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1. INTRODUCTION: Narrative that briefly (one paragraph) describes the subject, purpose and scope of the
research.

Subject: Dystrophin provides a structural link between the inside and outside of muscle cells to protect against
damage during exercise. Duchenne muscular dystrophy (DMD) patients carrying mutations to the dystrophin
gene gradually lose muscle function and ultimately die due to weakened heart and breathing muscles.

Purpose: Two current limitations of DMD cardiac gene therapy include: (1) overcoming the preexisting damage
to muscles caused by disease progression that ultimately leads to cardiomyopathy-or worse (heart failure), and
(2) the inability to restore lost function of those muscle cells that express a highly truncated dystrophin protein
(i.e. micro-dystrophin, currently advancing in clinical trials). These challenges limit the effective response of
strategies for sustained protective therapy.

SCOPE: To address these concerns, we propose a two-pronged approach: dystrophin replacement (structural-
based therapy) coupled with contractile performance enhancement via ribonucleotide reductase (RNR) expression
(contractile augmentation therapy). Cardiac muscle lacks the ability to regenerate, so endowing existing
cardiomyocytes that actively contribute to rhythmic contractions with the ability for sustained increases in force
production (via elevated RNR and dATP) represents a mechanistic based therapy at the level of the muscle
contractile unit (sarcomere) that increases whole heart function. We have demonstrated that the contractile protein
myosin can utilize dATP as a preferred energy that results in stronger, faster heart muscle cell contraction as well
as faster relaxation to improve whole heart function for both systole and diastole. This RNR strategy may be
even more effective when combined with dystrophin replacement strategies to improve the stability of muscle
cell structure. Our DOD proposal is clearly focused on bringing successful cardiac gene therapies for DMD into
clinical application in the next 3-5 years with the goal of making a significant clinical impact.

2. KEYWORDS: Provide a brief list of keywords (limit to 20 words).

Adenosine triphosphate
Deoxyadenosine triphospate
Becker muscular dystrophy
Dilated cardiomyopathy
Dystrophin Glycoprotein Complex
Duchenne muscular dystrophy
Dystrophin

Echocardiography

Heart failure

Muscle creatine kinase
recombinant Adeno-associated viral vector
Ribonucleotide reductase

Rate Pressure Product

Tissue Doppler Imaging
Micro-dystrophin

3. ACCOMPLISHMENTS: The Pl is reminded that the recipient organization is required to obtain prior
written approval from the awarding agency grants official whenever there are significant changes in the project
or its direction.

Task 1: We will test the hypothesis that the treatment of dystrophic mice with AAV-mediated RNR can halt
adverse cardiac remodeling progression, and increase cardiac contractile performance when combined with AAV-
mediated pDys. These will be tested in mdx*" dystrophic mice. (Mos 1-12)

Task 2: Investigate the hypothesis that AAV6-mediated uDys and RNR treatments will rescue function in a
more progressive and severely affected model of DMD (Mos. 13-24). These in vivo studies will be tested in



mdx/utrn’" dystrophic mice. (Mos 11-24) The in vitro studies that are part of RNA1 knockdown experiments
will commence in year-1 to potentially substantiate in vivo efforts of Aim-2 in year-2.

[Note: Due to COVIDI9 impact on our laboratory & institute we have applied for (& received) extension-
based funding. This funding is essential for initiation/completion of “Task 2" experiments given the timing of
the pandemic & the long term animal studies which were to be initiated February/March of 2020. We are in
the process of escalating breeding to accommodate the necessary animal numbers for these studies that will
now take place 2021-2022 as reflected in the updated SOW (updated August 2020).]

Task 3: These studies will test the hypothesis that AAV-mediated RNR expression can enhance the functional
capacity of dystrophin gene editing in an advanced model of DMD. These in vivo studies will be tested in
mdx/utrn’™” “dystrophic mice. (Mos 22-36) As noted above, these studies are now scheduled for 2022 due to the
COVID19 impact.

1a. Echocardiography will be performed LlSil’lg a Visualsonics ECHO-END POINT (10-|V|TH TX) MEASUREMENT
Vivo2100 and standard imaging planes: M-mode, conventional (NO DOBUTAMINE)
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We have performed echocardiography imaging and analysis o e TR EFvdobut
on the mice enrolled in Aim-1/Phase-1 of this project. In |° vty s
summary, conventional echocardiography showed no | :™[#.¥.: .° T "*¥E T
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EF (right panel, A.). Dobutamine effectively ablated this SEL At/
difference by increasing wt, mdx4cv, & mdx4cv+ uDys levels & g 7 g
(right panel, B.).

1b. Langendorff perfusion assays will be performed to determine basal function & high workload challenge
capacities in treated and control hearts. Hearts are perfused at a constant pressure of 80mmHg with a modified
Krebs-Henseleit (KH) buffer supplemented with glucose and pyruvate. Left ventricular (LV) function is
monitored during the experiment via a water-filled balloon inserted to the LV and connected to a pressure
transducer. LV systolic pressure (LVSP), end diastolic pressure (EDP), heart rate (HR), and minimum and
maximum rate of pressure change in the ventricle (+ dP/dt) are obtained from the attached data acquisition system
(PowerLab, ADInstruments, Colorado Springs, CO). Pressure-volume relationships (i.e., Frank-Starling curves)
are assessed by gradually increasing the volume of the LV balloon. Following baseline measures, hearts are
allowed to equilibrate for 5 minutes and then the perfusate will be changed to the same buffer as above except for
the addition of 4.0 mmol/L CaCl; to simulate a high workload (HWL) challenge for 20 minutes (Regnier & Odom
Labs). (Mos. 9-11; 21-23; 33-35)

*  We have performed cardiac perfusion assays (Langendorff) & analysis of mice previously enrolled
in Aim-1/Phase-1 of this project (see below, A-C). Langendorff end point data for LVdevP & RPP
showed significance (Dunnetts T3) for each therapeutic treatment group (see below, D.).
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acid, and nucleic acid metabolism and other pathways
(Regnier & Raftery labs). At right, is the multivariate
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Auto scaling; PLSDA

indicates significant differences in metabolite profiles for each group.

It is interesting that each group (cohort) of samples is distinctly different from one another, which

In turn, for the initial univariate analysis following, internal standard validation, normalization, etc.,

each experimental cohort is initially compared to controls (wt & mdx) with each metabolite (>200 total).
Cohort data is grouped by average, >2-fold change, & P-value (p<0.05). As shown below with
representative data sets, what is clear based on fold change & p-values, is that there are many

metabolites that show significant difference between each pair of groups.



Univariate Analysis (mdx comparison)

mdx_RNR/mdx_ctrl | fold change] mdx_uDys/mdx_ctr| _m;ml mdx_RNR+uDys/mdx_ctrl Fold change
Mevalonate (147.0 / 59.0) 3.01 Tetrahydrobiopterin (240.0 / 59.0) 0.486 F16BP/F26BP/G16BP (339.0/79.0) 2.3
Shikimic Acid (173.0/ 93.0) 2.03 UDP-Glucose (565.0 / 323.0) 0.484 2'-deoxycytidine (228.0 / 112.0) 2.24)
Mannitol (181.0/119.0) 2.07] Ergocalciferol (397.0 / 91.0) 0.215| Serotonin (160.0 / 115.0) 0.42|
Cholecalciferol (385.0/91.0) 2.33 Malondialdehyde (71.0/41.0) 2.92)
Serotonin (160.0 / 115.0) 0.48
isovalerylcarnitine (246.0 / 85.0) 2.59
DL DOPA (198.0/ 152.0) 2.1
Malondialdehyde (71.0 / 41.0) 3.22
o . . o
Univariate Analysis- Tx cohort comparison
mdx_uDys/mdx_RNR mdx_RNR+uDys/mdx_uDys mdx_RNR+uDys/mdx_RNR
Shikimic Acid (173.0 / 93.0) 0.3 F16BP/F26BP/G16BP (339.0/79.0) 2.24) Shikimic Acid (173.0/93.0) 0.44]
Tetrahydrobiopterin (240.0 / 59.0) 0.344] 2-deoxycytidine (228.0 / 112.0) 2.47] Tetrahydrobiopterin (240.0 / 59.0) 0.438|
NADH (666.0 / 649.0) 0.364] Malondialdehyde (71.0/41.0) 3.3 n-isobutyrylglycine (144.0 / 74.0) 0.398|
Ergocalciferol (397.0/91.0) 0.246| n-isobutyrylglycine (144.0 / 74.0) 0.283] Aspartic Acid (134.0/74.0) 0.465
DL DOPA (198.0/ 152.0) 0.455| Adenine (134.0 / 107.0) 0.488)
isovalerylcarnitine (246.0 / 85.0) 0.43 isovalerylcamitine (246.0 / 85.0) 0.468
Mevalonate (147.0 / 59.0) 0.32 Mevalonate (147.0 / 59.0) 0.42|
Cholecalciferol (385.0 /91.0) 0.417
UDP-Glucose (565.0 / 323.0) 0.388]
Malondialdehyde (71.0/41.0) 0.274)
3-Indoxyl Sulfate (212.1/80.0) 2.11
Hippuric Acid (178.0 / 134.0) 2.12)

Following the univariate analysis, a multivariate analysis was performed using partial least squares

discriminate analysis (PLS-DA). A summary of the cohort clustering is presented below. Importantly,

the results are in accordance with the results obtained by univariate analysis.
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We then performed pathway analysis (64 pathways) on cardiac tissue. When comparing wt:mdx*¢" the vast

majority of significant differences in pathways implicated amino acid metabolism (below, A.). Additional
pathways with significance are the pentose phosphate pathway and glyoxylate metabolism. This is in contrast to
mdx4cv:mdx4cv+RNR which displayed more weighted differences in fatty acid metabolism in addition to TCA
cycle and glycolysis/gluconeogenesis (below, B.). Similarly alpha-lineolic acid metabolism (long chain fatty
acid biosynthesis) was shown significant in the cohort of mdx*"" mice treated with micro-dystrophin (below,
C.). The comparison of pathways for mdx**+RNR:mdx**"+uDys revealed significance in pyrimidine
metabolism, folate synthesis, steroid hormone biosynthesis, and arginine biosynthesis (below, D.). Pathways
implicated for mdx*®+RNR:mdx**+RNR & uDys included folate biosynthesis, the TCA cycle, histidine
metabolism, phenylalanine metabolism, & arginine biosynthesis (below, E.). Lastly, mdx*"+RNR:mdx**
+RNR & uDys demonstrated significance for alpha-LNA metabolism, arachidonic acid metabolism, and a
collection of amino acid metabolic pathways (below, F.).

Total 64 pathways mapped Pathway with FDR corrected p <0.05

A C57b6_ctrl-vs-mdx4<v_ctrl
* o s ® - Pathway Name Match Status p -log(p) Holm p FDR Impact
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mdx4cv_RNR-vs-mdx4v_uDys
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Hearts were additionally analyzed by Oxygraph (O2K) via the CTMR, to gain overall insight with regard
toward treatment affects on mitochondrial respiration complexes. Indeed, mitochondria are akin to a
energy bank for the cell through numerous biochemical pathways that breakdown glucose & result in the
generation of ATP. Briefly, the O2K is a modular system for high-resolution respirometry (HRR) for
mitochondria and cell research. HRR is the basis for combined measurement of respiration & ROS
production, mitochondrial membrane potential, ATP production, Ca2+, or pH. An additional advantage
as it relates to these studies is it enables use of small amounts of biological samples for bioenergetic and

oxidative phosphorylation analysis. The heart apex was used for all samples, while the remainder

metabolism

ventricular portion went toward patch-clamp freezing for metabolomics.
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In regards to the O2K data there are several considerations that should be noted:

1
2.
3.
4
5

Capacity values are the maximum respiration values for the tissues, so non-adjusted for mito content.
Normalized values have been adjusted to mito content by citrate synthase.

“Leak state” is with the addition of malate, pyruvate, and glutamate without any other substrates.
State 3 complex I values is after addition of saturating ADP.

State 3 complex I max is after addition of cytochrome C. This acts as a quality control in case the mitochondria have

been damaged during preparation. A large bump from state 3 complex I indicates a poor prep.

II are both chugging along at max capacity.
Complex II is measurement of only complex II following the inhibition of complex I by rotenone.
Complex IV is a measurement of only complex IV as the previous complex activity has been inhibited by antimycin A.
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O2K Data Insights:

The mdx-RNR mice seem to have lower overall oxidant production. This does come with the big
grain of salt given this group only contains 3 animals.

The expression of uDys may boost mitochondrial content in the mdx mice, especially in skeletal
muscle. Increasing power would help answer this.

There does appear like some of the respiratory states show trends of rescue of the mdx mice when
RNR & uDysS5 are expressed together. Again, animals number caveats apply.

What opportunities for training and professional development has the project provided?

As it relates to the funding of this project, 3 conferences (#4-6) have been attended over the past fiscal
year, listed below.

1.

Kolwicz SC, Hall JK, Murry J, Moussavi-Harami F, Flint G, Chen X, Hauschka SD, Chamberlain JS, Regnier M,
and Odom GL. A cardiac function-enhancing gene therapy approach via deoxy-ATP elevation rescues cardiac
dysfunction in a DMD cardiomyopathy mouse model. Parent Project for Muscular Dystrophy Annual Conference,
Orlando FL, June 27-30, 2019.

Banks GB, Chamberlain JS, and Odom GL. Microutrophin expression in dystrophic mice displays myofiber type
differences in therapeutic effects. PLOS Genetics, Nov 16(11):¢1009179 epub, 2020. (PMID: 33175853)
Robeson-KZ, Moussavi-Harami F, Davis J, Odom GL, Regnier M. New Promoters to Improve the Efficiency of
Cardiac Gene Therapies Using 2 Deoxy-ATP. BCVS, July 29-Aug 1, 2019.

Ravneet R, Odom GL, Chamberlain JS, and Lee D Magnetic resonance biomarkers for dystrophic striated muscles
treated with recombinant adeno-associated viral vector mediated micro-dystrophin. MDA Clinical & Scientific
Conference, Orlando FL, March 21-25, 2020.

