cells were used for injection into TA muscles of NRG immunodeficient mice [33].
Volume 8 • Issue 2 • 100098

Citation: Low SW, Fan C-M (2022) Interleukins 4 and 13 Induce Exon Skipping of Mutant Dystrophin Pre-mRNA to Restore Dystrophin Production. J Stem Cell
Res Dev Ther 8: 098.

• Page 5 6 •

RNA sequencing and bioinformatics
For each RNA-seq data set, 3 independent samples were used.
Purity and integrity of RNA were assessed by nanodrop ND-100
(Nanodrop) and Bioanalyser 2100 (Agilent). cDNA libraries were
constructed using Illumina TruSeq RNA Library Prep Kit v2, and sequenced by HiSeq2000; 100-nucleotide single read and ~40 million
reads per sample. Normalized read counts (in FPKM) were calculated using Bowtie2 v 2.0.6, TopHat v 2.0.7, and Cufflinks version
2.02. Functional analysis was done by DAVID functional annotation
clustering and for up-regulated and down-regulated genes with a fold
change of ≥ 2 and enrichment score of ≥ 1. Quantas pipeline was used
for analysis of alternative splicing information from RNA-Seq data.

Image Acquisition and Processing
All images were taken by AxioCam mounted on an Axioscope.
Signal intensities were adjusted only when necessary for presentation
according to the ORI data processing guidelines. No quantification
statements were made based on difference in fluorescence intensity.

Quantification and Statistical Analyses
Results are expressed as means ± SEMs, unless otherwise specified. Statistical analyses were performed by Excel using t-test. A
p-value less than 0.05 is considered significant.

Accession Codes
All sequencing data have been deposited at NCBI Sequence Read
Archive (SRA), with assigned project number PRJNA414242 (to be
released).

Acknowledgements
We thank E. Dikovskaia and S. Satchell for technical assistance,
A. Pinder and F. Tan for RNA-seq, and M. Sieber, S. Southard, and
Fan lab members for comments. We especially thank Dr. V. Mouly for
DMD immortal cell lines and Dr. Glenn Morris for sharing the antibodies. The Carnegie Institution for Science and National Institute of
Arthritis and Muscular and Skin diseases of the National Institutes of
Health (NIH) (AR060042 to C.-M.F.) provided funding for this work.
S.L. is supported by the same NIH grant.

Author’s Contribution
S.L. and C.-M.F. conceptualized the study. S.L. performed experimental analysis. S.L. and C.-M. Fan planned, wrote, discussed and
edited the manuscript.

Conflict of Interest
The authors declare no conflict of interest.

Competing Financial Interests
The authors declare no competing financial interests.

References
1. Moser H (1984) Duchenne muscular dystrophy: pathogenic aspects and
genetic prevention. Hum Genet 66: 17-40.
2. Koenig M, Hoffman EP, Bertelson CJ, Monaco AP, Feener C, et al. (1987)
Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and
preliminary Genomic organization of the DMD gene in normal and affected individuals. Cell 50: 509-517.
J Stem Cell Res Dev Ther ISSN: 2381-2060, Open Access Journal
DOI: 10.24966/SRDT-2060/100098

