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Therapeutic potential of highly 
functional codon‑optimized 
microutrophin for muscle‑specific 
expression
Anna V. Starikova1,7, Victoria V. Skopenkova1,2,7, Anna V. Polikarpova1, Denis A. Reshetov3, 
Svetlana G. Vassilieva1, Oleg A. Velyaev1, Anna A. Shmidt1,2, Irina M. Savchenko1, 
Vladislav O. Soldatov4,5, Tatiana V. Egorova1,6* & Maryana V. Bardina1,2,6

High expectations have been set on gene therapy with an AAV-delivered shortened version of 
dystrophin (µDys) for Duchenne muscular dystrophy (DMD), with several drug candidates currently 
undergoing clinical trials. Safety concerns with this therapeutic approach include the immune 
response to introduced dystrophin antigens observed in some DMD patients. Recent reports 
highlighted microutrophin (µUtrn) as a less immunogenic functional dystrophin substitute for gene 
therapy. In the current study, we created a human codon-optimized µUtrn which was subjected to 
side-by-side characterization with previously reported mouse and human µUtrn sequences after 
rAAV9 intramuscular injections in mdx mice. Long-term studies with systemic delivery of rAAV9-
µUtrn demonstrated robust transgene expression in muscles, with localization to the sarcolemma, 
functional improvement of muscle performance, decreased creatine kinase levels, and lower 
immunogenicity as compared to µDys. An extensive toxicity study in wild-type rats did not reveal 
adverse changes associated with high-dose rAAV9 administration and human codon-optimized µUtrn 
overexpression. Furthermore, we verified that muscle-specific promoters MHCK7 and SPc5-12 drive 
a sufficient level of rAAV9-µUtrn expression to ameliorate the dystrophic phenotype in mdx mice. 
Our results provide ground for taking human codon-optimized µUtrn combined with muscle-specific 
promoters into clinical development as safe and efficient gene therapy for DMD.

Duchenne muscular dystrophy (DMD) is a severe and progressive muscle-wasting disorder affecting one in 5000 
boys1. It is caused by mutations in the DMD gene leading to the loss of dystrophin, a large structural protein 
located beside the sarcolemma. Gene replacement therapy involving the systemic delivery of a shortened ver-
sion of dystrophin (microdystrophin, µDys) through recombinant adeno-associated vectors (rAAV) represents 
a potential approach for DMD treatment2. Over 20 years of intensive research has allowed for the development 
of four rAAV-µDys vectors, which reached clinical trials (NCT03375164, NCT03362502, NCT03368742, and 
GNT0004). One of the encountered challenges was the generation of immune responses against epitopes in 
µDys, which may have contributed to a failure to detect dystrophin expression3. In light of µDys immunogenic-
ity, utrophin has emerged as a promising target for innovative DMD therapy.

The utrophin protein is a functional paralog of dystrophin with 73% amino acid sequence identity4. Full-
length utrophin is highly expressed throughout the sarcolemma in fetal muscle. The level of utrophin at the 
muscle membrane declines during late embryonic stages and becomes restricted to the myotendinous and 
neuromuscular junctions as well as blood vessels in normal adult muscle5. Thereafter, its functions within the 
sarcolemma are performed by dystrophin, which connects the contractile apparatus and extracellular matrix 
through the dystrophin-associated glycoprotein complex (DAGC). Similar structure and overlapping localization 
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allow the use utrophin as a highly functional dystrophin substitute6,7. Thus, the upregulation of endogenous 
utrophin via small molecules8–10 artificial transcription factors11,12, and biglican therapy has been explored for 
DMD treatment13,14. rAAV-based therapies with a miniaturized form of utrophin represent another promising 
therapeutic approach for DMD.

The limited capacity of AAV vectors necessitates an effective expression cassette with a reduced length of the 
delivered gene. In 2003, Cerletti and colleagues15 performed adenovirus-mediated mini-utrophin gene transfer 
in Golden Retriever dogs with canine muscular dystrophy. Mini-Utrophin was a synthetic construct (AX107972), 
with N- and C-terminal regions derived from murine and human cDNA, respectively. Treatment reduced fibrosis 
and upregulated the expression of dystrophin-associated glycoproteins in affected muscle. In 2008, the Cham-
berlain lab designed a murine codon-optimized µUtrn ΔR4–R21/ΔCT (EU293093.1), which was identical to a 
previously reported truncated variant of dystrophin16,17. rAAV6-µUtrn improved muscle histopathology and pro-
longed the lifespan of mdx:utrn−/− mice. In 2009, Sonnemann et al.18 showed that repeated systemic administra-
tion of ΔR4-21 µUtrn-TAT protein could attenuate the phenotype of mdx mice. Kennedy et al.19 later confirmed 
that AAV9-µUtrn (ΔR4–R21/ΔCT)17 could indeed alleviate skeletal and cardiac muscle pathology in D2/mdx 
mice. Recently, Song et al.20 carried out an extensive preclinical study with codon-optimized µUtrn delivered to 
small and large animals via an rAAV9 vector, demonstrating the lower immunogenicity of µUtrn compared to 
µDys. Banks et al.21 reported that rAAV6-CK8e-µUtrn improved dystrophic pathophysiology, with fiber-type 
expression preferences.

Further, many studies of microdystrophin vectors have demonstrated that codon optimization can signifi-
cantly increase transgene protein levels22,23. Muscle-specific promoters can provide a high, robust expression of 
the transgene in skeletal muscle, diaphragm, and heart, with limited activity in non-target tissues24. While such 
promoters are used in all clinical trials for microdystrophin delivery2, few studies have reported muscle-specific 
µUtrn expression20,21.

In the present study, we sought to further explore the safety and efficacy of AAV-delivered µUtrn constructs. 
Based on mouse µUtrn configuration17, we designed a new human codon-optimized transgene and characterized 
it in the context of rAAV9-based administration in rodent models. Mdx mice were used to assess the efficacy 
of human codon-optimized µUtrn in alleviating the dystrophic phenotype, and transgene immunogenicity was 
evaluated relative to that of a microdystrophin-coding construct. Extensive toxicity studies were performed in 
mdx mice and Wistar rats following systemic delivery. Finally, we provide data on the expression and functional 
activity of codon-optimized µUtrn driven by muscle-specific promoters.