VohraR, Odom GL, Chamberlain JS and Donghoon Lee: Monitoring micro-dystrophin treatment effects in mdx*"
mice using magnetic resonance imaging and spectroscopy. ISMRM annual meeting, Paris, FR. August 8-13 2020.
VohraR, Odom GL, Chamberlain JS and Donghoon Lee: MR detects improvement in cardiac function and fibrosis
after micro-dystrophin treatment in dystrophic mice. ISMRM annual meeting, Paris, FR. August 8-13 2020.

Additionally, The UW Center for Translational Muscle Research Annual Symposium was attended. Briefly, the symposium
featured talks by CTMR pilot grant awardees and investigators from our group; panel discussions with clinicians and leaders
from centers and institutes supporting research and development. Efforts are being made to reschedule a metablomics
educational series through the CTMR that unfortunately were previously cancelled due to COVID19.

How were the results disseminated to communities of interest?
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Recent published work is available on the Journal of the American College of Cardiology:Basic to Translational
Science website, scheduled to be published in the November issue.

http://basictranslational.onlinejacc.org/content/early/2019/09/25/j.jacbts.2019.06.006

Most recently, published work can be found on the PLOS Genetics website as well as being listed on Pubmed.

https://journals.plos.org/plosgenetics/article?id=10.1371/journal.peen.1009179

https://pubmed.ncbi.nlm.nih.gov/33175853/

Additionally, we submitted a manuscript last month, currently under review with the Journal of Clinical
Investigation entitled “A new mouse model for evaluating micro-dystrophin gene therapy prevention of heart
failure in Duchenne muscular dystrophy cardiomyopathy”.

What do you plan to do during the next reporting period to accomplish the goals?

During the next reporting period we will be continuing the efforts of Aim-2 within this DMDRP-IIRA that have
been delayed as a primary result of the COVID19 pandemic. Currently, our goal is to administer vector to mice
for Aim-2 in the winter of 2021. The animals will be followed to endpoint, which is anticipated to occur in the
fall of 2021. Vector production for Aim-3 is projected to be initiated late summer 2021, with administration late
2021/early 2022.

IMPACT:

What was the impact on the development of the principal discipline(s) of the project?

Nothing to Report.

What was the impact on other disciplines?

Nothing to Report.

What was the impact on technology transfer?

Nothing to Report.

What was the impact on society beyond science and technology?

Nothing to Report.

. CHANGES/PROBLEMS:

Changes in approach and reasons for change
With the exception of implementation of COVID-19 institutional (laboratory) protocols-Nothing to Report.
Actual or anticipated problems or delays and actions or plans to resolve them

As a result of COVID-19, we applied for & received support from DOD to extend our research calendar an
additional 12-months to enable completion of the proposed research.

12



Changes that had a significant impact on expenditures

Nothing to Report.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents
Nothing to Report.

Significant changes in use or care of human subjects

Nothing to Report.

Significant changes in use or care of vertebrate animals

Nothing to Report.

Significant changes in use of biohazards and/or select agents

Nothing to Report.

6. PRODUCTS:

Kolwicz SC, Flint GV, Hall JK, Moussavi-Harami F, Chen X, Hauschka SD, Regnier M, and Odom GL. Gene
Therapy Rescues Cardiac Dysfunction in Duchenne Muscular Dystrophy Mice by Elevating Cardiomyocyte

Deoxy-Adenosine Triphosphate. JACC Basic to Translation Research, November 2019.

Banks GB, Chamberlain JS, and Odom GL. Microutrophin expression in dystrophic mice displays myofiber
type differences in therapeutic effects. PLOS Genetics, November 2020.

Books or other non-periodical, one-time publications.

Nothing to Report.

Other publications, conference papers and presentations.

Nothing to Report.

Website(s) or other Internet site(s)

Nothing to Report.

Technologies or techniques

Nothing to Report.

. Inventions, patent applications, and/or licenses
Identify inventions, patent applications with date, and/or licenses that have resulted from the research.
Submission of this information as part of an interim research performance progress report is not a

substitute for any other invention reporting required under the terms and conditions of an award.

US Provisional Patent filed-June 25™ 2019.
13



Title: Use of ribonucleotide reductase alone or in combination with micro-dystrophin to treat Duchenne muscular
dystrophy striated muscle disease.

. Other Products
Nothing to Report.
7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name: Guy L. Odom
Project Role: PI
No Change
Name: Michael Regnier
Project Role: Collaborator
No Change
Name: Stephen D. Hauschka
Project Role: Co-Investigator
No Change
Name: Niclas Bengtsson
Project Role: Co-Investigator
No Change
Name: Galina Flint
Project Role: Research Scientist
No Change
Name: Quynh Nyugen
Project Role: Research Scientist
No Change
Name: Xiolan Chen
Project Role: Research Scientist
No Change
Name: James Moore
Project Role: Research Scientist

No Change

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the last

reporting period?

Guy L. Odom (PI)- Nothing to Report.

Niclas Bengtsson (Co-I)- Nothing to Report.

Stephen D. Hauschka (Co-I)- Nothing to Report.
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Michael Regnier (OMC)-
COMPLETED

1 R56 AG 055594-01 (M. Regnier, PI)

Title: Myocardial Infarct in Aging Animals and dATP Therapy

Time commitment: 1.8 calendar months (15% effort)

Supporting agency: NIH

Funding agency contact:

Program Official: Dr. Candace L. Kerr

National Institute on Aging

301-496-6402

candace . kerr@nih.gov

Performance period: 9/30/17-8/31/18

Level of funding:

Goal: The goal of this project is two-fold 1) to determine how age compounds the effect of myocardial infarct
(MI) on heart function and how this affects skeletal muscle function and exercise tolerance; and 2) to determine
the ability of 2 deoxy-ATP (dATP) to affect heart and skeletal muscle performance, metabolism and exercise
tolerance in age and MI induced heart failure.

Specific aims:

Aim 1. To determine how aging influences the effect of MI on the contractile function of cardiac and skeletal
muscle and exercise capacity.

Aim 2. To determine how RNR over-expression and elevated dATP can restore contractile function of cardiac
and skeletal muscle, and exercise capacity of aging rodents both before and after MI. We have previously studied
the effect of cardiac-specific elevation of dATP on young post-MI heart and cardiac muscle performance.

Aim 3. To determine how RNR over-expression and elevated dATP affect the metabolism of cardiac and skeletal
muscle from aging and infarcted rodents.

Overlap: There is no scientific or budgetary overlap.

4 RO1 HD 048895-11 (M. Bamshad, PI)

Title: Genetic and Molecular Basis of Congenital Contractures

Role: Co-Investigator

Time commitment: 0.96 calendar months (8% effort)

Supporting agency: NIH

Funding agency contact:

Program Official: Dr. Reiko Toyama

National Institute of Child Health & Human Development

301-435-2723

toyamar@mail.nih.gov

Performance period: 7/1/12-6/30/18

Level of funding:

Goal: The goal of this project is to study myosin and thin filament regulatory proteins associated with human
distal arthrogryposis, and the dysfunction of skeletal muscle contraction. Feasibility of novel gene therapies will
also be studied.

Specific aims:

Aim 1: Discover genes for both well-known and novel forms of Distal Arthrogryposis.

Aim 2: Determine the mechanisms of contractile apparatus dysfunction caused by DA-associated mutations of
myofilament proteins.

Overlap: There is no scientific or budgetary overlap.

NSF CBET-1509106 (N. Sniadecki, PI)
15



Title: Development of a Micropost Approach for the Contractile Maturation of iPS-Derived Cardiomyocytes
Role: Co-Investigator

Time commitment: 0.18 calendar months (1.5% effort)

Supporting agency: NSF

Funding agency contact:

Program Manager: Michele Grimm

CBET Div Of Chem, Bioeng, Env, & Transp Sys

ENG Directorate for Engineering

703-292-4641

mgrimm@nsf.gov

Performance period: 6/1/15-5/31/19

Level of funding:

Goal: The goal of this project is to develop technologies that enhance the maturation of patient derived iPS muscle
cells in vitro with the capability to longitudinally assess mechanical performance.

NEW

NIH P30 AR074990-01 (Michael Regnier, Daniel Raftery, Thomas Daniel, Multi-PI)

Title: UW Center for Translational Muscle Research

Time commitment: 1.56 calendar months (13% effort)

Supporting agency: NIH/NIAMS

Grants Officer: Teresa Do, Grants Management Specialist, NIH/NIAMS, 6701 Democracy Blvd., Democracy
I, Suite 800, Bethesda, MD 20892-4872, 301-594-3512, Teresa.Do@nih.gov.

Performance period: 04/05/19-02/29/24

Level of funding:

Goals: The goal of this center is to provide a unifying resource and state of the art approaches to enhance skeletal
muscle research at the UW and to recruit new investigators into the field. The proposed Center will offer tools,
facilities and expertise in a combination available only at the UW to facilitate novel insights to muscle pathologies
and move new therapeutics towards the clinic and the marketplace.

Specific aims:

The UW CTMR will:

(1) Provide leadership and training that promotes novel interdisciplinary research and fosters new collaborations
in translational muscle research locally and at other US and international institutions.

(2) Provide services and scientific resources to accelerate progress on existing projects and facilitate development
of novel high risk, high reward projects that can lead to significant advances and follow-on funding. (3) Become
a centralizing agent that coordinates research efforts, provides multi-project data analysis and mining, and multi-
scale mechanistic interpretations with predictive power.

(4) Develop state of the art and novel approaches that drivemuscle disease and treatment research forward.

(5) Provide outreach activities to A) recruit new scientists and clinician investigators into muscle research and B)
disseminate important research findings to the scientific community and the public.

Overlap: There is no scientific or budgetary overlap.

NIH RM1 (James Spudich, Daniel Bernstein, Multi-PI)

Role: University of Washington sub-award PI

Title: A Multiscale hiPSC Platform to Solve the Genotype-Phenotype Conundrum in Inherited Disease

Time commitment: 2.88 calendar months (24% effort)

Supporting agency: NIH/NIGMS

Grants Officer: Jessica Dean, Grants Management Specialist, NIH/NIGMS, Room 2AN32F, 45 Center Drive
MSC 6200, Bethesda, MD, 20892-6200, 301-451-2447, deanje(@mail.nih.gov.

Performance period: 04/01/19-03/31/24

Level of funding:
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Goals: The overarching goal of our interdisciplinary team is to understand how changes in intrinsic force
generation and the mechanical environment affect the structure and function of striated muscle.

Specific aims:

(1) Determine how structural changes in myosin affect the chemo-mechanical properties of the myosin-actin
interaction for individual and small assemblies of motor proteins.

(2) Determine how changes in myosin kinetics and force production influence the growth, maturation, and
function of single hiPSC-CMs and multicellular tissue constructs.

(3) Determine how changes in myosin kinetics and force production influence the growth, maturation, and
function of engineered hiPSC skeletal myotubes/myocytes.

UW will perform mechanical assessments of hiPSC-CMs (Aim 2) and hiPSC-SMs (Aim 3) containing myosin
mutations that will be provided by the Stanford group. We will also perform molecular dynamics simulations of
myosin and model sarcomere function for these mutations. Measurements will be made for single cells and
individual myofibrils isolated from cells. We will identify magnitude and kinetic parameters that correlate with
measures of myosin motors mechanics and actin motility (Aim 1).

What other organizations were involved as partners?
Nothing to Report.

SPECIAL REPORTING REQUIREMENTS
COLLABORATIVE AWARDS:

Not Applicable

QUAD CHARTS:
Not Applicable

. APPENDICES:

See below.
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e We show the ability to increase both cardiac baseline function and high workload contractile performance in

aged (22- to 24-month old) mdx4cv mice, by high-level muscle-specific expression of either microdystrophin
or RNR.

e Five months post-treatment, mice systemically injected with rAAV6 vector carrying a striated muscle-specific

regulatory cassette driving expression of microdystrophin in both skeletal and cardiac muscle, exhibited the

greatest effect on systolic function. In comparison, mice treated with rAAV6 vector carrying RNR that expresses
exclusively in cardiac muscle not only exhibited greatly improved baseline systolic function but also improved

diastolic function.

o Importantly, vector-directed overexpression of RNR did not impair cardiac reserve during increased physiological

demand in aged mdx4cv hearts.

SUMMARY

Mutations in the gene encoding for dystrophin leads to structural and functional deterioration of cardiomyocytes
and is a hallmark of cardiomyopathy in Duchenne muscular dystrophy (DMD) patients. Administration of re-
combinant adeno-associated viral vectors delivering microdystrophin or ribonucleotide reductase (RNR), under
muscle-specific regulatory control, rescues both baseline and high workload-challenged hearts in an aged, DMD
mouse model. However, only RNR treatments improved both systolic and diastolic function under those con-
ditions. Cardiac-specific recombinant adeno-associated viral treatment of RNR holds therapeutic promise

for improvement of cardiomyopathy in DMD patients. (J Am Coll Cardiol Basic Trans Science 2019;4:778-91)
© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation.
Thisisan open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBREVIATIONS
AND ACRONYMS

1IDys = microdystrophin

CK8 = miniaturized murine
creatine kinase regulatory
cassette

CMV = cytomegalovirus
€TnT = cardiac troponin T

dADP = deoxy-adenosine
diphosphate

dATP = deoxy-adenosine
triphosphate

DMD = Duchenne muscular
dystrophy
mdx = mouse muscular

dystrophy model

rAAV = recombinant adeno-
associated viral vector

RNR = ribonucleotide
reductase

uchenne muscular dystrophy (DMD) and its

milder and allelic form, Becker muscular

dystrophy (BMD), are the most frequent
muscular dystrophies, occurring once in ~5,000
male births, and are due to mutations in the dystro-
phin gene (1). DMD patients typically die due to car-
diac and respiratory muscle failure; thus,
maintenance of adequate function in both cardiac
and skeletal muscle is critical for optimal DMD ther-
apy. The primary function of dystrophin is to provide
a structural role by mechanically linking the subsar-
colemmal cytoskeleton to the extracellular matrix
through the dystrophin-glycoprotein complex (DGC)
(2). This linkage transmits the forces of contraction
to the extracellular matrix and protects muscles

from contraction-induced injury (3-7). In addition to
a structural or mechanical role, the DGC also serves
as a scaffold for cytoplasmic and membrane-
associated signaling proteins and ion channels
(8-11). The complete absence of dystrophin results
in drastic reductions of all DGC components (12-14).
Together, an absence of dystrophin and reduction in
the DGC components causes membrane destabiliza-
tion and permeability defects that lead to myofiber
degeneration, repeated cycles of degeneration/regen-
eration, and the gradual replacement of muscle fibers
with fibrotic, connective, and adipose tissue.