3. Hoffman EP, Brown RH Jr, Kunkel LM (1987) Dystrophin: The protein
product of the Duchenne muscular dystrophy locus. Cell 51: 919-928.
4. Bulfield G, Siller WG, Wight PA, Moore KJ (1984) X chromosome-linked
muscular dystrophy (mdx) in the mouse. Proc Natl Acad Sci USA 81:11891192.
5. Sosman JA, Fisher SG, Kefer C, Fisher RI, Ellis TM, et al. (1994) A phase
I trial of continuous infusion interleukin-4 (IL-4) alone and following interleukin-2 (IL-2) in cancer patients. Ann Oncol 5: 447-452.
6. Whitehead RP, Lew D, Flanigan RC, Weiss GR, Roy V, et al. (2002) Phase
II trial of recombinant human interleukin-4 in patients with advanced renal
cell carcinoma: a southwest oncology study. J Immunother 25: 352-358.
7. Campbell KP (1995) Three muscular dystrophies: review loss of cytoskeleton-extracellular matrix linkage. Cell 80: 675-679.
8. Partridge TA (2013) The mdx mouse model as a surrogate for Duchenne
muscular dystrophy. FEBS J 280: 4177-4186.
9. Nelson CE, Hakim CH, Ousterout DG, Thakore PI, Moreb EA, et al.
(2016) In vivo gene editing improves muscle function in a mouse model of
Duchenne muscular dystrophy. Science 351: 403-407.
10. Tabebordbar M, Zhu K, Cheng JKW, Chew WL, Widrick JJ, et al. (2016)
In vivo gene editing in dystrophic mouse muscle and muscle stem cells.
Science 351: 407-411.
11. Fairclough RJ, Wood MJ, Davies KE (2013) Therapy for Duchenne muscular dystrophy: renewed optimism from genetic approaches. Nat Rev
Genet 14: 373-378.
12. Rafael JA, Cox GA, Corrado K, Jung D, Campbell KP, et al. (1995) Forced
expression of Dystrophin deletion constructs reveals structure-function
correlations. J Cell Biol 134: 93-102.
13. Gregorevic P, Allen JM, Minami E, Blankinship MJ, Haraguchi M, et al.
(2006) rAAV6-microdystrophin preserves muscle function and extends
lifespan in severely dystrophic mice. Nat Med 12: 787-789.
14. Shin JH, Pan X, Hakim CH, Yang HT, Yue Y, et al. (20130 Microdystrophin ameliorates muscular dystrophy in the canine model of Duchenne
muscular dystrophy. Mol Ther 27: 750-757.
15. Aartsma-Rus A, Fokkema I, Verschuuren J, Ginjaar I, van Deutekom J,
et al. (2009) Theoretic applicability of antisense-mediated exon skipping
for Duchenne muscular dystrophy mutations. Hum Mutation 30: 293-299.
16. Lu QL, Cirak S, Partridge T (2014) What can we learn from clinical trials
of exon skipping for DMD? Mol Ther Nucleic Acids 3: 152.
17. Angelini C, Peterle E (2012) Old and new therapeutic developments in
steroid treatment in Duchenne muscular dystrophy. Acta Myol 31: 9-15.
18. Kelly-Welch AE, Hanson EM, Boothby MR, Keegan AD (2003) Interleukin-4 and Interleukin-13 signaling connections maps. Science 300: 15271528.
19. Horsley V, Jansen KM, Mills ST, Pavlath GK (2003) IL-4 acts as a myoblast recruitment factor during mammalian muscle growth. Cell 113: 483494.
20. Jacquemin V, Butler-Browne GS, Furling D, Mouly V (2007) IL-13 mediates the recruitment of reserve cells for fusion during IGF-1-induced hypertrophy of human myotubes. J Cell Sci 15: 670-681.
21. Heredia JE, Mukundan L, Chen FM, Mueller AA, Deo RC, et al. (2013)
Type 2 innate signals stimulate fibro/adipogenic progenitors to facilitate
muscle regeneration. Cell 153: 376-388.
22. Thanh LT, Nguyen TM, Helliwell TR, Morris GE (1995) Characterization of revertant muscle fibers in Duchenne muscular dystrophy, using exon-specific monoclonal antibodies against dystrophin. Am J Hum Genet
56: 725-731.
23. Tennyson CN, Shi Q, Worton RG (1996) Stability of the human dystrophin
transcript in muscle. Nuc Acids Res 24: 3059-3064.
Volume 8 • Issue 2 • 100098

Citation: Low SW, Fan C-M (2022) Interleukins 4 and 13 Induce Exon Skipping of Mutant Dystrophin Pre-mRNA to Restore Dystrophin Production. J Stem Cell
Res Dev Ther 8: 098.