Results
Intramuscular administration of rAAV9‑μUtrn leads to robust expression of µUtrns and mus‑
cle function improvement in mdx mice.  Previous studies provided compelling evidence that murine 
and human µUtrns ΔR4-R21/ΔCT (Fig. 1A) can functionally compensate for the lack of dystrophin in mouse 
models of DMD17,19–21. Building on their findings, we designed a human version of µUtrn ΔR4-R21/ΔCT and 
customized it through codon optimization in order to enhance expression in striated muscles and heart, as 
described in Materials and Methods (Fig. 1B). The human µUtrn sequence had 37% optimal codons, and this 
index reached 100% after optimization (Supplementary Fig. S1). For direct comparison, the murine, human, 
and codon-optimized human µUtrn cDNAs (designated in this study as M-µUtrn, H-µUtrn, and Hco-µUtrn, 
respectively) were cloned into the AAV vector expression cassette under a cytomegalovirus (CMV) promoter. As 
a control, a similar AAV construct with the cDNA of microdystrophin ΔR4-R23/ΔCT16 was created. To produce 

Figure 1.   Design of µUtrn-coding sequences. (A) Domain structure of full-length utrophin and µUtrn proteins. 
Domain configuration of µUtrn ∆R4-R21/ΔCT closely resembles microdystrophin R4-R23/ΔCT and consists of 
an N-terminal actin-binding domain, hinge 1, spectrin-like repeats 1–3, hinge 2, spectrin-like repeat 22, hinge 
4, and a cysteine-rich (CR) domain. (B) Alignment of the µUtrn coding sequences used in this study. Fragments 
of spectrin-like repeat 1 coding sequences are shown for mouse (M-µUtrn), human (H-µUtrn), and codon-
optimized human (Hco-µUtrn) µUtrns. Codons optimized for expression in muscle are highlighted in bold red.
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rAAV viruses encoding µUtrns (rAAV-CMV-µUtrn), we used AAV serotype 9, which is currently being tested 
in clinical trials for microdystrophin delivery (NCT003362502, NCT03368742).

To characterize different µUtrn sequences in dystrophic mice, rAAV9-CMV-µUtrn viruses were administered 
to 7-week-old mdx mice via intramuscular injections of 2 × 1012 vg into the tibialis anterior (TA) muscle. rAAV9-
CMV-µDys viruses were used as a control. The expression, potency, and immunogenicity of µUtrns were assessed 
after 2 weeks. As expected, the CMV promoter drove robust mRNA expression in the muscle tissue for all three 
µUtrn-coding vectors (Fig. 2c). H-µUtrn transcripts were the least abundant among M-µUtrn and Hco-µUtrn. 
Recombinant utrophin production was confirmed via western blotting analysis with antibodies against the 
N-terminus of the utrophin protein (Fig. 2A). Quantification of the protein bands revealed lower expression levels 
for H-μUtrn (Fig. 2B), in agreement with mRNA expression. Importantly, codon usage bias in Hco-µUtrn did not 
compromise protein translation within murine muscles. Immunofluorescence analysis with antibodies against 
utrophin indicated that µUtrn proteins successfully localized to the sarcolemma of muscle cells, where they can 
perform their function, substituting dystrophin protein in the DAGC of mdx mice (Fig. 2D). Immunostaining 
of treated muscles with antibodies against DAGC proteins α-sarcoglycan and α1-syntrophin indicated that, in 
comparison with non-treated mdx muscles, the levels of both increased considerably (Fig. 2D,E).

Figure 2.   Intramuscular administration of rAAV9-µUtrn at dose 2 × 1012 vg/TA muscle leads to robust 
transgene expression and improves the contractile function of the TA muscle in mdx mice after 2 weeks post 
injection. (A) Western blot analysis of recombinant μUtrn expression in tibialis anterior (TA) muscles, with 
α-actin as the loading control. Unprocessed full-length blots are presented in Supplementary Figure S10. (B) 
Quantitation of µUtrn expression determined via western blot. Data are presented as mean ± SD, * P ≤ 0.05, 
n = 4/group. (C) Analysis of µUtrn transgene expression via RT-qPCR. (D) Representative images of native 
and recombinant utrophin as well as α-sarcoglycan (a-Sg) and α1-syntrophin immunofluorescence in TA 
muscle cross-sections. Nuclei are counterstained with Hoechst 33,342 (blue). Scale bars, 100 µm. (E) Analysis 
of α-sarcoglycan (a-Sg) expression levels in the sarcolemma of rAAV9-µUtrn-treated muscle in comparison 
to that in untreated mdx and B10 mice. Data are presented as the mean ± SD, n = 4–10 sections/group. (F) 
Percentage force drop following 20% eccentric contraction and (G) specific force of TA muscles from mdx 
mice administered rAAV9-µUtrn as compared to that in vehicle control mice. Values in (C, F), and (G) are 
presented as the mean ± SEM (N = 8 TA muscles for each group), and statistical significance was set at P ≤ 0.05. 
(H) Representative images of CD8 + cytotoxic T-lymphocyte immunofluorescence (red dots marked with 
white arrows) in TA muscle sections. µUtrn and µDys in the sarcolemma were stained in green, while nuclei 
were stained in blue. Scale bar, 50 μm. (I) Quantitation of CD8 + CTLs in TA muscle sections. CTL number 
normalized per nuclei, reflecting the cross-sectional area. Values are expressed as the mean ± SD, n = 11–55 
sections analyzed per group.
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Striking improvements of TA contractile properties were observed in rAAV9-µUtrn-treated mdx mice, with 
specific force increasing roughly twofold relative to that in untreated mdx mice (Fig. 2G). Similarly to µDys, 
H-µUtrn exhibited a pronounced effect. All miniaturized proteins (H-µUtrn, M-µUtrn, Hco-µUtrn, µDys) 
ensured muscle susceptibility to repeated eccentric contraction at levels comparable to those in control B10 
mice (Fig. 2F). Force drop dynamics were indistinguishable between Hco-μUtrn-treated, wild-type control, and 
µDys group muscles, indicative of the high functionality of the recombinant protein.

In order to verify the lower immunogenicity of utrophin, we assessed the presence of CD8 + cytotoxic T-lym-
phocytes (CTLs) in muscle sections. Lymphocytes were detected around muscle fibers in all analyzed groups 
(Fig. 2H), which is typical for the dystrophic environment and has been previously investigated by other groups25. 
We observed a decrease in CTL count in M-µUtrn- and Hco-µUtrn-treated muscles compared to untreated mdx 
muscles reflecting lowering of inflammation, while infiltration rate remained unchanged in the µDys-treated 
group (Fig. 2I). At the same time µDys-treated muscles showed similar functional recovery as µUtrn-treated, 
indicating successful expression and functionality of all transgenes (Fig. 2F,G). One can speculate that µDys may 
be targeted by CTLs to a greater extent than µUtrn, counterbalancing reduced dystrophy-associated infiltration 
as a consequence of treatment. Moreover, sections of Hco-µUtrn-treated muscle exhibited more CTLs than 
observed for the M-µUtrn group. A possible reason could be that the mice received human codon-optimized 
µUtrn, which differs from endogenous murine utrophin. The cellular immune response may be triggered against 
the AAV capsid as well as the transgene product3,26. Since we used the rAAV9 vector for microgene delivery in 
all groups, we assume that the difference in the number of infiltrating T-cells was associated with the different 
transgenes. Found observations need further investigation at longer time points and in the context of systemic 
administration, as intramuscular AAV delivery is known to enhance immune responses27.