In contrast, some in-frame deletions, truncations,
and missense mutations lead to reduced dystrophin
expression associated with milder phenotypes. These

From the *Mitochondria and Metabolism Center, University of Washington, Seattle, Washington; ®Department of Neurology,
University of Washington, Seattle, Washington; “Division of Cardiology, Department of Medicine, University of Washington,
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Moussavi-Harami) and Ro1 HL128368 (to Dr. Regnier) and 1U54AR065139-01A1 (to Drs. Hauschka, Chamberlain, Regnier, and
Odom). Dr. Kolwicz was funded by the American Heart Association 14SDG18590020. Dr. Chamberlain has received personal
fees from Solid Biosciences, SAB. All other authors have reported that they have no relationships relevant to the contents of
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pathologies are largely curtailed in mouse (mdx) and
canine (cxmd) models of DMD following the vector-
mediated delivery of muscle-specific expression of
highly functional miniaturized versions of dystro-
phin, microdystrophin (uDys) (15-24). In mdx mice,
muscle pathology is milder than in humans, with the
exception of the diaphragm; however, the dystrophic
phenotype worsens with increasing age including the
development of cardiac dysfunction (25-32). Admin-
istration of recombinant adeno-associated viral
(rAAV)-mediated pDys therapy in mdx mice preceding
the onset of cardiomyopathy is highly car-
dioprotective (33-35). However, when mdx mice are
treated with uDys at a late stage of cardiomyopathy,
such as would be the case for a number of DMD pa-
tients, a full rescue of the dysfunctional cardiac
phenotype is not achieved (30,35-37).

SEE PAGE 792

We have developed a cardiac function-enhancing
gene therapy approach that targets myosin in con-
tractile filaments by overexpressing the enzyme
ribonucleotide reductase (RNR). RNR converts aden-
osine diphosphate (ADP) to deoxy-ADP (dADP), which
is rapidly converted to deoxy-adenosine triphosphate
(dATP) in cells. In numerous in vitro studies, we have
shown that dATP increases cross-bridge binding and
cycling, resulting in stronger, faster contraction and
faster relaxation (38-45). We have also reported that
dATP improves contractile properties of myocardium
from end-stage human heart failure (HF) in vitro (42)
and dogs with end-stage idiopathic dilated cardio-
myopathy (46). In normal rodent muscle, we reported
that increases in cardiomyocytes and cardiac function
occur with as little as ~1% of the ATP pool in the
dATP form (40,47). Similarly, rAAV-mediated de-
livery of RNR under cardiac-specific regulatory con-
trol resulted in enzyme overexpression exclusively in
cardiomyocytes and significantly improved left ven-
tricular function without adverse cardiac remodeling
in normal and infarcted rodent hearts (48). Our data
indicated that dATP could rescue the preload
responsiveness of failing hearts, suggesting restora-
tion of the abnormal Frank-Starling Law of the Heart
that often occurs in HF.

In the current study, we compare the relative
therapeutic capacity of CK8-driven pDys or cardiac
troponin T (cTnT)-driven RNR, via intravenously
administered rAAV vectors in an advanced-age, DMD
cardiomyopathy mouse model. We show a restoration
of myocardial workload as indicated by rate pressure
product (RPP) for baseline function in mdx*” mice
treated with RNR. This outcome was primarily
attributed to the normalization of left ventricular

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 7, 2019
NOVEMBER 2019:778-91

developed pressure (LVDevP). Although mdx*“” mice
treated with uDys appeared to normalize LVDevP, this
did not result in a significant increase in RPP. Upon
further evaluation of cardiac function, the pressure-
volume relationship revealed that systolic pressure
response with increased preload was significantly
improved with the treatment of either RNR or puDys.
However, only RNR treatment resulted in significant
improvements in diastolic functional parameters,
returning them to values that were similar to wild-
type (WT) control hearts. As a further assessment of
cardiac function, we tested hearts using a high
workload challenge protocol. Both RNR and upDys
treatments improved systolic function in mdx*<”
hearts without compromising cardiac reserve. These
positive results suggest that targeted expression of
RNR within the myocardium can significantly
improve contractile performance in an advanced-age
model of DMD cardiomyopathy and may have thera-
peutic implications for DMD patients.

METHODS

ANIMAL EXPERIMENTS. Male WT C57Bl/6J (The
Jackson Laboratory, Bar Harbor, Maine) and mdx*<"
(generated in-house) mice were used for these studies
(17). All animals were experimentally manipulated in
accordance with the Institutional Animal Care and
Use Committee of the University of Washington.
Experimental mice were administered vector at 22 to
24 months of age via the retro-orbital sinus with a
200-pl bolus injection in Hanks balanced saline so-
lution at a dose of 2 x 10" vg/kg. All mice were
housed in a specific-pathogen free animal care facility
using a 12-h light/12-h dark cycle with access to food
and water ad libitum.

VECTOR PRODUCTION. rAAV genomes containing
the CK8 regulatory cassette (expressed exclusively in
skeletal and cardiac muscle) and the human codon
optimized (GenScript) pDys (AR2-15/AR18-22/ACT)
(24), followed by the rabbit beta-globin poly-adeny-
lation (pA) signal, were generated using standard
cloning techniques. The rAAV genomes containing
the cardiac muscle-specific ¢TnT455 regulatory
cassette, the codon optimized human RNR transgene
flanked by 100-bp untranslated regions, and the rab-
bit beta-globin pA were generated as previously
described (48). The “dead” rAAV genomes or
promoter-less firefly luciferase followed by the hu-
man growth hormone (hGH) pA (kindly provided by
J.S.C., University of Washington, Seattle, Washington)
were used to generate the control rAAV genomes. The
resulting constructs were cotransfected with the
pDG6 packaging plasmid into HEK293 cells to
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generate rAAV vectors carrying serotype 6 capsids,
which were harvested, enriched, and quantitated as
previously described (49).

VECTOR GENOME QUANTIFICATION. Total DNA was
extracted from flash-frozen tissue samples with Tri-
Reagent (MRC Inc., Cincinnati, Ohio), according to
manufacturer’s instructions. All real-time polymerase
chain reaction (PCR) reactions were performed on a
QuantStudio 3 Real Time PCR System (Applied Bio-
systems, Foster City, California) in a total volume of
15 pul, consisting of 5 pul sample DNA, 10.0 pl TagMan
Universal PCR Master Mix (Applied Biosystems),
0.2 uM of each primer, and 0.1 pM TagMan custom
probe (Applied Biosystems). Reaction conditions were
50° C for 2 min, 95° C for 10 min, and 40 cycles of [95° C
for 15 s followed by 60° C for 1 min]. Each sample was
analyzed in triplicate for concentration of total mu-
rine genomes and of total vector genomes. For vector
genome detection by quantitative PCR, the primers
used to amplify either the rAAV6-cTnT455-RNR or
rAAV6-CK8-uDys, or rAAV6-Acytomegalovirus(CMV)-
Luc (control vector) were unique to each vector. For
the RNR vector, the amplicon spanned from the distal
region of the cTnT promoter, continuing into the
proximal RNR1 subunit. For the uDys vector, the
amplicon was contained within the CK8 regulatory
cassette, whereas the amplicon for the control vector
resided within the hGH pA. hGH primers included:
5'-CACAATCTTGGCTCACTGCAA-3', 5-GGAGGCTGAG
GCAGGAGAA-3’; TagMan probe: 5-6FAM- CTCCGCC
TCCTGGGTTCAAGCG-MBGNQ-3'; CK8 RC primers:
5'-CCCGAGATGCCTGGTTATAATT-3/, 5'- CGGGAACAT
GGCATGCA-3'; TagMan probe: 5'-6FAM-CCCCCCAAC
ACCTGCTGCCTCT-MBGNQ-3’; cTnT455-RNR1 primers:
5-CCCAGTCCCCGCTGAGA-3/, 5'-AGGTTCCAGGCGCT
GCT-3'; and TagMan probe: 5-6FAM-ACTCATCAATG
TATCTTATCATG-MBGNQ-3'. Results were presented
relative to DNA content in each 5-pl DNA tissue sample to
determine vector genomes per ng DNA.

TISSUE PROCESSING AND IMAGING ANALYSIS. Tis-
sues were collected and analyzed 5 months
post-administration of vectors and compared with
age-matched male control vector (rAAV6-ACMV-Luc)
injected mdx*” and WT mice. Hearts were either snap
frozen in liquid nitrogen or were embedded in optimal
cutting temperature compound (VWR International,
Bridgeport, New Jersey) and flash frozen in liquid
nitrogen cooled isopentane for histochemical or
immunofluorescence analysis. The snap frozen sam-
ples were further processed by grinding to a powder
under liquid nitrogen in a mortar kept on dry ice
for subsequent extraction of nucleic acid and protein.
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Heart cross-sections (10 pm) were co-stained with
antibodies raised against alpha 2-laminin (Sigma, St.
Louis, Missouri; rat monoclonal, 1:200), the hinge-1
domain of dystrophin (alexa488 conjugated MAN-
EX1011b, Developmental Studies Hybridoma Bank,
University of Iowa, mouse monoclonal, 1:200), the
human RRM1 (Abcam, Cambridge, United Kingdom;
rabbit monoclonal, 1:200), and the human RRM2
(Abcam, rabbit monoclonal, 1:200). Conjugated sec-
ondary antibodies (Jackson Immuno, Goat anti-
Rabbit) were used at a 1:500 dilution. Slides were
mounted using ProLong Gold with DAPI (Thermo
Fisher Scientific) and imaged via a Leica SPV confocal
microscope. Confocal micrographs covering a major-
ity of the heart left ventricular muscle sections were
acquired and montaged via the Fiji toolset (ImageJ)
and InDesign (Adobe, San Jose, California). For his-
tology, Masson’s trichrome staining was used to
examine heart cross-sections. Briefly, 10-um muscle
cryosections were sequentially stained in Wiegerts’
iron hematoxylin (10 min), 1% Ponceau-acetic acid
(5 min), and 1% aniline blue (5 s).

WESTERN BLOTTING. Radioimmunoprecipitation
analysis buffer supplemented with 5 mM ethyl-
enediaminetetraacetic acid and 3% protease inhibitor
cocktail (Sigma, Cat# P8340), was used to extract
muscle proteins for 0.5 h on ice with gentle agitation
every 10 min. Total protein concentration was deter-
mined using Pierce BCA assay kit (Fisher Scientific,
Kent, Washington). Muscle lysates from WT, control
mdx*®, and treated mdx*“" (30 ug) mice were dena-
tured at 99°C for 10 min, quenched on ice, and sepa-
rated via gel electrophoresis after loading onto
Criterion 4-12% Bis-Tris polyacrylamide gels (BioRad).
Overnight protein transfer to 0.45 mm polyvinylidene
difluoride membranes was performed at constant 43
volts at 4°C in Towbin’s buffer containing 20%
methanol. Blots were blocked for 1 h at room tem-
perature in 5% non-fat dry milk for 1 h before over-
night incubation with antibodies raised against the
hinge-1 region of dystrophin (Developmental Studies
Hybridoma Bank, University of Iowa, 1:300),
anti-RRM1 (Abcam, rabbit monoclonal, 1:1,000), anti-
RRM2 (Abcam, rabbit monoclonal 1:1,000), and
anti-GAPDH (Sigma, Rabbit polyclonal, 1:50,000).
Horseradish-peroxidase conjugated secondary anti-
body staining (1:50,000) was performed for 1 h at room
temperature before signal development using Clarity
Western ECL substrate (BioRad) and visualization
using a Chemidoc MP imaging system (BioRad).

QUANTIFICATION OF CARDIAC dATP. Approxi-
mately 25 ug of flash frozen, freshly ground ventricle
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cardiac tissue was used for direct quantification of
intracellular dATP using the high-performance liquid
chromatography (HPLC)-with tandem mass spec-
trometry (MS/MS) method previously described (50).
Briefly, samples were extracted 1 to 3 days before
measurement using a 50% methanol solution. The
supernatant was stored at -20°C until ready for in-
jection into the HPLC-MS/MS system. A Water’s Xevo-
TQ-S mass spectrometer coupled with a Water’s
Acquity I-Class HPLC was used for the analysis (Mil-
ford, Massachusetts). Monitoring in negative mode
via electrospray ionization was used to acquire MS/
MS ions. dATP concentrations were quantified with
standards and normalized to tissue weight.

LANGENDORFF ISOLATED PERFUSED HEART
EXPERIMENTS. Ex vivo cardiac function was
assessed in Langendorff isolated heart preparations
as previously described (47,48,51). Hearts were
perfused at a constant pressure of 80 mm Hg with a
modified Krebs-Henseleit buffer supplemented with
glucose and pyruvate. The perfusate contained
(mmol/1): 118 NaCl, 25 NaHCOs, 5.3 KCl, 2.0 CaCl,, 1.2
MgSO,, 0.5 ethylenediaminetetraacetic acid, 10.0
glucose, and 0.5 pyruvate, equilibrated with 95% O,
and 5% CO, (pH 7.4). Temperature was maintained at
37.5°C throughout the protocol. Left ventricular (LV)
function was monitored via a water-filled balloon
inserted into the LV and connected to a pressure
transducer. LV systolic pressure (LVSP), end diastolic
pressure, heart rate (HR), and minimum and
maximum rate of pressure change in the ventricle
(+£dP/dt) were obtained from the attached data
acquisition system (PowerLab, ADInstruments, Colo-
rado Springs, Colorado). After 5 min of stabilization,
hearts were equilibrated for 10 min at spontaneous
HRs and then fixed at a HR of ~450 beats/min with an
electrical stimulator (Grass Technologies, Warwick,
Rhode Island). Pressure-volume relationships (i.e.,
Frank-Starling curves) were assessed by gradually
increasing the volume of the LV balloon. After a 5-min
recovery period, the perfusate was changed to an
identical buffer as above except for the addition of
4.0 mmol/l CaCl, to simulate a high workload chal-
lenge for 20 min.