• Page 6 6 •

24. Chen YW, Zhao P, Borup R, Hoffman EP (2000) Expression profiling
in the muscular dystrophies: identification of novel aspects of molecular
pathophysiology. J Cell Biol 151: 1321-1336.
25. Fadic R (2005) Cell Surface and Gene Expression Regulation Molecules
in Dystrophinopathy: Mdx vs. Duchenne. Biol Res 38: 375-380.
26. Klymiuk N, Blutke A, Graf A, Krause S, Burkhardt K, et al. (2013) Dystrophin-deficient pigs provide new insights into the hierarchy of physiological derangements of dystrophic muscle. Hum Mol Genet 22: 4368-4382.
27. Porter JD, Khanna S, Kaminski HJ, Rao JS, Merriam AP, et al. (2002) A
chronic inflammatory response dominates the skeletal muscle molecular
signature in dystrophin-deficient mdx mice. Hum Mol Genet 11: 263-272 .

30. Kondziela W (1964) Eine neue method zur messung der muskularen relaxation bei weissen mausen. Arch Int Pharmacodyn 152: 277-284.
31. Deacon RMJ (2013) Measuring the strength of mice. J Vis Exp 76: 2610.
32. Yoshida N, Yoshida S, Koishi K, Masuda K, Nabeshima Y (1998) Cell
heterogeneity upon myogenic differentiation: down-regulation of MyoD
and Myf-5 generates “reserve cells.” J Cell Sci 111: 769-779.
33. Mamchaoui K, Trollet C, Bigot A, Negroni E, Chaouch S, et al. (2011)
Immortalized pathological human myoblasts: towards a universal tool for
the study of neuromuscular disorders. Skeletal Muscle 1: 34.

28. Tkatchenko AV, Le Cam G, Léger JJ, Dechesne CA (2000) Large-scale
analysis of differential gene expression in the hindlimb muscles and diaphragm of mdx mouse. Biochem. Biophys. Acta 1500: 17-30.

34. Qiu Y, Nguyen KD, Odegaard JI, Cui X, Tian X, et al. (2014) Eosinophils
and Type 2 cytokine signaling in macrophages orchestrate development of
functional beige fat. Cell 157: 1292-1308.

29. Villalta SA, Rosenthal W, Martinez L, Kaur A, Sparwasser T, et al. Regulatory T cells suppress muscle inflammation and injury in muscular dystrophy. Sci Transl Med 6: 258.

35. Lepper C, Conway SJ, Fan C-M (2009) Adult satellite cells and embryonic muscle progenitors have distinct genetic requirements. Nature 460:
627-631.

J Stem Cell Res Dev Ther ISSN: 2381-2060, Open Access Journal
DOI: 10.24966/SRDT-2060/100098