Side-by-side comparison of µUtrn variants following intramuscular injections in mdx mice revealed the 
potential of rAAV9-Hco-μUtrn, which induced the robust expression of functional protein with lower immu-
nogenicity. Taking into account the potential of microutrophins as a gene therapy for DMD, human codon-
optimized µUtrn was chosen for the subsequent experiments.

Systemic delivery of rAAV9‑Hco‑μUtrn for long‑term studies in mdx mice.  In order to explore 
the systemic effects of transgene delivery, 6-week-old mdx mice were injected with rAAV9-Hco-µUtrn at a dose 
6 × 1014 vg kg−1. The twenty-week study included functional testing throughout the experiment (the hanging 
wire test) and multiple terminal examinations such as transgene expression, muscle histopathology, CK lev-
els, force deficit, and humoral immunity assessment. Protein and RNA expression analysis confirmed the suc-
cessful AAV9-mediated delivery of transgenes to all target organs, including striated muscle, heart, and dia-
phragm (Fig. 3A,B). Transcript levels in TA muscle were comparable to those detected after direct intramuscular 
injection. Human codon-optimized µUtrn was efficiently delivered to the sarcolemma, thus restoring the DAGC 
(Fig. 3C).

Morphological analysis of skeletal muscle, heart, and diaphragm showed myofiber damage and many centro-
nucleated muscle cells, in agreement with the histopathological aspects of the disease. There were no prominent 
differences between treated and untreated mdx mice. Features observed in all mice from both groups included 
areas of necrosis and regeneration as well as sites of inflammation and fibrosis, which are typical for DMD 
(Fig. 3D). There were no changes in other organs, except for the thyroid (Supplementary Fig. S2). One mouse 
exhibited a reduction in follicle number and hypertrophy of follicle epithelium 20 weeks after the injection of 
human codon-optimized µUtrn. We cannot definitively conclude whether these changes were related to rAAV9-
Hco-µUtrn treatment or were individual age-related changes. It was previously shown that the systemic delivery 
of rAAV-based therapeutics can result in hypertrophy of the thyroid epithelium due to a reduction in thyroid 
hormone levels28.

Long-term functional assessment determined via hanging wire tests showed significant improvements in the 
group of mdx mice treated with rAAV9-Hco-µUtrn at several time points (Fig. 3E, weeks 6 and 17). Unexpectedly, 
on other weeks, functional improvements in the Hco-µUtrn group were not significant, if any. In addition, at week 
8, wild-type animals did not exhibit any difference from model mice due to unknown reasons (Fig. 3E). We sup-
pose that the small number of animals in the experimental groups (n = 4) did not allow to exclude the influence of 
individual characteristics of animals and that greatly distorts the average value in the presence of outliers. Serum 
CK levels were markedly reduced to 6000–7000 in treated mdx mice, as compared to approximately 9000 U/L in 
control mdx mice (Fig. 3F). The specific force of isolated skeletal muscles from rAAV9-Hco-µUtrn–injected mice 
was higher than that of untreated mdx. Similarly, moderate force drop improvements after repeated eccentric 
contractions were detected in treated animals, although not significant (Fig. 3G).

To assess the humoral immune response to long-term transgene expression, we detected Hco-μUtrn-specific 
antibodies in the serum of treated animals. In parallel, we analyzed the sera of animals treated with the same dose 
of AAV9-µDys. We detected µDys-specific antibodies in sera from three of four AAV9-CMV-µDys-injected mice 
(Fig. 3H, №1, 2, 4 of the µDys group). Antibody levels varied between samples, as indicated by the intensity of 
bands. The sera of wild-type (B10) and mdx mice treated with DPBS did not contain transgene-specific antibod-
ies. Hco-µUtrn-specific antibodies were identified in sera from two out of four treated mice (Fig. 3H, №2, 3 of 
the µUtrn group). However, band intensity was notably lower than for µDys-treated animals.

Taken together, the long-term monitoring of mdx mice after intravenous injection of rAAV9-Hco-µUtrn 
demonstrated persistent transgene expression in the skeletal muscle, heart, and diaphragm, with appropriate 
localization to the sarcolemma. Expression of Hco-µUtrn allowed for functional recovery and protected muscle 
against contraction-induced damage. Further, the histopathological analysis did not reveal any toxicity effect 
associated with the expression of rAAV9-Hco-µUtrn and vector administration at high doses.
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Intramuscular injection of rAAV9‑Hco‑µUtrn‑FLAG virus led to expression on the sarcolemma 
of TA muscles and functional improvements in mdx mice.  To distinguish between native utrophin 
and recombinant µUtrn during immunofluorescence, the FLAG epitope tag was used as a transgene marker. 
The addition of an N-terminal FLAG tag to the µUtrn sequence has been reported previously20,21. In the present 
study, the Hco-µUtrn protein C-terminus was modified with the DYKDDDDK peptide sequence, allowing for 
detection of the transgene using antibodies against the utrophin N-terminus and the FLAG epitope. To deter-
mine whether the FLAG-tag had a negative impact on Hco-µUtrn expression, localization, and functionality, 
we injected rAAV9-Hco-µUtrn and rAAV9-Hco-µUtrn-FLAG into the TA muscles of mdx mice (2 × 1012 vg per 
TA muscle). Two weeks post-injection, transcript levels and function were analyzed. Hco-µUtrn-FLAG as well 
as Hco-µUtrn were successfully expressed on the sarcolemma of TA muscle cells (Fig. 4A, UTRN). Antibodies 
against the FLAG epitope recognized the Hco-µUtrn-FLAG protein (Fig. 4A, FLAG). The expression level was 
similar for both transgenes (Fig. 4B). Further, both rAAV9-Hco-µUtrn- and rAAV9-Hco-µUtrn-FLAG-treated 

Figure 3.   Systemic delivery of rAAV9-Hco-µUtrn at dose 6 × 1014 vg kg−1 for twenty-week studies in mdx mice. 
(A) Western blot analysis of recombinant µUtrn expression in the heart, tibialis anterior (TA), triceps (Tri), 
and diaphragm (Dia); loading control, GAPDH. Unprocessed full-length blots are presented in Supplementary 
Figure S10. (B) RT-qPCR analysis of Hco-µUtrn expression in the heart, gastrocnemius (GAS), triceps, TA, 
and diaphragm. The dashed line represents the detection levels of negative controls. (C) Representative images 
of TA muscle cryosection immunofluorescence analysis after rAAV9-Hco-µUtrn administration. Native and 
recombinant utrophin as well as α-sarcoglycan were colored in green. Nuclei were counterstained with DAPI 
(blue). Scale bar, 100 µm. (D) Representative images of hematoxylin and eosin (H&E)-stained skeletal muscle, 
heart, and diaphragm (see Fig. S2 for more organs). Scale bar, 100 µm. (E) Hanging wire test. The maximum 
hanging time of three trials during a 300-s wire test protocol normalized to mouse mass. (F) Creatine kinase 
(CK) levels in serum. (G) Percentage force drop following 20% eccentric contraction of TA muscles of mdx mice 
administered rAAV9-Hco-µUtrn compared to those of vehicle control mice. (H) Western blot analysis of Hco-
µUtrn- and µDys-specific antibodies in the sera of treated mice (1:100 dilution). PC—positive control, sample 
incubated with antibodies against utrophin (Cau22354) and dystrophin (DysB); loading control, GAPDH. 
Unprocessed full-length blots are presented in Supplementary Figure S10. All values are presented as the 
mean ± SEM (n = 4 mice), and statistical significance was set at P < 0.05.
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mdx TA muscles exhibited a statistically significant improvement in contractile function when compared to 
untreated mdx mouse muscles (Fig. 4C). Thus, FLAG-tagged Hco-µUtrn can be used for further experiments in 
mdx mice or other animals with endogenous utrophin expression.