STATISTICAL ANALYSIS. All values are reported as
means\ + SEM. Starling curves and high workload
function were analyzed by 2-way repeated measures
analysis of variance followed by pairwise compari-
sons using Tukey’s alpha adjustment method. Other
endpoint data were analyzed via 1-way analysis of
variance or Student’s t-tests as appropriate. Kaplan-
Meier methods were used to analyze survival curves
and compared using the log-rank test. Statistical
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significance was tested at the p < 0.05 level. Statis-
tical analyses were completed using Prism 7.0
(GraphPad Software, San Diego, California).

RESULTS

IMPROVEMENTS IN BASELINE CARDIAC FUNCTION
IN VECTOR-TREATED MDX“V HEARTS. As depicted
in Figure 1, 22- to 24-month-old mdx* mice were
administered 1 of 3 treatments: rAAV6-cTnT455- RNR
(referred to as mdx*"+RNR); rAAV6-CK8- pDys
(referred to as mdx*“"+ uDys), or rAAV6-ACMV-Firefly
Luciferase control vector (referred to asmdx*”) at a
dose of 2 x 10™ vg/kg. By the end of the 20-week
treatment period, both mdx**+RNR and mdx*+
uDys mice showed improvements in survival rates

4¢ mice, although this did not reach

compared to mdx
statistical significance (Supplemental Figure 1). At the
end of 5 months, an extensive evaluation of ex vivo
cardiac function using the Langendorff isolated heart
preparation was performed. The isolated heart tech-
nique allows for the direct assessment of inherent
myocardial function without the confounding effects
of neuro-humoral or other systemic variables. An
additional cohort of age-matched, untreated C57BL6
mice (WT) was used as comparison control. At base-
line, RPP was significantly decreased in mdx*“” hearts
due to an approximate 20% decrease in LVDevP
(Supplemental Figures 1A and 1B). RNR-treated
mdx*?’ mice exhibited a restoration of RPP
(p = 0.056) primarily due to a normalization of
LVDevP (Supplemental Figures 2A and 2B). Although
uDys-treated mdx*“ hearts appeared to normalize
LVDevP, this did not lead to a significant improve-
ment in RPP (Supplemental Figures 2A and 2B).
Both +dP/dt and -dP/dt, an index of ventricular
contractility and relaxation, respectively, were
decreased 30% in mdx*“” hearts (p = 0.061). The +dP/
dt was similar to control in both RNR-treated mdx*<”
and pDys-treated mdx*“” hearts. However, only RNR-
treated mdx*“” hearts showed -dP/dt values similar to
control levels (Supplemental Figures 2C and 2D).

POSITIVE CHANGES IN FRANK-STARLING MECHANICS IN
VECTOR-TREATED MDX“*®Y HEARTS. To evaluate
further systolic and diastolic function in vector-
treated mdx*V hearts, we examined the pressure-
volume relationship (i.e., Frank-Starling mechanism)
in the isolated perfused heart preparation. The LVSP
response to increased preload was significantly
improved in both in mdx*“"+RNR and mdx*“'+uDys
hearts compared to mdx*<” (Figure 2A). However, only
RNR treatment improved the diastolic response in
mdx*®’ hearts, to levels similar to WT (Figure 2B).
Both contractility and relaxation (i.e., +dP/dt and
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FIGURE 1 Overview of Experimental Design for the Treatment of Aged (22-24 Month) mdx“*c" Mice

A
P2A A
ITR ((cTnT (455 bp) Human RRMI1 (2375 bp) o Human RRM2 (1166 bp) 59bp) ITR
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4727 bp
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Langendorff for cardiac function
qPCR for vector genomes
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Mass Spec. [dATP]

Animal Cohorts

Aged 1. mdx*< + rAAV6-cTnT455-Ribonucleotide Reductase (RNR)
(22-24 mth) 2. mdx*<+ rAAV6-CK8e-Micro-dystrophin (zDys)

male mdx?* | 3. mdx*"+ rAAV6-ACMYV-Firefly Luciferase (mdx*<)

4. C57bl/6 (untreated, WT)

Enrollment

(A) Graphic representation of rAAV6 vectors used in the present study. The ribonucleotide reductase vector contains the human cDNA for the
RRM1 and RRM2 subunits whose expression is driven by the cardiac specific (cTnT455) regulatory cassette (RC). The human microdystrophin
(AR2-R15/AR18-R22/ACT) vector has expression driven by the CK8 muscle-specific RC. The control vector used in the present study carries the

RC = regulatory cassette; WT = wild-type.

firefly luciferase transgene whose CMV early promoter/enhancer RC has been deleted. (B) Outline of animal enrollment, vector
administration, and experimental protocols implemented following a treatment period of 5 months. cDNA = complementary DNA;
CMV = cytomegalovirus; ITR = inverted terminal repeat; dATP = deoxy-adenosine triphosphate; p2A = porcine teschovirus-1 2A;
pA = poly-adenylation; gPCR = quantitative polymerase chain reaction; rAAV6 = recombinant adeno-associated viral vector 6;

-dP/dt, respectively) were impaired in mdx*"
compared to age-matched control subjects (Figures 2D
and 2E). Both mdx**V+ RNR and mdx*“'+ uDys hearts
had significantly elevated +dP/dt values above
mdx*’ (Figure 2D). Interestingly, treatment of mdx*<"
hearts with RNR also significantly improved -dP/dt
values (Figure 2E). All told, these data suggest that
both RNR and pDys treatment can improve systolic
function in mdx*®” hearts. However, only the RNR
treatment corrected diastolic dysfunction in
mdx*°¥ hearts.

AUGMENTED RESPONSE TO INCREASED CARDIAC
WORKLOAD IN TREATED MDX*SV HEARTS. We pre-
viously reported that RNR overexpression in trans-
genic or vector-treated mouse hearts elevated

baseline function but did not impair the response to a
short-term physiologic increase in cardiac work
(47,48). To verify that the improved systolic and dia-
stolic function in RNR-treated mdx#“” hearts at base-
line was not associated with an inability to respond to
an increased energetic demand, we stressed hearts
with a combination of high calcium and elevated heart
rates, via pacing stimulation. As shown in Figures 3A
and 3B, mdx*‘" hearts had a blunted response to the
increased workload as both LVDevP and RPP were
~25% to 30% lower than WT hearts. In addition,
both +dP/dt and -dP/dt were impaired in mdx*<”
relative to WT hearts (Figures 3C and 3D). Systolic pa-
rameters in mdx*’
improved and similar to age-matched WT hearts for
the entire duration of the workload challenge

+uDys hearts were effectively
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FIGURE 2 Pressure-Volume Relationships in Isolated Perfused Hearts From Vector-Treated mdx*<” Mice
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mice treated with control vector (mdx*®, n = 6), ribonucleotide reductase (mdx*“+ RNR, n = 6), or

+ uDys, n = 5). Age-matched, nondiseased, nontreated wild-type (WT) mice were used as control subjects (n = 8).
The pressure-volume relationship (i.e., Frank-Starling mechanism) was evaluated by gradually increasing the volume of the left ventricular
(LV) balloon. Hearts were paced at 450 beats/min throughout the protocol. (A) Left ventricular systolic pressure (LVSP). (B) LV end-diastolic
pressure (LVEDP). (C) LV developed pressure (LVDevP, the difference between systolic and diastolic pressures). (D) Positive (pos) rate of
pressure change was calculated by the first derivative of the ascending LV pressure wave (+dP/dt), and is used as an index of ventricular
contractility. (E) Negative (neg) rate of pressure change calculated by the first derivative of the descending LV pressure wave (-dP/dt), and is
used as an index of ventricular relaxation. * p < 0.05 mdx*" versus WT; # p < 0.05 mdx**-+ RNR versus mdx*"’; t p < 0.05 mdx**"+ uDys

(Figures 3A to 3C). Measures of systolic function
significantly increased in mdx*®"+ RNR hearts during
the initial half of the high workload protocol and
remained ~15% higher than mdx*<" (Figures 3A to 3C).
Interestingly, -dP/dt values tended to be elevated
only in mdx*+ RNR hearts during the physiologic
challenge (Figure 3D). These data show that both RNR
and pDys treatments improve systolic function in
mdx*®’ hearts without compromising cardiac reserve.
Combined with the baseline and pressure-volume
relationship assessments, our data show that, in
addition to the systolic enhancements, RNR has an
added benefit of improving diastolic function.

RNR AND pDys TRANSDUCTION, EXPRESSION, AND
CARDIOMYOCYTE LOCALIZATION. To evaluate the
localization of RNR and puDys protein within the hearts
of mice, we performed immunofluorescence imaging.
As shown in Figure 4, the RNR subunit (Rrm1) was
robustly expressed in ventricles of RNR-treated mice.

The expression of pDys appeared to be saturated
relative to full-length dystrophin levels, with both
being properly localized to the sarcolemma of car-
diomyocytes. We also evaluated general muscle his-
topathology and potential differences in myocardial
fibrosis by Masson trichrome staining, and observed
no discernable difference between treated or un-
treated mdx*®” mice (Figure 5). In addition, neither
RNR nor pDys treatment significantly altered body
weight, heart weight, or the heart weight-to-body
weight ratio (Supplemental Figure 3). Western blot-
ting was performed to determine the extent of rAAV
vector 6-mediated RNR and pDys protein expression
profiles in ventricular tissue (Figure 6). We observed
uDys protein expression in ventricular tissue that
approached levels similar to WT mice, whereas both
human RNR subunits were found to be elevated to
ventricular  tissue

comparable levels within

(Figure 6A). To evaluate the relative proportions of
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FIGURE 3 The Response of Vector-Treated mdx“*c Mice to High Workload Chall in Langendorff Isolated Heart Preparations
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Hearts were isolated from mdx*" mice treated with control vector (mdx*", n = 6), ribonucleotide reductase (mdx*“+ RNR, n = 6), or
microdystrophin (mdx*+ uDys, n = 5). Age-matched, nondiseased, nontreated wild-type (WT) mice were used as control subjects (n = 4).
All hearts were perfused with a glucose-pyruvate buffer containing high calcium (4.0 mmol/l) to simulate a high workload challenge for
20 min. Hearts were paced at 450 beats per minute throughout the protocol. (A) LVDevP (the difference between systolic and diastolic
pressures). (B) Rate pressure product (RPP, the product of LVDevP and HR). (C) Positive rate of pressure change calculated by the first
derivative of the ascending LV pressure wave (+dP/dt), is used as an index of ventricular contractility. (D) Negative rate of pressure change
calculated by the first derivative of the descending LV pressure wave (-dP/dt), is used as an index of ventricular relaxation. * p < 0.05 mdx*"”
versus WT; # p < 0.05 mdx*“+ RNR versus mdx*"’; + p < 0.05 mdx**+ puDys versus mdx*’. Abbreviations as in Figures 1 and 2.

dATP concentrations within ventricular tissue, we
performed HPLC-MS/MS analysis on ground ventric-
ular tissue from mdx*®” and mdx**"+ RNR mice. The
concentration of dATP within the ventricular tissue
mice treated with RNR
(0.57 £ 0.22 pmol dATP/mg) was approximately

obtained from mdx*’

10-fold higher relative to mdx*®” control subjects
(0.05 £+ 0.02 pmol dATP/mg) (Figure 6B). For adult WT,
we previously reported an average dATP value of 0.02
pmol/mg tissue with a SD of 0.01 (50). Additionally,
cardiac vector genome data was comparable relative
to the vector dose administered (Figure 6C).

DISCUSSION

In the present study, we used a novel gene therapy
approach that targets myosin in the contractile fila-
ments of cardiomyocytes via overexpression of the
RNR enzyme to rescue cardiomyopathy in a DMD
mouse model. RNR overexpression results in elevated
dATP, which can be used by cardiac myosin (in place
of ATP), and increases cross-bridge binding and
cycling, resulting in stronger, faster contraction and
faster relaxation (38-45,52). We developed an rAAV
vector that over-expresses RNR selectively in heart
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FIGURE 4 Cardiac Tr duction Following Intra Delivery of Ribonucleotide Reductase or Microdystrophin

laminin ﬁ

wr D

At 5 months after vector administration, cryosections were prepared and immunostained with antisera against dystrophin or ribonucleotide reductase. A considerable
level of protein is detected for each ribonucleotide reductase subunit-1 (human specific) as indicated by immunofluorescent staining (red) localized primarily within the

cytoplasm of cardiomyocytes with occasional perinuclear accumulation (upper panel). On the lower panel, the robust level of expression for dystrophin in WT and in
mice treated with AAV6-CK8-uDys (laminin staining, inset image). Abbreviations as in Figures 1 and 2.

aged mdx*

muscle via inclusion of a modified cardiac-specific
enhancer/promoter derived from the human cTnT
gene, which facilitates increases in myocyte contrac-
tion and cardiac performance in normal rodent hearts
as well as in infarcted rodents and pig hearts (48,53).
Importantly, we previously showed that dATP-
producing cells deliver it to surrounding myocar-
dium by diffusion through gap junctions (54), such
that only a minority of cardiomyocytes needs to be
transduced to have global benefits within the heart.
We now show that using this vector technology leads
to a clear benefit of improving cardiac function in an
advanced-age model of DMD cardiomyopathy.

Early manifestations of impaired cardiac dysfunc-
tion in mdx mice are generally not reported. Khair-
allah et al.(55) observed a decline in LV function
in isolated perfused hearts that coincided with
decreased fatty acid oxidation and increased glucose
oxidation. However, perfused heart function in mdx
mice was maintained at 8 months, despite significant
reductions in phosphocreatine levels and free energy
availability from ATP hydrolysis (56). The authors
surmised that young adult mdx hearts, akin to DMD
patient hearts, experience right ventricular dilation,
LV diastolic deficits, and abnormal energy

metabolism. More recently, a declination in cardiac
function was not observed until 12 months of age (57)
and abnormal in vivo pressure-volume dynamics
were observed in 22-month-old mdx mice (58).
Treatment of young male mdx mice with rAAV6 vec-
tor delivering cytomegalovirus (CMV) promoter/
enhancer driven microdystrophin did not correct the
impairments in +dP/dt, -dP/dt, or LV systolic pressure
when assessed at 5 months of age via hemodynamic
analysis (35). However, an improvement was noted for
the preload recruited stroke work in mdx mice treated
with pDys compared to untreated mdx or WT control
subjects (35).