Volume 8 • Issue 2 • 100098

Advances In Industrial Biotechnology | ISSN: 2639-5665

Journal Of Genetics & Genomic Sciences | ISSN: 2574-2485

Advances In Microbiology Research | ISSN: 2689-694X

Journal Of Gerontology & Geriatric Medicine | ISSN: 2381-8662

Archives Of Surgery And Surgical Education | ISSN: 2689-3126

Journal Of Hematology Blood Transfusion & Disorders | ISSN: 2572-2999

Archives Of Urology

Journal Of Hospice & Palliative Medical Care

Archives Of Zoological Studies | ISSN: 2640-7779

Journal Of Human Endocrinology | ISSN: 2572-9640

Current Trends Medical And Biological Engineering

Journal Of Infectious & Non Infectious Diseases | ISSN: 2381-8654

International Journal Of Case Reports And Therapeutic Studies | ISSN: 2689-310X

Journal Of Internal Medicine & Primary Healthcare | ISSN: 2574-2493

Journal Of Addiction & Addictive Disorders | ISSN: 2578-7276

Journal Of Light & Laser Current Trends

Journal Of Agronomy & Agricultural Science | ISSN: 2689-8292

Journal Of Medicine Study & Research | ISSN: 2639-5657

Journal Of AIDS Clinical Research & STDs | ISSN: 2572-7370

Journal Of Modern Chemical Sciences

Journal Of Alcoholism Drug Abuse & Substance Dependence | ISSN: 2572-9594
Journal Of Allergy Disorders & Therapy | ISSN: 2470-749X
Journal Of Alternative Complementary & Integrative Medicine | ISSN: 2470-7562
Journal Of Alzheimers & Neurodegenerative Diseases | ISSN: 2572-9608
Journal Of Anesthesia & Clinical Care | ISSN: 2378-8879
Journal Of Angiology & Vascular Surgery | ISSN: 2572-7397
Journal Of Animal Research & Veterinary Science | ISSN: 2639-3751
Journal Of Aquaculture & Fisheries | ISSN: 2576-5523
Journal Of Atmospheric & Earth Sciences | ISSN: 2689-8780
Journal Of Biotech Research & Biochemistry
Journal Of Brain & Neuroscience Research
Journal Of Cancer Biology & Treatment | ISSN: 2470-7546
Journal Of Cardiology Study & Research | ISSN: 2640-768X
Journal Of Cell Biology & Cell Metabolism | ISSN: 2381-1943
Journal Of Clinical Dermatology & Therapy | ISSN: 2378-8771
Journal Of Clinical Immunology & Immunotherapy | ISSN: 2378-8844
Journal Of Clinical Studies & Medical Case Reports | ISSN: 2378-8801
Journal Of Community Medicine & Public Health Care | ISSN: 2381-1978
Journal Of Cytology & Tissue Biology | ISSN: 2378-9107
Journal Of Dairy Research & Technology | ISSN: 2688-9315
Journal Of Dentistry Oral Health & Cosmesis | ISSN: 2473-6783
Journal Of Diabetes & Metabolic Disorders | ISSN: 2381-201X
Journal Of Emergency Medicine Trauma & Surgical Care | ISSN: 2378-8798

Journal Of Nanotechnology Nanomedicine & Nanobiotechnology | ISSN: 2381-2044
Journal Of Neonatology & Clinical Pediatrics | ISSN: 2378-878X
Journal Of Nephrology & Renal Therapy | ISSN: 2473-7313
Journal Of Non Invasive Vascular Investigation | ISSN: 2572-7400
Journal Of Nuclear Medicine Radiology & Radiation Therapy | ISSN: 2572-7419
Journal Of Obesity & Weight Loss | ISSN: 2473-7372
Journal Of Ophthalmology & Clinical Research | ISSN: 2378-8887
Journal Of Orthopedic Research & Physiotherapy | ISSN: 2381-2052
Journal Of Otolaryngology Head & Neck Surgery | ISSN: 2573-010X
Journal Of Pathology Clinical & Medical Research
Journal Of Pharmacology Pharmaceutics & Pharmacovigilance | ISSN: 2639-5649
Journal Of Physical Medicine Rehabilitation & Disabilities | ISSN: 2381-8670
Journal Of Plant Science Current Research | ISSN: 2639-3743
Journal Of Practical & Professional Nursing | ISSN: 2639-5681
Journal Of Protein Research & Bioinformatics
Journal Of Psychiatry Depression & Anxiety | ISSN: 2573-0150
Journal Of Pulmonary Medicine & Respiratory Research | ISSN: 2573-0177
Journal Of Reproductive Medicine Gynaecology & Obstetrics | ISSN: 2574-2574
Journal Of Stem Cells Research Development & Therapy | ISSN: 2381-2060
Journal Of Surgery Current Trends & Innovations | ISSN: 2578-7284
Journal Of Toxicology Current Research | ISSN: 2639-3735
Journal Of Translational Science And Research

Journal Of Environmental Science Current Research | ISSN: 2643-5020

Journal Of Vaccines Research & Vaccination | ISSN: 2573-0193

Journal Of Food Science & Nutrition | ISSN: 2470-1076

Journal Of Virology & Antivirals

Journal Of Forensic Legal & Investigative Sciences | ISSN: 2473-733X

Sports Medicine And Injury Care Journal | ISSN: 2689-8829

Journal Of Gastroenterology & Hepatology Research | ISSN: 2574-2566

Trends In Anatomy & Physiology | ISSN: 2640-7752

Submit Your Manuscript: https://www.heraldopenaccess.us/submit-manuscript
Herald Scholarly Open Access, 2561 Cornelia Rd, #205, Herndon, VA 20171, USA.
Tel: +1 202-499-9679; E-mail: info@heraldsopenaccess.us
http://www.heraldopenaccess.us/