High‑dose rAAV9‑Hco‑µUtrn‑FLAG administration does not cause toxicity in rats.  In order to 
assess the toxicity of human codon-optimized µUtrn delivered via the rAAV9 vector, we administered rAAV9-
Hco-µUtrn-FLAG to male rats through intravenous injection. Low (2 × 1014 vg kg−1) and high (6 × 1014 vg kg−1) 
doses were tested. Weaning rats were injected at 3 weeks of age, followed by extensive daily monitoring. Acute 
and subacute toxicity evaluation was performed on days 3 and 14, respectively (Fig. 5A).

All animals survived the duration of the study, with no significant changes in clinical signs, organ weights, 
histopathological findings, hematological and coagulation parameters, as well as urine biochemistry. Biochemical 
blood tests indicated that the levels of ALT, AST, ALP, and GGT did not differ between treated and control rats 
(Table 1). There was a significant increase in creatinine levels on day 3 in the group receiving a low dose (Table 1), 
but there was no difference on day 14. The groups did not differ in mass and total activity, as determined via the 
open field test (Fig. 5D). Daily monitoring of animals confirmed no changes in the condition of the skin, hair, 
and visible mucous membranes. Ophthalmoscopic examination, ECG recording, urine biochemistry and Irwin 
tests also confirmed the lack of toxicity associated with rAAV9-Hco-µUtrn-FLAG (Supplementary Fig. S5–S7).

At the two-week time point, several organs from the treated animals were subjected to transgene expression 
analysis. The Hco-µUtrn transcript was detected in the diaphragm, heart, TA, gastrocnemius (GAS), as well as the 
liver, thus confirming successful rAAV9-mediated delivery and efficient expression (Fig. 5B). Dose-dependent 
expression was evident in all analyzed organs, except for the diaphragm. The high level of transgene transcripts 
in the liver can be explained by the presence of the constitutive CMV promoter in the transgene construct.

Taken together, our toxicity study confirmed that neither the rAAV9-Hco-µUtrn-FLAG vector itself nor 
Hco-µUtrn expression exhibited toxicity in rats.

Muscle‑specific SPc5‑12 and MHCK7 promoters drive µUtrn expression and ensure force 
improvement after intramuscular injection in mdx mice.  To further reduce immunogenicity, we 
decided to test an Hco-µUtrn construct under muscle-specific promoters. To this end, we replaced the constitu-
tive CMV promoter with MHCK7 and SPc5-12 promoters29,30. In contrast to previous reports20, including a 
SPc5-12 promoter in the µUtrn-expressing construct did not lead to the reduction of AAV vector yield (Sup-
plementary Table S8). The modified constructs were administered to 7-week-old mdx mice via intramuscular 
injection at a dose of 2 × 1012 vg per TA muscle.

We confirmed the induction of µUtrn expression by all constructs via western blot analysis and immunostain-
ing at day 14 following injection (Fig. 6A,D). Protein levels from constructs under CMV, MHCK7, and SPc5-12 
promoters did not differ significantly between each other (Fig. 6B). However, the SPc5-12 promoter induced 
three-fold lower mRNA levels relative to CMV and MHCK7, as determined via RT-qPCR analysis (Fig. 6C). 
Restoration of DAGC on the sarcolemma was achieved in all groups, although highest α1-syntrophin expression 
was observed in the rAAV9-CMV-Hco-µUtrn-treated group (Fig. 6D).

We observed the improvement of tetanic force in all treated TA muscles when compared to the muscles of 
untreated mdx mice. All rAAV9-Promoter-µUtrn variants led to a similar force deficit after eccentric contractions 
(Fig. 6E). The SPc5-12 promoter group exhibited the best specific force relative to those in the CMV and MHCK7 
groups, which was also comparable to the force of wild-type controls (Fig. 6F). Thus, muscle-specific promoters 

Figure 4.   Addition of FLAG epitope to Hco-µUtrn does not interfere with the expression, localization, and 
function of the recombinant protein after intramuscular administration at dose 2 × 1012 vg/TA muscle. (A) 
Representative images of utrophin (red) and FLAG-epitope (green) immunofluorescence in TA muscles of 
mdx mice after 2 weeks post rAAV9-Hco-µUtrn and rAAV9-Hco-µUtrn-FLAG administration. Nuclei were 
counterstained with Hoechst 33,342 (blue). Scale bar, 100 μm. (B) Comparison of µUtrn and µUtrn-FLAG 
expression level in treated mdx TA muscles, as determined via RT-qPCR. Data are presented in transcript 
copies per 1 µg cDNA. (C) Percentage force drop following 20% eccentric contractions of rAAV9-Hco-µUtrn 
and rAAV9-Hco-µUtrn-FLAG-treated mdx TA muscle vs untreated mdx and B10 mouse muscle. All values are 
presented as the mean ± SEM (n = 8), and statistical significance was set at P ≤ 0.05.
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Figure 5.   Systemic administration of rAAV9-Hco-µUtrn-FLAG at doses 2 × 1012 and 6 × 1012 vg kg−1 does not 
cause toxicity in rats after 3 and 14 days post injection. (A) Study design. (B) Transgene expression levels in the 
diaphragm, heart, tibialis anterior (TA), liver, and gastrocnemius (GAS) of rats, as determined via RT-qPCR. 
Values are expressed as transcript copies per 1 µg cDNA. The dashed line represents the detection levels of 
negative controls. (C) Body weight changes in experimental and control animals. (D) Distance traveled in 5 min 
during the open field test. All values are presented as the mean ± SEM (n = 5/time point). Statistical significance 
was set at P ≤ 0.05.

Table 1.   Results of blood biochemical test in rats on days 3 and 14 after a single intravenous injection of 
rAAV9-Hco-µUtrn-FLAG. All data are presented as mean ± SD. #P = 0.0007 when compared to the control 
group (DPBS, day 3). †P = 0.0380 when compared to the group treated with a low dose of rAAV9-Hco-µUtrn-
FLAG (2 × 1014 vg kg−1, day 3). In both cases (# and †), statistical analysis was performed via ANOVA and 
Tukey’s post-hoc test.