In our current study, 27-month to 29-month-old
mice were subjected to ex vivo assessment of cardiac
function using the Langendorff isolated heart prepa-
ration, which is a century-old methodology with
several advantages and limitations (59). The
perfusate used is similar to, but not the same as
blood, and situations of physiologic challenge (e.g.,
Frank-Starling and high calcium) may exaggerate the
in vivo situation. However, the procedure remains a
simple and reproducible experiment that allows for
interrogation of cardiac physiology in the absence of
confounding systemic variables and serves as a viable
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FIGURE 5 Heart Histologic Staining of mdx*“" Mice Suggests No Morphologic Alterations From RNR Therapy

Abbreviations as in Figures 1 and 2.

Representative full-view photomicrographs of Masson trichrome staining of the hearts from mdx
and rAAV6-treated with either RNR or uDys from mdx4cv mice. Similarly, a 20x enlarged view of the corresponding images (*) is shown.

4cv

mice displaying control vector (ACMV),

tool to perform cardiac phenotyping in preclinical
studies (60). Under baseline conditions and at spon-
taneous heart rates, we observed a significant
reduction in RPP in mdx*“” hearts. Decreased systolic
and diastolic performance in mdx*®’ hearts also
existed while examining the length-tension relation-
ship (i.e., Frank-Starling mechanism). Treatment of
mdx*®” mice with either the RNR or the uDys vector
restored systolic pressure development without
affecting spontaneous HRs at baseline. Both of the
treatments restored the disrupted Frank-Starling
response, particularly for systolic function. The RNR
treatment also had beneficial effects on the diastolic

properties of the mdx*<”

myocardium. This strongly
supports our previous studies where we observed a
tendency for overexpression of RNR to improve
myocardial diastolic response in young, healthy,
transgenic mice (47), mice treated with AAV (48), and

in a porcine HF model (53).

In addition to the evaluation of basal cardiac per-
formance, we tested cardiac reserve with a combina-
tion of high calcium plus elevated HRs and confirmed
a significantly blunted response in 27-month to
29-month-old mdx*®" hearts. Consistent with a pre-
vious report in young mdx mice (35), expressing uDys
in aged mdx*“” hearts significantly improved systolic
performance during increased physiologic demand to
a level similar to age-matched healthy control
subjects. We previously reported that transgenic or
vector-directed overexpression of RNR did not impair
cardiac reserve during increased physiologic demand
in young healthy hearts (47,48). Herein, we report
that RNR over-expression in mdx*“” hearts normalizes
both the systolic and diastolic response to an
increased cardiac challenge.

Approximately two-thirds of DMD mutations are
deletions that span 1 or more exons, often leading to
large deletions clustering around 2 mutational
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FIGURE 6 Protein Expression Levels for Dys, RNR, and Resultant Vector Genomes Due to rAAV6-Mediated Gene Transfer
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(A) RNR and puDys protein expression detection as revealed by immunoblotting of cardiac whole tissue lysates using either RRM1, RRM2, or antidystrophin antibody. (B)
HPLC-MS/MS intracellular [dNTP] quantification from methanol extracted cardiac tissue. (C) qPCR analysis of vector genomes from cardiac tissue revealed similar
vector genomes being represented for all treated cohorts. dNTP = deoxynucleotide triphosphate; HPLC-MS/MS = high-performance liquid chromatography-tandem
mass spectrometry; qPCR = quantitative polymerase chain reaction; other abbreviations as in Figures 1 and 2.

hotspots; the most common spanning from exons 45-
55 resulting in removal of a central portion of the rod
domain inclusive of disrupting the neuronal nitric
oxide synthase (nNOS) localization domain. The sec-
ond most common hotspot spans from exons 3-19, and
removes the majority of the amino-terminal actin-
binding domain 1 which is essential for dystrophin
function. When such deletions interrupt the reading
frame, the resultant mutated protein usually ex-
presses at extremely low levels and associates with
the loss of ambulation at or before 12 years of age.
Even when such deletions produce an in-frame
partially functional truncated protein, such as occurs
in BMD, dramatic phenotype diversity can occur. For
example, in a previous study, BMD subjects whose
out-of-phase deletions, toward the alignment of
adjoining spectrin-like repeats, developed dilated
cardiomyopathy at nearly a decade earlier than in
patients with in-phase deletions (61). In contrast to
large deletion mutations, there are reported cases
where individual missense mutations lead to X-linked
dilated cardiomyopathy (62-64). In one case, a novel
missense mutation within exon 9 at nucleotide 1043
resulted in a T279A amino acid change in a highly
conserved position of mutation. This mutation resul-
ted in a substitution of a beta-sheet for alpha-helical
structure, destabilizing the protein, and leading to
the cardiac specific phenotype described by the au-
thors (63).

DMD-related cardiomyopathy usually
during middle to late adolescence, but the clinical

occurs

presentation is deceptive, as patients are wheelchair-
bound and are not required to perform increased car-
diac workload. The diversity of cardiac phenotype in
DMD suggests many levels of pathogenic mechanisms.
The pathologic heterogeneity of the DMD ventricular
myocardium is a consequential result of myocardial
atrophy (65,66), compensatory mechanisms leading to
cardiac remodeling with ensuing ventricular dilation
and fibrosis (67,68). Absence of clear genotype-
phenotype correlation in DMD probably results from
at least 4 secondary cellular processes including
aberrant intracellular Ca®?' homeostasis, decreased
nitric oxide-cyclic guanosine monophosphate path-
ways, mitochondrial dysfunction, and increased
reactive oxygen species, which individually or
collectively influence the clinical phenotype (69). As
an indication of the progressive nature of DMD car-
diomyopathy, the estimated overall incidence of
latent DCM is 25% by 6 years of age and 59% by 10
years of age in DMD patients (70). As such, further
evidence suggests latency in cardiac dysfunction at
basal levels that becomes more pronounced with an
induction of increased physiological demand.
Consistent with these observations, an impaired
response to beta-adrenergic stimulation by either
dobutamine or isoproterenol can be detected in mdx
mice at 3 to 4 months of age (35,71). Exercise can
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potentially be a double-edged sword for DMD, where
the enthusiasm for potential skeletal muscle benefits
can be dampened by the insidious cardiotoxicity from
training (72-74). With gene replacement therapy via
rAAV-mediated pDys in current ongoing clinical trials,
it will be of interest to assess cardiac function to
determine whether additional therapeutic support in
the form of increased contractility will be beneficial.
Relative expression assays by immunofluorescence
and Western blotting indicate robust expression
levels for the RNR subunits (RRM1 and RRM2) and
uDys in the vast majority of cardiomyocytes. How-
ever, intracellular variability in RNR protein detec-
tion (via immunostaining) was observed for both
RRM1 and RRM2, indicating that not all car-
diomyocytes were effectively transduced. Neverthe-
less, we previously have shown that gap junction
transport of dATP from transduced cardiomyocytes to
adjacent cardiomyocytes occurs (54), which likely
accounted for the consistently elevated LV function
of mice treated with the rAAV vector that over-
expresses RNR. This is in contrast to the anchored
sarcolemma localization of uDys, which would occur
only in transduced muscle cells. Additionally,
because muscle-specific regulatory cassettes were
used for expression of therapeutic proteins, we can
surmise that <1% of protein expression would be
generated from non-muscle cell types present in the
heart, suggesting that the functional benefit was truly
caused by cardiomyocyte transduction. As previously
stated, the cTnT regulatory cassette drives RNR
expression only in heart muscle, whereas the CK8
regulatory cassette drives pDys expression no selec-
tively in both cardiac and skeletal muscle cells, but at
only very low background levels in other tissues. This
raises the possibility that the functional benefit of
expressing puDys in skeletal muscles might increase
energetic demands on the heart, thereby partially
masking some of the uDys-derived cardiac functional
benefits (37). Because RNR delivery to DMD mice of
advanced age increased cardiac function in the
absence of RNR expression in skeletal muscle, and
because over-expression of endogenous RNR should
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be nonimmunogenic, supplemental RNR therapy in
conjunction with pDys therapy might be beneficial for
DMD patients. Future studies are aimed at deter-
mining the extent of functional restoration by
combining both RNR- and puDys-based therapies.

ACKNOWLEDGMENTS The authors thank James
Allen and Christine Halbert (Wellstone Muscular
Dystrophy Specialized Research Center, University of
Washington, Seattle, Washington) for assistance with
vector production, purification, and quality assessment.

ADDRESS FOR CORRESPONDENCE: Dr. Guy L.
Odom, Department of Neurology, University of
Washington, 850 Republican Street, S248, Box
358055, Seattle, Washington 98109. E-mail: godom@
uw.edu. OR Dr. Michael Regnier, Department of
Bioengineering, University of Washington, 850
Republican Street, S180, Seattle, Washington 98109.
E-mail: mregnier@uw.edu.

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: RNR over-

gesting pathologic improvements. If cardiac dysfunction is
be beneficial.

mediated, cardiac-specific over-expression of RNR shows
promising potential for rescuing both systolic and diastolic

tional improvement of DMD patient hearts.
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Abstract

Gene therapy approaches for DMD using recombinant adeno-associated viral (rAAV) vec-
tors to deliver miniaturized (or micro) dystrophin genes to striated muscles have shown sig-
nificant progress. However, concerns remain about the potential forimmune responses
against dystrophin in some patients. Utrophin, a developmental paralogue of dystrophin,
may provide a viable treatment option. Here we examine the functional capacity of an rAAV-
mediated microutrophin (uUtrn) therapy in the max** mouse model of DMD. We found that
rAAV-uUtrn led to improvement in dystrophic histopathology & mostly restored the architec-
ture of the neuromuscular and myotendinous junctions. Physiological studies of tibialis ante-
rior muscles indicated peak force maintenance, with partial improvement of specific force. A
fundamental question for pUtrn therapeutics is not only can it replace critical functions of
dystrophin, but whether full-length utrophin impacts the therapeutic efficacy of the smaller,
highly expressed pUtrn. As such, we found that pUtrn significantly reduced the spacing of
the costameric lattice relative to full-length utrophin. Further, immunostaining suggested the
improvement in dystrophic pathophysiology was largely influenced by favored correction of
fast 2b fibers. However, unlike pUtrn, pdystrophin (uDys) expression did not show this fiber
type preference. Interestingly, pUtrn was better able to protect 2a and 2d fibers in mdx:
utrn”” mice than in mdx*" mice where the endogenous full-length utrophin was most preva-
lent. Altogether, these data are consistent with the role of steric hindrance between full-
length utrophin & pUtrn within the sarcolemma. Understanding the stoichiometry of this
effect may be important for predicting clinical efficacy.

Author summary

Duchenne muscular dystrophy (DMD) is a severe muscle wasting disorder caused by
mutations in the dystrophin gene. Utrophin is structurally similar to dystrophin and can
potentially be utilized to prevent muscle necrosis in preclinical models of DMD.
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Specialized research Center (NIH grant P50
AR065139) (www.mda.org). The funders had no Consequently, utrophin-mediated therapies are a primary target for treating DMD, par-

role in study design, data collection and analysis, ticularly as it may circumvent immune responses to dystrophin-mediated therapies. One
ﬁ:rzsljggrit[?tpumsn’ or preparation of the promising therapeutic option is to utilize recombinant adeno-associated viral vectors
' (rAAV) to deliver a rationally designed miniaturized utrophin (uUtrn) to striated muscles

Competing interests: The authors have declared to prevent necrosis. Here, we found that rAAV-pUtrn can profoundly prevent skeletal

that no competing interests exist muscle necrosis in the mdx*"” mouse model of DMD. uUtrn was also able to replace many
functions of dystrophin at the neuromuscular synapse and myotendinous junctions. How-
ever, we provide several lines of in vivo evidence that steric hindrance between uUtrn and
the endogenous full-length utrophin on the sarcolemma impacts the longevity of the ther-
apy in a muscle fiber-type selective manner. Understanding the stoichiometry of this effect
may be important for predicting clinical efficacy.

Introduction

Duchenne muscular dystrophy (DMD) is a severe muscle wasting disorder caused by muta-
tions in the dystrophin gene [1, 2]. Mechanically, dystrophin functions in muscle akin to a
large molecular spring that connects the cytoskeleton via actin to the dystrophin-glycoprotein
complex (DGC) within the sarcolemma [3-8]. As such, muscle membranes in DMD are highly
susceptible to contraction-induced injury and hypoxic stress after mild exercise [9-17]. Fur-
thermore, the neuromuscular junctions in the mdx mouse model of DMD fragment upon skel-
etal muscle necrosis, and have fewer and shallower postsynaptic folds than wild-type muscles
[18-20]. The folding is also reduced at the myotendinous junctions, which is a prominent site
for force transfer and injury in some DMD patients [21-26]. The dystrophin protein contains
an N-terminal actin binding domain, a large central rod domain, a cysteine rich region critical
for the association with B-dystroglycan[27], and a C-terminal domain [28, 29] (Fig 1A). The
large central rod domain includes 24 spectrin-like repeats that interact with the membrane
[30], F-actin [31], localize nNOS to the sarcolemma [32, 33], and guide peripheral microtu-
bules [34]. The central rod domain also includes 4 hinge regions that contain high concentra-
tions of proline residues [8]. As an X-linked disorder, DMD is potentially amenable to
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Fig 1. Domain structure of dystrophin, utrophin and pUtrn. Shown is an illustration depicting the major functional domains of full-length, (427 kDa) dystrophin,
(400 kDa) utrophin, and (130 kDa) microutrophin ((Utrn). Dystrophin contains two actin-binding domains [ABD1, which has 2 calponin-homology domains (CH),
and ABD2), while the single ABD of utrophin is continuous through spectrin-like repeat 10. The central rod domain of dystrophin is composed of 24 spectrin-like
triple-helical elements or repeats (R) while utrophin contains 22 repeats, both proteins carry 4 hinge (H) domains. Toward the carboxy-terminus a WW domain within
hinge 4 together with a cysteine rich (CR) domain composed of 2 EF-hands, and a Zinc finger domain (ZZ), form a binding domain for beta-dystroglycan. The
Carboxyl-terminal domain (C-term) provides binding sites for the syntrophins and dystrobrevins. Micro-utrophin lacks repeats 4-22 as well as the CT domain (Odom,
2010).

https://doi.org/10.1371/journal.pgen.1009179.9001
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dystrophin replacement gene therapies [35, 36]. In fact, rational design of miniaturized dystro-
phins for gene therapy using rAAV has proven affective at mitigating the dystrophic patho-
physiology in various mammalian models of DMD [29, 32, 37-41]. Clinical trials that utilize
different forms of uDys have reported varied success at an early stage of treatment, but none
are anticipated to fully restore normal muscle function[42]. One concern regarding DMD clin-
ical therapeutic development is the possibility that dystrophin may be recognized by the
immune system as a neo-antigen in some DMD patients [43-46]. As such, we are also inter-
ested in the therapeutic capacity of the dystrophin paralogue, utrophin [44, 47].