Day, group

Day 3 Day 14

DPBS 2 × 1014 vg kg−1 6 × 1014 vg kg−1 DPBS 2 × 1014 vg kg−1 6 × 1014 vg kg−1

Albumin, g/L 27.0 ± 4.6 29.4 ± 2.9 25.4 ± 20,0 28.8 ± 2.3 27.8 ± 3.1 26.8 ± 2.2

Total protein, g/L 38.2 ± 5.7 35.6 ± 2.7 40.8 ± 1.8 44.4 ± 4.3 43.9 ± 4.9 39.1 ± 3.1

Creatinine, µmol/L 25.9 ± 2.1 34.2 ± 3.6# 29.6 ± 1.6† 30.2 ± 3.1 29.2 ± 4.7 30.3 ± 4.0

Total cholesterol, mmol/L 2.3 ± 0.3 2.1 ± 0.2 2.1 ± 0.3 1.9 ± 0.1 2.1 ± 0.2 2.0 ± 0.2

Glucose, mmol/L 8.8 ± 0.8 8.3 ± 0.8 8.3 ± 1.0 9.9 ± 3.2 10.6 ± 1.7 8.1 ± 1.8

ALT, IU/L 64.3 ± 9.7 64.6 ± 13.3 57.6 ± 16.5 79.1 ± 12.6 71.1 ± 11.4 80.2 ± 9.7

AST, IU/L 154.9 ± 48.7 227.5 ± 50.6 210.2 ± 50.6 201.0 ± 86.4 184.1 ± 71.7 150.7 ± 26.1

GGT, IU/L 0.3 ± 0.6 0.1 ± 0.1 0.1 ± 0.1 1.0 ± 0.9 0.8 ± 0.9 0.3 ± 0.3

ALP, IU/L 716.1 ± 148.6 633.4 ± 139.4 657.6 ± 166.9 648,0 ± 180.7 677.1 ± 127.5 673.3 ± 176.8

K+, mmol/L 5.2 ± 0.6 6.0 ± 1.1 5.9 ± 0.7 5.6 ± 1.6 5.5 ± 1.3 4.5 ± 0.5

Na+, mmol/L 142.8 ± 4.4 147.5 ± 7.5 143.0 ± 3.6 143.7 ± 3.9 146.5 ± 10.0 142.5 ± 1.8
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MHCK7 and SPc5-12 were as effective as the constitutive CMV promoter. Further, all tested promoters induced 
Hco-µUtrn expression and functional improvement at comparable levels.

Discussion
Studies utilizing microdystrophin vectors have previously demonstrated that codon optimization can significantly 
increase the level of transgene protein22,23. The current work focused on μUtrn codon optimization in an attempt 
to enhance gene expression in the skeletal muscles and heart, thereby contributing to functional improvement 
following rAAV9-mediated gene transfer. We used the codon bias of the most prevalent muscle proteins, namely 
actin and myosin (see Supplementary Fig. S1 for details), and optimized 63% of the codons in human µUtrn. It 
should be noted that although the µUtrn cDNAs were optimized for use in humans, codon usage and transfer 
RNA frequencies are similar across vertebrates31, which suggests that cDNAs were appropriate for the mouse 
model used in our study. The resulting human codon-optimized µUtrn coding sequence was compared to a pre-
viously described murine codon-optimized µUtrn sequence17 and a control non-optimized human sequence32 
with the same domain structure. A similar strategy was followed by Song and colleagues20 for both human and 
canine sequences. In addition to codon-optimization, they focused on µUtrn structure and chose internal dele-
tion in order to avoid disruption of the native triple helical repeat within the Rod-domain.

In the present work, codon optimization of human μUtrn resulted in high levels of µUtrn expression in 
TA muscles following intramuscular administration of 2 × 1012 vg rAAV9. Protein expression from Hco-µUtrn 
exceeded that from H-µUtrn (Fig. 2A,B) and protected muscle against contraction-induced injury (Fig. 2F). 
Unexpectedly, TA muscles of mdx mice, treated with rAAV9-H-µUtrn, exhibited the most pronounced improve-
ment in specific force (Fig. 2G).

Original murine µUtrn was previously tested in mdx:utrn−/− mice using an rAAV6 vector for gene delivery17. 
After the systemic administration of rAAV6-µUtrn (3 × 1012 vg/mouse) to 4-week-old mdx:utrn−/− mice, authors 
confirmed alleviation of the dystrophic phenotype and increased force production. In similar experimental con-
ditions (1.2 × 1013 vg/mice, 6-week-old mdx mice), we detected high µUtrn expression levels in striated muscles, 

Figure 6.   Muscle-specific SPc5-12 and MHCK7 promoters drive µUtrn expression and ensure force 
improvement after intramuscular injection at dose 2 × 1012 vg/TA in mdx mice. (A) Western blot analysis of 
recombinant µUtrn expression in TA muscles after 2 weeks post injection, with α-actin as the loading control. 
Unprocessed full-length blots are presented in Supplementary Figure S10. (B) Hco-μUtrn protein levels in 
rAAV9-Promoter-Hco-µUtrn-treated mdx TA muscles determined via western blot and normalized to α-actin 
levels. (C) Analysis of µUtrn transgene expression via RT-qPCR. Values are expressed as transcript copies per 
1 µg cDNA. The dashed line represents the detection levels of negative controls. (D) Representative images 
of µUtrn-FLAG (FLAG), α-sarcoglycan (a-Sg), and α1-syntrophin immunofluorescence in TA muscle cross-
sections. Nuclei were counterstained with Hoechst 33,342 (blue). Scale bars, 100 μm. (E) Percentage force drop 
following 20% eccentric contraction and (F) specific force of TA muscles from mdx mice administered rAAV9-
µUtrn-FLAG compared to those from vehicle control mice. Maximal isometric force and cross-sectional area 
of TA muscles are present in Supplementary Figure S11. All values are presented as the mean ± SEM (N = 8 
muscles), and statistical significance was set at P ≤ 0.05.
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heart, diaphragm, and functional improvement at several time points within 20 weeks after the injection of 
rAAV9-Hco-µUtrn. However, using small animal numbers for functional tests doesn’t allow detection of signifi-
cant changes throughout the experiment and should be considered as a limitation of present study. Further, no 
toxicity was observed following systemic vector delivery. Treatment also lowered serum CK level, improved the 
specific force of isolated TA muscle, and protected against contraction-induced injury (Fig. 2). In a recent study 
Banks et al.21 demonstrated that the number of µUtrn-positive myofibrils depends on the experiment duration. 
They observed high levels of µUtrn expression two weeks after the intravenous infusion of rAAV6-CK8e-Flag-
µUtrn to mdx4cv mice, which was markedly reduced at later time points. Considering that µUtrn co-exists with 
full-length utrophin at the sarcolemma and the latter is found at higher levels in type 1a, 2a, and 2d fibers21, 
which are less protected by µUtrn, their results suggested that endogenous utrophin expression may adversely 
impact the therapeutic potential of µUtrn. In the present study, we detected similar mRNA levels in TA muscle 
after direct intramuscular and intravenous injection of rAAV9-CMV-µUtrn into mdx mice expressing full-
length utrophin (Figs. 2C and 3B). Both injections protected muscle from force drop during repeated eccentric 
construction, and short-term analysis revealed more pronounced functional improvement (Fig. 2F–2 weeks and 
3g–20 weeks), which indirectly confirms the findings of Banks and colleagues.