Utrophin is structurally similar to dystrophin in that it contains an N-terminal actin-bind-
ing domain, a large central rod domain containing 22 spectrin-like repeats with 4 hinges, a cys-
teine rich region and a C-terminal domain [28] (Fig 1). Despite the structural similarities,
utrophin differs from dystrophin in a variety ways, such as having a single actin-binding
domain that extends from the N-terminus through to spectrin-like repeat 10; in contrast dys-
trophin has a secondary actin binding domain (ABD2, Fig 1) [48]. Interestingly, utrophin also
displays differing molecular contact responses to actin relative to dystrophin, affecting rota-
tional dynamics, resulting in increased actin resilience [48, 49]. Indeed, it has been hypothe-
sized that one continuous actin binding site may display less elasticity toward contractile
responses via the actin-utrophin-sarcolemma linkage to muscle stretches relative to dystro-
phin[50]. Whether this could be exacerbated in vivo considering the structure of micro-utro-
phin@R+R2VACD (4, Utrn), having a continuous ABD that constitutes for ~65% of the entire
micro-protein, is not known. To this end, it has also been found that uUtrn is as effective in
vitro at regulating actin dynamics as full-length dystrophin as determined by time-resolved
phosphorescence anisotropy[51]. A further contrast from dystrophin in the central rod
domain has been demonstrated downstream of the dystrophin ABD2, where utrophin lacks
the binding domains associated with nNOS restoration to the sarcolemma or the ability to
guide microtubules[34, 52]. Despite these differences, transgenic expression of full-length
utrophin can prevent muscle necrosis in sedentary mdx mice, thus making it a promising can-
didate for treating DMD patients, independent of the type or placement of the dystrophin
mutation [44, 53]. The pUtrn construct contains essential functional elements of the native
utrophin, namely N-terminal actin-binding domain, four spectrin-like triple helices of the cen-
tral rod domain (R1-R3 + R22), two hinges (H2 & H4), and the CR domain enabling binding
to beta-dystroglycan[27](i.e. AR4-R21/ACT), enabling DGC assembly for localization at the
sarcolemma [7, 9, 54-56]. Indeed, repeat administration of TAT-uUtrn has been shown to
mitigate the pathophysiology of mdx and mdx:utrn”” double knockout (dko) mice [57, 58].
Similarly, rAAV-mediated delivery of uUtrn prolongs the lifespan and mitigates the skeletal
muscle dystrophic pathophysiology of dko mice [47] and in the canine model of DMD[46].
Although uUtrn therapy for dko mice clearly provided a benefit with improvement and stabili-
zation of the histopathology with improved functional capacity, and lifespan extension; ani-
mals were not “cured” per se as a result of the treatment. Importantly, in a recent study
utilizing rAAV9-mediated pUtrn delivery to severely affected D2/mdx mice, a demonstrated
benefit of the cardiac phenotype was reported using cine-MRI for indices such as stroke vol-
ume and ejection fraction, providing the first evidence of a functional cardiac benefit
with pUtrn upregulation [59].

A potential compounding issue with a pUtrn therapeutic for DMD is whether endogenous
utrophin could influence the expression, localization, and inherent functional capacity
of uUtrn, with utrophin being generally present at low levels on the sarcolemma and also
highly concentrated within the neuromuscular and myotendinous junctions [60-62]. The
design of pUtrn was based on the first generation uDys“***2¥ACT) capable of being packaged
within AAV, where the uDys cDNA contained the N-terminal actin binding domain, a small
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central rod domain containing hinges 1, 2, and 4, with four spectrin-like repeats, and the cyste-
ine rich region [47, 63] (Fig 1A). Of note, pUtrn also includes a conserved polyproline site
within hinge 2, that when present in uDys“**®2¥4CD) led to myotendinous strain injury,
ringed myofiber formation, fragmentation of the neuromuscular synapses, and elongation of
the synaptic folds in a subset of muscles in mdx mice [19, 26, 39]. Similar deleterious effects
might be caused by the inclusion of hinge 2 in pUtrn. Therefore, in addition to histopatholog-
ical and physiological assessment, this study was further aimed at evaluating neuromuscular
and myotendinous junctions in mdx*"” mice treated with AAV-mediated delivery of uUtrn.

Results

Fig 1 shows the domain structure of the pUtrn R4 R2VACT) protein used in this study as well as

the structures of full-length dystrophin and utrophin [63]. The 1,160 residue, 130 kDa uUtrn
has an analogous structure to a highly functional first-generation pDys R4 R23/4€T) e
described previously [47, 63], currently being tested in phase 1/2 clinical trials
(NCT03375164). Both micro-proteins carry 4 spectrin-like repeats in the central rod domain,
but contain the entire N-terminal actin-binding and the cysteine-rich (CR) dystroglycan-bind-
ing domains, enabling essential binding to F-actin, beta-dystroglycan, and assembly of the dys-
trophin-glycoprotein complex (DGC) at the sarcolemma (except for nNOS) [7, 9, 52, 54-56,
64]. The pUtrn protein also lacks the C-terminal (CT) domain, which can be deleted from
utrophin or dystrophin with minimal impact on function [47, 63, 65]. The absence of the CT
domain also enables endogenous Utrn to be distinguished from pUtrn using antibodies that
recognize the CT domain. Both proteins are detected with antibodies against the N-terminal
domain of Utrophin A. In some studies we added a N-terminal flag epitope for exclusive detec-
tion of pUtrn. Expression vectors for pUtrn were prepared in rAAV6 as previously described
[37, 47, 66].

4cv

Histopathlogy of mdx™“" muscles treated with pUtrn

Utrophin is expressed in new and maturing skeletal muscles during embryonic development
in humans, and in mice this extends to ~2-weeks postnatal. As the muscle matures, utrophin
expression is reduced and is ultimately replaced by dystrophin on the sarcolemma of normal
muscles, but remains concentrated at the neuromuscular and myotendinous junctions. In the
absence of dystrophin in DMD, utrophin appears to maintain this cadence where the expres-
sion is reduced as the muscle matures. However, without dystrophin expression to replace
utrophin, the muscles become highly susceptible to contraction-induced injury. Muscle necro-
sis and the resulting inflammatory response activates resident satellite cells to regenerate myo-
fibers leading to the re-establishment of utrophin at the sarcolemma of the maturing fibers.
This cycle of utrophin expression continues for as long as the satellite cells are capable of
replacing the lost muscle and leads to a patchwork of utrophin expression in the mdx muscles
that are reflective of the stage of regeneration and maturation (Fig 2A). It is well known that
slower muscle fiber types have higher levels of residual utrophin on the sarcolemma in DMD
and are more resistant to the dystrophic pathophysiology[67-69]. To examine the effects of
expressing human pUtrn in dystrophic mice, rAAV6-CMV-uUtrn (2x10'° vector genomes
(vg) was injected into the right gastrocnemius and tibialis anterior (TA) muscles of 1 week old
mdx*®” mice, with the sham-injected contralateral muscles as controls. At 3 months post-injec-
tion the tissues were harvested, and adjacent cryosections were immunostained with N-termi-
nal utrophin antibodies to detect both uUtrn and endogenous full-length utrophin (FL-Utrn),
and with C-terminal utrophin antibodies to exclusively detect FL-Utrn. Sections were also
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Fig 2. pUtrn expression mitigates dystrophic pathology. (A.) Adjacent sections of mdx*" muscles and mdx** muscles directly

injected with rAAV6-CK8-uUtrn. Scale bar = 50 um. (B.) Western blot showing full length utrophin and pUtrn in untreated (left)
and treated (right) gastrocnemius muscles (n = 4). GAPDH is the loading control. (C.) Quantitation of utrophin signal intensity
from the Western blots. ***P < 0.001 compared to utrophin full-length in the treated muscles. (D.) Quantitation of full length
utrophin and micro-utrophin mRNA by qRT-PCR. ***P < 0.001 compared to utrophin full-length in treated and untreated
muscles.

https://doi.org/10.1371/journal.pgen.1009179.9002

stained with hematoxylin and eosin to detect inflammatory pathology and centrally-nucleated
myofibers, a hallmark of muscle regeneration (Fig 2A, panels 5, 6; S1 Fig).

Consistent with previous studies [70], upregulated FL-Utrn was detectable in most myofi-
bers within the dystrophic environment of untreated mdx*" mouse gastrocnemius muscles
(Fig 2A, panels 1, 3). Approximately 76% of the myofibers in untreated mdx*"”
muscles exhibited central nuclei (a marker of muscle regeneration, S1A Fig) and extensive
areas of mononuclear cell infiltrates (Fig 2A, panel 5). Intense N-terminal immunostaining of
Utrn was observed in the rAAV6-CMV-uUtrn-treated gastrocnemius muscles. Only ~3% of
the Utrn-positive myofibers in treated muscles displayed centrally-located nuclei (S1 Fig).
Importantly, the muscle fibers expressing uUtrn also contained low levels of FL-Utrn as dem-
onstrated by the antibody that recognizes the C-terminus of FL-Utrn and is absent in the
uUtrn.

pUtrn-treated gastrocnemius muscles also displayed an improved morphological appear-
ance and significantly fewer regenerating myofibers, as assessed by immunostaining for
“developmental” (embryonic or neonatal) myosin heavy chain (18% positive myofibers com-
pared with 67% for controls; (Fig 2A, panels 5 and 6; S1 Fig). This reduction in myofiber

gastrocnemius
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regeneration presumably accounts for the reduced full-length (FL) utrophin expression
observed by both western analysis and immunostaining (Fig 2B and 2C), as regenerating myo-
fibers have been shown to express elevated utrophin levels [71]. In contrast to the reduction in
protein levels in treated mice, we found no difference in FL-Utrn mRNA levels between
treated and untreated mdx* gastrocnemius muscles (Fig 2D). As anticipated, the mRNA lev-
els of CMV-driven pUtrn were found to be much higher than the full-length transcripts in
treated muscles (P < 0.001; Fig 2D). Expression of pUtrn in mdx™" gastrocnemius muscles is

thus sufficient to substantially ameliorate the dystrophic pathology.

4cv

Physiological performance of mdx™“" muscles treated with pUtrn

To assess the functional capacity of pUtrn to ameliorate physiological deficits in mdx*" mus-

cles, we analyzed contractile properties of the treated TA muscles in situ, followed by assess-
ment of morphology and utrophin expression.

We examined several physiological parameters known to be altered in mdx* TA muscles:
(1) Muscle Mass: As previously reported muscle mass increases significantly in mdx mice and
this is thought to be partially responsible for maintaining peak force production of mdx mus-
cles [72, 73]. We confirmed the mass increase of mdx*” TA muscles, and found that pUtrn
expression partially reduced this increase (Fig 3A). (2) Peak Force Production: The increased
muscle mass maintains peak force production in mdx*"” mice at this age, and was also
unchanged in limbs treated with uUtrn. (Fig 3B). (3) Specific Force Production: This parameter
is typically reduced in mdx muscles [37, 73], and we found it to be reduced by about 35% in
mdx™ TA muscles; uUtrn-treatment restored about 60% of this deficit (P<0.05; Fig 3C). (4)
Susceptibility to Eccentric Contraction-Induced Injury: Since mdx™" muscles are known to be
susceptible to contraction-induced injury [37, 73], we used an in situ strain protocol to deter-
mine whether uUtrn treatment would ameliorate this damage. When subjected to increased
strain, peak tetanic force production of mdx™” TA muscles decreased significantly compared
to the smaller decrease in wild type TAs. In contrast, uUtrn-treated dystrophic muscles exhib-
ited significant protection against this perturbation (Fig 3D), albeit to a degree notably less
than in wild type muscles or in previous studies with micro-dystrophin ([26], & S3 Fig).

Immunostained cryosections of TA muscles at 3 months post-injection revealed that ~60%
of the total myofibers were uUtrn-positive, based on their much more intense N-terminal
Utrn immunostaining (see Fig 2A, panel #2 vs. #1). The physiological data we measured thus
represents the combined attributes of about 40% of the total fibers that contain little to
no pUtrn (but variable levels of endogenous utrophin), and about 60% of the total fibers that
contain variable uUtrn levels due to differences in fiber-to-fiber transduction.

Myofiber type differences in uUtrn expression

A fundamental question of this study is whether expression of full-length utrophin functions
synergistically with the highly truncated uUtrn or whether there is a potential for steric hin-
drance. Considering full-length utrophin is expressed at higher levels in type 1a, 2a and 2d
fibers when compared to type 2b fiber types we examined whether there is a fiber-type expres-
sion pattern of pUtrn in treated muscles. uUtrn was more favorably expressed in the fast 2b
fiber types (79% uUtrn-positive) when compared with Ia (25% positive), 2a (38% positive) and
2d (43% positive) fibers at 3 months post-injection (Fig 4A-4C). Interestingly, pUtrn-positive
myofibers displayed a further increase in cross-sectional area beyond that observed in mdx*"”
TA muscle, regardless of fiber type (Fig 4D).