Safety evaluation of novel gene therapy vectors in wild-type animals is an essential step in the development 
of these therapeutics2. Herein, we tested FLAG-modified Hco-µUtrn in wild-type rats and did not observe any 
adverse effects after intravenous injections of 2 × 1014 vg kg−1 and 6 × 1014 vg kg−1 at time points corresponding 
to acute and subchronic toxicity (Fig. 5, Table 1, and Supplementary Fig. S5–S7). Hco-µUtrn was successfully 
delivered and expressed in striated muscle, heart, diaphragm, and the liver (Fig. 5B). Taking into consideration 
that a high dose of administered rAAV9-Hco-µUtrn harboring the CMV promoter might lead to some transgene 
expression in non-target tissues, µUtrn gene therapy can be considered extremely safe. However, further studies 
on the long-term effects of µUtrn expression and safety evaluation in large animals will add to existing evidence 
in favor of the safety of this therapeutic approach33–35.

As previously mentioned, the generation of immune responses against the foreign dystrophin protein rep-
resents a major concern in dystrophin replacement therapy. An immune response against microdystrophin fol-
lowing the first intramuscular vector injection was previously confirmed in human patients receiving AAV2.53. 
Various immune reactions have also been observed in other clinical trials evaluating systemic rAAV-based 
delivery of microdystrophin2,36. In one trial (NCT03368742), two patients treated with high (2 × 1014 vg kg−1) 
and low (5 × 1013 vg kg−1) doses exhibited activation of the complement system with signs of cardiopulmonary 
decline, although all transient serious adverse events were fully resolved. In another clinical trial (NCT03362502), 
immune responses measured by T-cell responses on ELISPOT and neutralizing antibody levels were documented 
in all participants37. The great advantage of utrophin is its non-immunogenic nature, achieved through expres-
sion in the thymus during the early stages of development38. The lower immunogenicity of utrophin was first 
demonstrated in a study comparing miniutrophin and minidystrophin delivery using an adenoviral vector39. In a 
recent study, Song et al.20 compared the immunogenicity of microdystrophin and µUtrn, confirming this notion. 
In the current work, we also demonstrated the lower immunogenicity of µUtrn constructs over µDys. Further, 
we investigated the humoral and cellular immune responses against µUtrn and µDys proteins. As expected, 
M-µUtrn delivery results in lower CD8 + CTL infiltration rates than other transgene products in the muscles 
of mdx mice. Hco-µUtrn-treated muscles also showed lower infiltrating CTL number relative to non-treated 
mdx and µDys groups. The presence of transgene-specific antibodies in the sera of mdx mice during long-term 
monitoring also confirmed the advantage of µUtrn over µDys, although the sample size was low (n = 4), which 
is a significant limitation of the study.

Ubiquitous promoters, such as CMV, RSV, and EF1a, provide strong and robust transgene expression but 
may trigger potent immune responses in patients3. Thus, current clinical trials of microdystrophin delivery 
evaluate constructs under muscle-specific promoters CK840, MHCK729 and MCK41. Thus, the latest research on 
AAV-mediated microutrophin delivery has also focused on the usage of muscle-specific promoters20,21. In the 
present study, the CMV promoter facilitated high Hco-µUtrn expression in the rat liver, comparable to levels in 
muscle tissue (Fig. 4B) although without any toxicity after systemic AAV9-CMV-Hco-µUtrn-FLAG delivery. We 
decided to compare the constitutive CMV promoter with rationally designed muscle-specific natural promoter 
MHCK729 and synthetic promoter SPc5-1230. Following intramuscular injection, muscle-specific promoters 
demonstrated high activity, comparable to that of the CMV promoter. All analyzed promoters ensured sufficient 
therapeutic protein expression, resulting in restoration of the DAGC as well as functional recovery. For a more 
comprehensive comparison, better examination of functional changes and potential toxicity, we plan to extend 
our data with systemic delivery of muscle-specific promoters-driven µUtrn. Although the lack of these experi-
ments is a limitation of the present study, we want to note that the possible off-target effects are expected to be 
higher when using a constitutive promoter such as CMV promoter. However, we did not observe any toxicity in 
histopathology, hematology, blood and urine biochemistry and other parameters after high-dose AAV9-CMV-
Hco-µUtrn-FLAG delivery studies on rats (Supplementary Fig. S5–S7).

Taken together our results demonstrated the potential of novel human codon-optimized µUtrn delivered via 
rAAV9 as gene therapy for DMD. Short-term evaluation of intramuscular delivery as well as long-term studies 
of systemic administration in mdx mice confirmed transgene functionality. Further, extensive toxicity studies in 
wild-type rats confirmed the safety of our gene therapy. We also demonstrated that muscle-specific promoters 
MHCK7 and SPc5-12 drove sufficient rAAV9-µUtrn expression for the amelioration of the dystrophic phenotype 
in mdx mice. The current results establish a basis for the further development of human codon-optimized µUtrn 
combined with muscle-specific promoters as a safe and efficient gene therapy for DMD.
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Materials and methods
Ethics.  All animal procedures were performed in accordance with Directive 2010/63/EU is the European 
Union (EU) legislation "on the protection of animals used for scientific purposes" and Animal Research: Report-
ing of In Vivo Experiments (ARRIVE) guidelines and regulations. Experiments were approved by the Local Eth-
ics Committees of Institute of Gene Biology and Belgorod State National Research University.