To explore whether the uUtrn fiber-type expression differences may have resulted from
properties of the CMV promoter/enhancer elements, we tested a vector carrying the muscle-
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Fig 3. In situ physiological assessment of tibialis anterior muscles following vector treatment. (A.) Mean +/- S.D. tibialis anterior muscle mass. (B.) Mean +/- S.D.
peak tetanic force production. (C.) Mean +/- S.D. specific force production. (D.) Peak tetanic force production after increasing strain. *P < 0.05 and ***P < 0.001
compared to wild-type. “P < 0.05, P < 0.01 and ***P < 0.001 compared to mdx""".

https://doi.org/10.1371/journal.pgen.1009179.9003

specific regulatory cassette CK8e (kindly provided by Dr. Stephen D. Hauschka). Initially, 2
week-old mdx*" mice were intravenously (IV) infused with 2x10'* vg/kg of rAAV6-CK8e-
Flag-pUtrn and muscles were examined 2 weeks post-injection (at 1-month of age). This
experimental design focused on early stages of transgene expression, and the onset of mdx*”
mouse muscle pathology [74]. As revealed by immunostaining against the N-terminal FLAG
epitope, pUtrn was found on the sarcolemma of approximately 88% of all muscle fiber types
(S2A-S2C Fig; gastrocnemius muscle shown). This finding suggested that rAAV6-CK8e
driven expression of pUtrn has a similar tropism for all four myofiber types. A second cohort
of mice intravenously infused with rAAV6-CK8e-Flag-uUtrn was examined at a later time
point (3 months of age). If uUtrn is not protecting the skeletal muscle, the muscle fibers deteri-
orate and regenerate leading to loss of the therapeutic cDNA and newly formed uUtrn negative
myofibers. Similar to the earlier study with IM injection of rAAV6-CMV-puUtrn, we found
that with IV delivery, pUtrn was expressed within a significantly greater number of type 2b
myofibers compared with type 1, 2a and 2d fibers (P < 0.001; S2D-S2F Fig). Thus, the prefer-
ential expression of uUtrn in the fast 2b fibers at later time points was similar whether the
CK8e (S2D-S2F Fig) or the CMV (S2G-S21 Fig) regulatory cassettes were used. Importantly,
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Fig 4. nUtrn expression mitigates dystrophic pathology and demonstrates fiber-type preferences in gastrocnemius
muscles. (A) Immunostaining for utrophin A indicating high level expression of (green), laminin A (red), and nuclei
(blue). (B) Adjacent sections of pUtrn treated mdx*" muscles with corresponding fiber typing. Symbols provide
examples of 1a, 2a and 2d/x fibers expressing high levels of pUtrn. The white squares, “x’s”, triangles, and diamonds
indicate type 2b, 2d/x, 2a, 1a fibers respectively. Scale bar = 50 um. (C.) Quantification of the proportion of fiber types
expressing uUtrn (Mean +/- S.D.). (D.) Myofiber area as indicated by fiber type. Box and whiskers plots displaying
median +/- 75% fiber area in wild-type, mdx*" and mdx*"" treated skeletal muscles. pUtrn expression leads to myofiber
hypertrophy in all muscle fiber types. Bars show the mean +/- S.D., (N = 4). *P < 0.05 and “*P < 0.01 relative to wt

*P < 0.05, P < 0.01, “*P < 0.001 relative to untreated mdx*".

https://doi.org/10.1371/journal.pgen.1009179.9004

the number of myofibers expressing uUtrn at 3 months of age was significantly reduced from
the earlier time points demonstrating the uUtrn was less able to protect type 1a, 2a and 2d
fibers from dystrophy when compared to the type 2b fibers (S2D-S2F Fig).

As a further control, mdx*” mice were intravenously injected with rAAV6-CK8e-uDys and
analyzed 8 months later. In contrast with the pUtrn studies, expression of uDys was main-
tained in the vast majority of myofiber types even at 8 months, leading to a significant func-
tional improvement of the muscles (53 Fig). We also note that our original hinge2-uDys[75,
76] displayed stable expression for up to one year in DMD patients[77], and that a
different uDys vector, rAAV6-CK8e-uDys5, showed stable expression in all striated muscles
for more than 27 months in mdx*®" mice [78].

Considering uUtrn co-exists on the sarcolemma with the full-length utrophin and that full-
length utrophin is found at higher levels in type Ia, 2a, and 2d fibers (Fig 5 for example, and
[71]) that are less protected by uUtrn, these results raised the possibility that endogenous utro-
phin expression could adversely impact the therapeutic potential of pUtrn. To evaluate pUtrn

expression in the absence of endogenous utrophin we examined the gastrocnemius muscles of

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009179 November 11, 2020 8/25


https://doi.org/10.1371/journal.pgen.1009179.g004
https://doi.org/10.1371/journal.pgen.1009179

PLOS GENETICS

Utrophin influences microutrophin function in mdx4cv mice

Wild-Type

berType

Utrophin A Fi

Fig 5. Restoration of DGC components a-dystrobrevin-2 and a.,-syntrophin localization to the dystrophin-
glycoprotein complex by pUtrn expression is fiber type selective. Scale bar = 100 pm.

https://doi.org/10.1371/journal.pgen.1009179.9005

mdx:utrn”” (dko) mice from a previous study [47]. These mice had received an intravenous
injection of 2.5x10"* vg/kg of rAAV6-CMV-uUtrn, at 3 weeks of age and were analyzed at 4
months of age. We found no preference toward pUtrn expression in the fast 2b fibers when
compared with the 2a or 2d fiber types (S2]-S2L Fig). The status of type 1a fibers in this study
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is uncertain because there were very few type la myofibers in the dko gastrocnemius and only
~6% of these had detectable pUtrn (S2J-S2L Fig).

uUtrn expression in mdx*“" muscle fibers affects costamere structure

Costameres are rib-like sarcolemmal structures juxtaposed over the Z and M lines of myofibers,
and are the primary sites where cytoskeletal proteins link elements of the contractile apparatus

to integral and peripheral membrane protein complexes [79, 80]. Costameres can also be ori-
ented parallel to the myofiber longitudinal axis, resulting in a rectilinear structural lattice. Histor-
ically, dystrophin represents the first costameric protein found to be associated with muscular
dystrophy, displaying periodic association with costameres running transversal to the long axis
of the myofiber [79, 81]. Interestingly, in mdx myofibers, the up-regulated FL-Utrn only partially
compensates for the absence of dystrophin, leading to a weakened linkage between the contrac-
tile apparatus and the sarcolemma [79, 82-84]. To examine the effects of uUtrn on mdx™"
meres, gastrocnemius muscles were removed from 3-month old FLAG-uUtrn-treated and
control mdx**" mice and cryosections were immunostained for endogenous utrophin A (using a
utrophin C-terminal antibody), or for pUtrn (using a FLAG antibody). In longitudinal cryosec-
tions endogenous utrophin A was found within a standard ~2.2 pm costameric lattice, as well as
between the costameric striations (S4A Fig, panel #1) in both untreated and pUtrn treated
mdx* mice (S4A Fig, panel #3 vs_panel #6). We next examined the location of FLAG-uUtrn
and found that it localized in a costameric pattern with striations that were only ~0.8 um apart
(S4B and S4C Fig (P < 0.001)). However, (Utrn localizes in normal, 2.2 pum striations in the
absence of full-length Utrn, as seen in treated mdx:utrn”™ muscles (S4D Fig). Thus, high-level
expression of FLAG-pUtrn in mdx"®" mice leads to the localization of pUtrn in closely spaced
striations that co-exist with the normal, FL-Utrn containing costameres.

costa-

Assembly of the dystrophin-glycoprotein complex following pUtrn
treatment

Expression of pDys has been shown to restore assembly and sarcolemmal localization of the
dystrophin-glycoprotein complex (DGC) [9, 32, 85-87], so we asked whether (Utrn expres-
sion also restores DGC components in mdx*“ muscles. This was tested utilizing the same mice
described for the rAAV6-CMV-uUtrn IM injection study from Fig 2. Serial cryosections from
injected gastrocnemius muscles were immunostained to detect myosin heavy chain isoforms
associated with different muscle fiber types (Fig 5A-5C), utrophin (Fig 5D-5F), and the repre-
sentative DGC components -dystroglycan (8-Dgn) (Fig 5G-5I), §-sarcoglycan (8-Sarc) (Fig
5J-5L), a-dystrobrevin-2 (o-Db2) (Fig 5M-50), o-1-syntrophin (o.1-Syn) (Fig 5P-5R) and
neuronal nitric oxide synthase (nNOS) (Fig 55-5U).

As expected, endogenous FL-Utrn was only expressed at low levels in wild-type muscles
(Fig 5D), but was up-regulated in mdx*® muscle fibers (Fig 5E)[88-91]. However, the relative
sarcolemmal intensity of endogenous utrophin A immunostaining was highly variable
between and within different fiber types (e.g., Fig 5B and 5E). In contrast, numerous myofibers
within rAAV6-CMV-uUtrn IM injected mdx™" muscles exhibited intense utrophin immunos-
taining, with type 2b fibers displaying the highest relative intensities (e.g., Fig 5F). The DGC
components, B-Dgn, 8-Sarc were broadly restored in myofiber types (Fig 5, 5I vs. 5H, and 5L
vs. 5K), while o-Dbn-2, and a:1-Syn were most strongly re-localized in 2b fibers (Fig 5, 50 vs.
5N, and 5R vs. 5Q), which displayed the highest expression of pUtrn. In contrast, nNOS
remained relatively absent from the sarcolemma (Fig 4U vs 4S), even though o1-Syn, a DGC
component with which nNOS and endogenous utrophin are known to interact [92, 93], was
re-localized to the sarcolemma. This observation has been confirmed in previous work where
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it was shown that the o-Syn binding motif within dystrophin spectrin-like repeat-17 enables
recruitment of nNOS to the sarcolemmal32, 33, 52]. These results show that uUtrn, like utro-
phin A, does not localize nNOS to the sarcolemma [87]. The ability of (Utrn to localize
0.1-Syn is presumably due to additional components of the DGC, such as 0-Db isoforms that
are known to interact with a1-Syn, and potentially the sarcoglycans [94]. These results thus
indicate that delivery of AAV6-CMV-uUtrn to mdx*” mouse muscles localizes most, but not
all, dystrophin glycoprotein-complex proteins to the sarcolemma.

Influence of uUtrn on the structure of neuromuscular junctions

The acetylcholine receptor (AChR) clusters on the postsynaptic membranes of neuromuscular
junctions (NMJs) in wild-type mice mature into pretzel-like profiles that exhibit generally con-
tinuous junctions (defined here as a NM]J that has three or less continuous segments) when
viewed en face (Fig 6A, panel 1). These profiles are known to further fragment upon skeletal
" and mdx:utrn”” mice [18-20, 74]. We found that uUtrn expression
in gastrocnemius muscles of mdx*"” and mdx:utrn”" mice prevented the formation of frag-
mented synapses (Fig 6A, panel #3 vs #2, and panel #5 vs #4). Importantly, the overall continu-

muscle necrosis in mdx

ity of junctional membranes was significantly improved in uUtrn-treated muscles (Fig 6B).
We also examined electron micrographs of NMJs in these mice and found, as in normal mus-
cle fibers, that the presynaptic motor nerve terminal directly abuts the postsynaptic apparatus
and that the presynaptic terminal contains folds [black arrow head, (wt) vs black arrow, (mdx
+uUtrn)] that invaginate into the muscle (Fig 6A, compare panel #’s 6-10).

In wild type muscles utrophin is primarily restricted to the crests of folds whereas dystro-
phin is found in the troughs of folds [95, 96]. Utrophin is also restricted to the crests of folds in
NM]s of mdx skeletal muscles (S5 Fig, panel #5). We found that the NMJs in mdx*" postsynap-
tic membranes have a small, but significant reduction in the length and number of folds (Fig

4cv

6C & 6D), and that pUtrn is mis-localized to the troughs of the synaptic folds in treated mdx
muscles (S5 Fig, panel #6). uUtrn delivery restored the length of synaptic folds in mdx™" mus-
cles to depths similar to those in wild-type muscles (Fig 6A, panels #6-8, and 6C). Interestingly
however, while pUtrn did not restore the number of post-synaptic folds in mdx*" mice (Fig
6D), the folds in pUtrn-treated mice became highly branched (Fig 6A, panel #8). Expression
of pUtrn did restore the number of folds in the NMJs of mdx:utrn”~ muscles to the levels

found in mdx*"” muscles (Fig 6A panels #5 & 10, 6D).

Influence of uUtrn on the structure of myotendinous junctions

Treatment of mdx"” mice with a first-generation pDys“***2¥AD) Jeads to myotendinous

strain injury and “ringbinden” or ringed fiber formation in gastrocnemius muscles [19, 26,
39]. This is associated with the presence of a polyproline motif within the ‘Hinge-2’ domain of
this particular pDys [19, 26, 39]. We therefore asked whether expression of the

analogous pUtrn would lead to similar deleterious effects (Fig 7). Electron micrographic analy-
sis of transverse gastrocnemius muscle sections from untreated wt, mdx*®
as in mdx**" or mdx:utrn”” mice treated with pUtrn revealed no ringed fibers in any of the
muscles (Fig 7A, panels #3 and #5). Thus, the polyproline motif from utrophin hinge 2 does
not adversely affect muscle ultrastructure.

S mdxutrn”, as well
4cv

To assess the presence of endogenous utrophin and pUtrn within MTJs we immunostained
cryosections with a C-terminal antibody (to detect endogenous utrophin) and with the FLAG
antibody (to detect FLAG-uUtrn). Both types of utrophin colocalized within folds in the Achil-
les myotendinous junctions [S6 Fig, where each panel shows the myofiber(s) integrated into
the tendon at the base of the image(s)]. Since the folds in MTJs play critical roles in reducing
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Fig 6. pUtrn expression partially restores the structure of neuromuscular junctions. (A) Top panel: AChR cluster visualization in the postsynaptic apparatus reveals
that uUtrn expression prevents the fragmentation of synapses seen in mdx*” and dko muscles. Scale bar = 10 um. Lower panel: Electron microscopic images of
neuromuscular synapses reveals that the synaptic folds in wild-type mice (arrow head) are shallower and less in number in muscles from mdx*" mice and dko mice.
pUtrn restores the depth, but not the number of synaptic folds. However, the synaptic folds are highly branched in the mdx*" mice treated with rAAV-pUtrn. Scale

bar = 0.5 um. (B) Mean +/- S.D. of continuous synapses. (C) Mean +/- S.D. of fold lengths in the postsynaptic apparatus. (D) Mean +/- S.D. of the number of
postsynaptic folds/um. *P < 0.05, **P < 0.001, and *** P < 0.001 compared to wild-type. “*P < 0.01 and **P < 0.001 compared to mdx*". ®P < 0.05 and ®®®P < 0.001

compared to dko.

https://doi.org/10.1371/journal.pgen.1009179.9006

membrane shear stress during muscle contraction [22], we also analyzed electron micrograph
sections to determine the lengths of the MT] folds. The MT] folds were shorter in muscles
from mdx™" mice than in wild type controls, as indicated by the white arrows (Fig 7A; com-
pare panel #6 vs #7, and Fig 7B). However, the folds were also more numerous than in controls
(Fig 7C), resulting in a reduction in the total length of membrane provided by the junctional
folds when compared to wild-type muscles (Fig 7D). pUtrn treatment partially restored the
MT]J fold length and number in mdx*®” muscles (Fig 7B and 7C); thereby essentially restoring
the total length of membrane provided by the folds (Fig 7D).