µUtrn design and DNA constructs.  To design human µUtrn with a ΔR4-R21/ΔCT domain structure, 
the full-length human utrophin protein sequence (UniProtKB—P46939) was aligned to the murine µUtrn pro-
tein (GenBank: ABY20737.1) previously reported by Odom et al.17 Protein segments corresponding to 1-685aa, 
2690-3165aa, 3431-3433aa in human utrophin were selected, and human µUtrn cDNA (H-µUtrn) was created. 
The nucleotide sequence of H-µUtrn was then codon-optimized (Hco-µUtrn, GenBank: OK094718) based on 
the codon usage in skeletal muscle and cardiac cells (actin, myosin). Details of the codon optimization procedure 
are provided in the Supplemental Information. All µUtrn cDNAs were modified to include a consensus Kozak 
sequence. cDNA synthesis was carried out by Shinegene Bio-Technologies, Inc. (Shanghai, China). Transgenes 
were cloned into a pAAV-MCS vector (Agilent Technologies), and the engineered plasmids were designated as 
pAAV-CMV-M-µUtrn, pAAV-CMV-H-µUtrn, and pAAV-CMV-Hco-µUtrn, respectively. To generate pAAV-
CMV-Hco-µUtrn-FLAG, human codon-optimized µUtrn was fused with a C-terminal FLAG epitope via PCR 
using the GenPak™ PCR kit (Russia) with the following primers: Hco-µUtrn-FseI-F 5’-tgcgtggacatgtgcctg-3’ 
and mi-C-Flag-R 5’-ATGgaattcTTA​CTT​GTC​GTC​ATC​GTC​TTT​GTA​GTCcatggcctgggtctccaggtt-3’. In pAAV-
MHCK7-Hco-µUtrn-FLAG and pAAV-SPc5-12-Hco-µUtrn-FLAG constructs, promoters MHCK7 and SPc5-12 
were cloned under MluI/SacI restriction sites, replacing the CMV promoter in pAAV-CMV-Hco-µUtrn-FLAG.

rAAV9 vector production.  rAAV9 encoding µUtrn and µDys were produced via the triple transfection 
method as previously described42. Briefly, adherent HEK293T (ATCC) cells were maintained in high-glucose 
DMEM (Gibco, USA) supplemented with 10% v/v fetal bovine serum (FBS, Biosera Europe, France) and Pen-
Strep. Transfection was performed using linear PEI (polyethyleneimine) (Polysciences, USA) and the mix of 
plasmids for virus assembly: (i) pAAV-µUtrn or pAAV-µDys expression vectors, (ii) rep2-cap9-modified AAV 
plasmid (Penn Vector Core, USA), and (iii) pHelper (Agilent, USA). Seventy-two h after transfection, the cells 
were lysed with 0,5% v/v Triton X-100, 5 µg mL−1 RNAse A, and 10 µg mL−1 DNAse A (Calbiochem, USA) for 
1 h at 37 °C with shaking. Clarified and concentrated virus suspension was loaded on a modified version of an 
iodixanol (Sigma Aldrich, USA) density step gradient (60%, 40%, and 25%)43 and subjected to ultracentrifu-
gation for 1 h at 350 000 g and 18 °C. The AAV-containing fraction was dialyzed using a 100 kDa membrane 
against the storage buffer (PBS, 350 mM NaCl, 0.1% Pluronic F-68 (Gibco), and the purified suspension was 
further concentrated and sterilized44. A quantitative PCR-based method was used to determine the encapsidated 
vector genome (vg) titer using primers and a fluorescence probe targeting ITR sequences45. Absence of protein 
impurities in preparations was confirmed via Silver staining (ThermoFisher, USA) (Supplementary Fig. S9).

rAAV9 administration and tissue collection in mice.  Dystrophin-deficient C57BL/10ScSn-Dmdmdx/J 
(mdx) male mice and C57BL/10ScSnJ (B10, parental strain) male mice were obtained from Jackson Laboratory. 
Before AAV-µUtrn administration, mice were anesthetized with tiletamine hydrochloride/zolazepam hydro-
chloride mix (50 mg/kg) and xylazine (5 mg/ml) via intraperitoneal injections. For intramuscular delivery (i/m), 
mdx mice received injections of AAV-µUtrn diluted in 40 μl DPBS into each TA muscle (2 × 1012 vg/muscle). 
For intravenous delivery (i/v), mdx mice received injections of AAV-µUtrn diluted in 300 µl DPBS into the ret-
roorbital venous sinus (150 µl per each sinus, 6 × 1014 vg kg−1). Control mice received injections of DPBS in the 
corresponding volume.

Mice were euthanized at 2 weeks post-injection for i/m delivery or 20 weeks for i/v delivery, after terminal 
physiological tests. Muscles were collected for protein, RNA, and immunofluorescence analysis. Muscles for 
protein and RNA extraction were snap-frozen in liquid nitrogen, while tissues for staining were embedded in 
mounting medium Tissue-Tek OCT Compound (Sakura Finetek, Japan) and frozen in isopentane (PanReac, 
Spain) precooled with liquid nitrogen. All samples were stored at -70 °C before analysis.

CK.  Blood was collected from jugular veins before euthanasia. Blood was left for 15 min at room temperature 
and centrifuged (3500 g for 10 min at 4 °C) to promote clot formation and serum collection. CK activity was 
determined using the Creatine Kinase Activity Assay Kit (Sigma-Aldrich) and the Synergy 4 instrument (BioTek 
Instruments, USA).

Histopathology.  Organs were weighed and fixed in 10% buffered formalin and embedded in paraffin. 
5-µm-thick transverse sections were stained with H&E according to routine procedure described in Slaoui 
et al.46. Images of H&E-stained sections were acquired with a Zeiss Axiocam camera at 200 × magnification.

Toxicity assessment.  Toxicity studies were conducted at Belgorod State University (Russia). The study 
included 30 male Wistar rats (21 days old). rAAV9-Hco-µUtrn-FLAG was tested at two doses: 2 × 1014 vg kg−1 
and 6 × 1014 vg kg−1 after single injection via intravenous route (lateral tail vein). Euthanasia was performed by 
exsanguination with cardiac puncture under isoflurane inhalation. Animal behavior in the open field test was 
recorded daily using an ActiTrack system (Panlab, Spain). A modified Irwin test was performed daily for general 
assessment of the animals welfare. Terminal procedures, consisting of electrocardiography (ECG), blood pres-
sure measurement, ophthalmoscopy, collection of whole blood, serum, and urine samples as well as necropsy 
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were performed on the days 3 (½ animals) and 14 (½ animals). Collected urine was analyzed using test strips 
and a semi-automatic urine analyzer Urit 180 Vet (URIT Medical Electronic Group, China). Complete blood 
count analysis was performed with use of automatic hematology analyzer CELL-DYN 3700 (Abbott Diagnos-
tics, USA). Biochemical blood analysis was performed on an A25 analyzer (Biosystems, Spain) using reagents 
and control materials from Hospitex Diagnostics. ECG was performed using the ECG-1003 DIXION machine 
(Dixon Technologies, India).

Immunofluorescence.  Transverse 10-μm-thick sections of muscles were obtained using a Leica CM 
1510-1 cryostat. Muscle sections were fixed with 4% paraformaldehyde (AppliChem, Germany) and 2% D( +)
Sucrose (AppliChem) in PBS for 30 min at room temperature and permeabilized in PBST (0.01% Triton X-100 
solution in PBS). Non-specific antibody binding was blocked with 3% bovine serum albumin (BSA, PanEco, 
Russia) solution in PBST for an hour at room temperature. Sections were stained with rabbit polyclonal primary 
antibodies against dystrophin (C357462, 1:200, LS-Bio, USA), utrophin (CAU22354, 1:800, Biomatik, Canada), 
other DAGC components (ab188873, 1:500, ab189254, 1:1000, Abcam, UK), Flag-epitope (F 7425, 1:200, Sigma, 
Germany), and Alexa Fluor-labeled secondary antibodies (ab150077, 1:1000, Abcam; A21072, 1:1000, Invitro-
gen). CD8 + cells were stained with directly-labeled antibodies (42-0081-82, 1:40, ThermoFisher). Nuclei were 
counterstained with Hoechst 33,342 (ThermoFisher) or DAPI (ThermoFisher). Antibodies and nuclear dyes 
were diluted in blocking buffer. Incubation with primary antibodies was carried out overnight at 4C, followed 
by washes in PBST and incubation with secondary antibodies for 1 h. Muscle cryosections were mounted in 
ProLong Gold antifade medium (Invitrogen, USA). Appropriate negative tissue controls and isotype controls 
were implemented in the experiments. Fluorescence images were captured on Zeiss LSM 880 and Leica Stellaris 
5 confocal microscopes.

In vivo physiological testing in mdx mice.  The wire hanging test was performed for each mouse every 
week according to the protocol described by Aartsma-Rus and van Putten47. A 55-cm-wide 2-mm-thick metallic 
wire was installed 37 cm above a layer of bedding. Each mouse was given three trials to hang on the wire by the 
forelegs with a 30-s recovery period between trials. The maximum hanging time of the three trials was recorded 
and used as an outcome measure.

Measurement of isometric muscle force was performed for each mouse at the end of the experiment according 
to previously described protocols48–50. Briefly, the TA muscle was stimulated with 0.2 ms pulses via two stain-
less steel electrodes that penetrated the skin on either side of the peroneal nerve near the knee. The muscle was 
adjusted to an optimum length (Lo) to produce the maximum tetanic force (Po). Lo and TA mass were recorded 
and used for normalization to the physiological cross-sectional area (CSA = [Lo × density]/mass) and the calcula-
tion of the specific tetanic force (sPo).

Susceptibility to eccentric contraction-induced injury was measured during a series of seven eccentric con-
tractions. TA muscle was stimulated (100 Hz) for 500 ms at Lo to achieve Po and then stretched at 1 mm/s until 
it was 20% longer than its Lo, held at this length for 500 ms, and then returned to its original length at the same 
rate. The deficit of force at each lengthening contraction (P1-P7, P1 = Po) was calculated as (Po-P2-7)/Po × 100%.

Western blotting.  100 mg of muscle tissue was grinded in liquid nitrogen, resuspended in 1 ml of lysis 
buffer (110 mM Tris–HCl pH 7,8, 150 mM NaCl, 3% SDS, 1 mM EDTA, 10% glycerol, Bromophenol Blue 0.01% 
Protease inhibitor cocktail (Roche, Switzerland)) and incubated at 95 °C for 5 min. 10–20 μg of tissue lysate was 
loaded per lane of 8% SDS–polyacrylamide gel. Proteins were wet transferred to a PVDF membrane in Mini 
Trans-Blot Cell (Bio-Rad, USA). Membrane was blocked in 5% dry milk in TBS-T overnight. µUtrn and µDys 
were detected using a rabbit polyclonal antibody (CAU22354, 1:500, Biomatic) and mouse monoclonal antibod-
ies (NCL-DYSB, 1:500, Leica, Germany), respectively. Actin and GAPDH were used as loading controls (A2103, 
1:10,000, Sigma-Aldrich; ABS16, 1:5000, Sigma-Aldrich). Corresponding species-specific antibodies conjugated 
with horseradish peroxidase were used as secondary antibodies (1,706,515, 1,706,516, 1:3000, Bio-Rad). Incu-
bation with primary antibodies was carried out for 2 h at room temperature, followed by washes in TBS-T and 
incubation with secondary antibodies for 1  h. For humoral immunity assessment, lysates of HEK293T cells 
transfected with the appropriate transgene were loaded onto a gel. Membrane was blocked in 5% dry milk in 
TBS-T for 1 h followed by overnight incubation with murine serum samples (1:100) at 4 °C. Protein detection 
and quantification were performed using the iBright FL1500 Scanner (ThermoFisher) and iBright analysis soft-
ware.

RT‑qPCR analysis.  Total RNA was isolated using the ReliaPrep RNA Tissue Miniprep System (Promega, 
USA) according to the manufacturer’s protocol. Purified RNA was treated with RNase-free DNase I (BioLabs, 
USA) and reverse transcribed using the MMLV RT kit (Evrogen, Russia). Amplification was performed on a 
Real-Time CFX 96 Touch amplifier (Bio-Rad) using SybrGreen master mix (Evrogen) and primers specific to the 
transgenes: 5’-TTC​AAC​TAC​GAC​GTG​TGC​-3’ and 5’-TCA​CAT​GGC​CTG​GGT​CTC​-3’ for M-µUtrn, 5’-GAC​
TAG​AAG​ATT​CCT​CCA​ACCA-3’ and 5’-TCT​GAG​TTT​CTC​CAA​ATC​CAC-3’ for H-µUtrn, 5’-TTC​AAC​TAC​
GAC​GTG​TGC​-3’ and 5’-TCA​CAT​GGC​CTG​GGT​CTC​-3’ for Hco-µUtrn. Rpl13a, Ap3d1, Csnk2a2 (mouse) and 
Ankrd27, Hprt1 (rat) were analyzed as housekeeping genes for the normalization of gene expression51,52. The 
following qPCR conditions were used: 94 °C–15 s, 55/61 °C–15 s, 72 °C–15 s (+ fluorescence measurement). 
The copy number of utrophin transcripts per 1 µg of total cDNA was calculated based on a standard curve built 
with serial dilutions of the reference plasmid containing the corresponding CDS (M-µUtrn, H-µUtrn, and Hco-
µUtrn).
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Immunofluorescence analysis.  Quantitative analysis of immunofluorescence images was performed 
using the CellProfiler 4.2.1 software in order to compare the degree of DAGC recovery and the numbers of infil-
trating CD8 + cells after treatment53. The order of selected modules can be found in Supplementary Files S3-S4, 
and the created pipelines will be available for download at www.​cellp​rofil​er.​org.

Statistical analysis.  Statistical analysis was performed using GraphPad Prism 9 software. Differences 
between groups were analyzed using the Kruskell-Wallis test, corrected for Dunn’s multiple comparisons. Dif-
ferences between the control mdx group and other groups with P < 0.05 were considered statistically significant 
and marked *. Data in the text, tables, and graphs are presented as the mean ± standard deviation or standard 
error of the mean (SEM), as stated in the figure legends. The number of measurements is shown in brackets.
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