Discussion

Here we demonstrate that pUtrn improves the dystrophic pathophysiology of mdx
as well as the maturation and maintenance of the neuromuscular and myotendinous junctions.

4,
< muscles,
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Fig 7. pUtrn expression partially restores the structure of myotendinous junctions without leading to ringed fiber formation. (A) Top panel: Electron microscopy
of transverse sections of gastrocnemius muscles. Scale bar = 2 um. Lower panel: Longitudinal sections of Achilles myotendinous junctions. Note the loss of folds in
mdx"" and dko mice is partially restored by pUtrn expression. Scale bar = 5 um. (B) Mean +/- S.D. length of folds. (C) Mean +/- S.D. fold per pm of MTJ. (D) Mean +/-
S.D. increase in membrane length brought about by the MTJ folds.

https://doi.org/10.1371/journal.pgen.1009179.9007

Histologically, following pUtrn treatment there was an abrupt reduction in the number of
myofibers undergoing regeneration as indicated by central nucleation. We also observed the
restoration of DGC components f-Dgn and §-Sgn, however the localization of o-Db2 and
o1-Syn was skewed toward fast 2b fiber expression. Indeed, at longer time-points within our
study the improvement in pathophysiology appears to primarily stem from the stable expres-
sion of uUtrn within fast 2b fibers rather than the 1a, 2a and 2d/x fiber types irrespective of the
transcriptional regulatory cassette used to drive expression. These observations have poten-
tially important implications for the treatment of DMD skeletal muscles with AAV-

delivered pUtrn.

Does steric hindrance between uUtrn and endogenous utrophin impact
efficacy?

A fundamental question of this study is not only could uUtrn compensate for the lack of dys-
trophin, but whether uUtrn could function optimally when co-existing with the endogenous
full-length utrophin. More specifically, is there potential for steric hindrance between the full-
length utrophin and the smaller pUtrn that could impact the function and survival of muscle
cells? Slower fiber types have long been known to have slightly higher levels of endogenous
utrophin expression and this correlates with a slightly milder dystrophic phenotype in
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untreated mdx mice[67-69]. Consistent with this, in mdx mice, we previously found there is
more endogenous utrophin in Type 1a, 2a and 2d fiber types, when compared to fast Type 2b
[71]. Strikingly, we found that uUtrn is better able to prevent the dystrophic pathology in Type
2a and 2d fibers in mdx/utrn”” mice lacking both dystrophin and utrophin when compared to
the same muscle fiber types in mdx mice (Compare S2J-S2L to S2D-S2I Fig). This phenotype
was likely unique to pUtrn treatment as delivery of second-generation uDys[39] with the same
vector and promoter was able to prevent the dystrophic pathology of mdx™" mice, indepen-
dent of fiber-type. Furthermore, uUtrn profoundly reduced the spacing of costameres in

*“ mice (S4 Fig) providing a unique environment for steric hindrance with full-length
utrophin within the sarcolemma.

Importantly, steric hindrance requires that both the full-length utrophin and uUtrn are on
the sarcolemma at the same time. Our time-course study demonstrates we targeted the major-
ity of muscle fibers (88%) with the therapeutic at the early age when endogenous utrophin is
present on the sarcolemma. We originally anticipated that the expression of pUtrn would pre-
vent the dystrophic pathology and allow the endogenous utrophin to follow its natural time
course, and dissipate from the sarcolemma as it would with dystrophin. However, Fig 2A, pan-
els 2 & 4 shows this wasn’t the case, as low levels of the endogenous utrophin can be found on
the same fibers as the pUtrn at 3 months of age. The greater levels of full-length utrophin in
type la, 2a and 2d sarcolemma could sterically hinder the pUtrn more than in fast 2b fibers
where full-length utrophin is minimal[71]. Steric hindrance between full-length utrophin
and pUtrn leave the skeletal muscles more susceptible to contraction-induced injury, leading
to the death of the muscle fibers and regeneration of the myotubes without the uUtrn thera-
peutic. This would explain why we see broad pUtrn expression and prevention of dystrophy in
fast 2b fibers, but less so in other fiber types. Together, our results support an in vivo condition
where the stoichiometry of full-length utrophin and uUtrn at the sarcolemma of skeletal mus-
cle fibers could impact the efficacy of the therapeutic.

We also note that in a recent study with mdx mice and cxmd canines treated with AAV-
mediated micro-utrophin demonstrated impressive efficacy at early timepoints (~2 weeks
post-delivery)[46], which was also seen in dko mice[47], and to a large degree here as well.

However, in the recent[46] and the present studies the functional benefit seen in mdx*

dcv

mdx

mice
waned over time in fiber types 2A, 1A, & 2D, possibly due to competition with fl utrn. The sus-
tained uUtrn expression in fast 2B fibers in the present study suggests the mdx mice did not
outgrow expression as previously postulated[46], a conclusion further supported by the sus-
tained uDystrophin expression observed for at least 8 months and up to 2 years in all fiber
types in mdx mice, and for >1 year in DMD patients [77, 78]. The relative expression levels of
fl utrn in various fiber-types and between species such as mice, dogs and humans is not well
established and detailed biodistribution and time course studies will be required to understand
the longevity of the therapy. Further, the canine studies were followed only for a relatively
short time period, such that fiber-type expression levels might potentially wane over time.

Neuromuscular synapse

The neuromuscular junction contains distinct structural features that ensure nerve evoked
stimulation of the muscle exceeds that needed to generate an action potential in the postsynap-
tic membrane [97]. The presynaptic nerve terminal contains active zones where quanta of ace-
tylcholine are released onto AChR clusters on the crests of the postsynaptic folds [95, 96]. The
postsynaptic folds contain a high concentration of voltage gated sodium channels that reduce
the threshold required to generate endplate currents [98]. The number of quanta reduces with
repeat stimulation of the nerve during normal muscle activity [99], but the sodium channels in
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the folds ensure the safety of transmission is maintained [98-100]. The depth and number of
folds determines the concentration of voltage gated sodium channels [19, 101]. Thus, the
reduction in depth and number of folds could contribute to the functional deficits in synaptic
transmission in mdx*® mice [98, 102]. Here we found that uUtrn was able to restore the depth,
but not the number of fold openings in mdx*"” mice. However, uUtrn expression did lead to a
profound increase in fold branching. Utrophin is normally localized to the crests of folds, and
dystrophin is primarily localized with the troughs of folds along with voltage gated sodium
channels. Therefore, it is possible that the mislocalization of uUtrn increased the branching. In
support of this hypothesis, utrophin is required to maintain the fold openings at the neuro-
muscular junction [103]. We previously found that miniaturized dystrophins can restore the
depth and number of folds [19, 39]. Therefore, dystrophin and utrophin are both required for
normal development of the synaptic folds. The neuromuscular junctions in humans are
smaller than mice and the folds are deeper, suggesting the safety-factor of synaptic transmis-
sion relies more on the voltage gated sodium channels [97]. Therefore, a loss of synaptic folds
and inclusive sodium channels resulting in decreased synaptic currents within the neuromus-
cular junctions of DMD patients could potentially reduce the neuromuscular transmission
contributing to fatigue. An increase in fold branching could potentially compensate for the
lack of fold openings in DMD to restore the safety of neuromuscular synaptic transmission.

Myotendinous junction

The myotendinous junction is a major site of force transfer in skeletal muscles [22]. The folds
within the MT] reduce membrane stress under shear [22]. The depth of the folds is reduced
within the Achilles MTJ in mdx*" mice and in some DMD patients [21, 23, 24, 26]. Further,
the MTJ is a primary site of contraction-induced injury in mdx*"" mice and some DMD
patients [21, 23, 24, 26]. Treatment with pUtrn partially increased the MT] folds in mdx*
mice and restored the sarcomere attachments in the dko mice. Importantly, uUtrn did not lead
to chronic myotendinous strain injury or ringed fibers despite containing a polyproline site in
hinge 2 [39]. Therefore, the structure and function of uUtrn likely differs from that of an
analogous puDys“***?¥ACT) that did lead to myotendinous strain injury and ringed fiber for-
mation when expressed in mdx*" muscles.

In conclusion, pUtrn was able to replace most functions of dystrophin at the sarcolemma,
neuromuscular junctions, and myotendinous junctions of dystrophin-deficient mdx*"
However, we also present several lines of in vivo evidence consistent with steric hindrance
between the full-length endogenous utrophin and uUtrn, which could impact the dystrophic
pathophysiology in a myofiber type selective manner. Further studies are needed to better
understand the stoichiometry of steric hindrance to predict its relevance in large animal mod-
els and humans.

mice.

Materials and methods
Mice and ethics statement

C57Bl/6 mice and mdx™" mice were utilized in this study. The mdx*"” mice were genotyped by
sequencing as previously described [104]. All Animal experiments were performed in accor-
dance with and approval by the Institutional Animal Care and Use Committee of the Univer-
sity of Washington under protocol 3333-01. The UW guidelines are at least as protective as
those of the National Institutes of Health, they conform to all applicable laws and regulations,
they meet prevailing community standards for responsible scientific research and were applied
throughout the project to ensure the humane treatment of all animals involved in the project.
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Viral vector production and injection

The pUtrn cDNA sequence was codon-optimized using GenScript (Piscataway, NJ). The
rAAV6-CK8-codon optimized pUtrn and rAAV6-CMV-pUtrn (not codon optimized) expres-
sion vectors were sequenced and co-transfected with the pDGM6 packaging plasmid into
HEK?293 cells to generate recombinant AAV vectors comprising serotype 6 capsids. Vectors
were harvested, purified, and quantitated as described previously [73]. The rAAV6-uUtrns
were formulated in Hanks’ balanced salt solution and injected either directly into the gastroc-
nemius muscles or intravenously by retro-orbital injection at two weeks of age while the mice
were anaesthetized with isofluorane.

Histology

Muscles were frozen directly in OCT cooled in 2-methylbutane in liquid N,. Ten micrometer
transverse sections of skeletal muscles were immunostained as previously described [71].
Briefly adjacent sections were immunostained with conjugated monoclonal antibodies to myo-
sin heavy chain to identify fiber-types as previously described [105], N terminal utrophin anti-
body, C-terminal utrophin antibody (both 1:800; and kindly provided by Stanley Froehner,
University of Washington, Seattle, USA), 02-laminin (1:800; SIGMA, St. Louis MO), and
hematoxylin and eosin using manufacturer protocols (Electron Microscopy Sciences; Hatfeild,
PA). For detecting DGC components, adjacent frozen sections were immunostained with o-
dystrobrevin 2 (1:1000), o.1-syntrophin (1:500; the latter two antibodies were kind gifts from
Stanley Froehner), B-dystroglycan (1:100; BD Biosciences, San Jose, CA), 8-sarcoglycan (1:40;
Leica Biosystems, Buffalo Grove, IL), or nNOS (1,100; Invitrogen, Carlsbad, CA). For detecting
AChRs, cryosections we incubated in o-bungarotoxin conjugated to TRITC (1,800; Invitrogen,
Carlsbad, CA). All fluorescent immunostained sections were coverslipped with ProLong Gold
mounting medium containing DAPI (Invitrogen, Carlsbad, CA). Sections were imaged with
either a Leica SP5 confocal or an Olympus SZX16 dissection fluorescent microscope.

Immunoblotting

Western blots were performed on whole muscle lysates as previously described [26]. Briefly,
the gastrocnemius muscles treated mdx™" muscles and contralateral controls (n = 4) were
ground in liquid N, and homogenized in extract buffer (50 mM Tris-HCI, 150 mM NaCl,

0.2% SDS, 24 mM Na deoxycholate, 1% NP40, 47.6 mM Na Fluoride, 200 mM Na Orthovana-
date, Roche, Basel, CH). Protein concentration of whole muscle was determined by Coomassie
Plus Bradford Assay (Thermoscientific, Rockford, IL). Equal amounts of protein (20 pg) were
resolved on a 4-12% SDS polyacrylamide gel. The blots were incubated in N-terminal anti-
utrophin (1:1000; kind gift from Stanley C. Froehner) overnight at 4°C. The GAPDH antibody
(1:50,000; Sigma, St. Louis, MO) was used as a loading control as its expression was unchanged
when comparing the treated and untreated mdx*" muscles. The primary antibodies were
detected with IgG HRP secondary antibodies (1:25,000; Jackson ImmunoResearch Labs). The
blots were developed with ECL plus (Thermoscientific, Rockford, IL) and scanned with the
Storm 860 imaging system (GE Healthcare Lifesciences, Piscataway, NJ). The band intensity
was measured using Image J software (NIH).

Real time PCR

To isolate the RNA, approximately 20ug of gastrocnemius muscle previously ground by mor-
tar and pestle in liquid N, was used to extract total RNA following manufacturer’s instructions
(TRI Reagent, Molecular Research Center, Inc. Cincinnati, OH). The pelleted RNA was
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suspended in 50 pl nuclease free elution solution (Ambion Inc., Austin, TX). Five g of total
RNA was treated with Turbo DNA-free (Ambion Inc., Austin, TX) in order to remove trace
amounts of contaminating DNA. The DNAase Treated RNA (0.5ug) was diluted to 8pl with
nuclease free water followed by use of the SuperScript III First-Strand Synthesis kit (Invitro-
gen, Carlsbad, CA) to generate cDNA. Subsequently 2ul of the cDNA was used for gPCR with
utrophin primer-probe sets. The mouse utrophin oligonucleotide sequences were: Forward 5’
ACCAGCTGGACCGATGGA-3’, Reverse 5- CTCGTCCCAGTCGAAGAGATCT-3’, Probe
5-6FAM- CGTTCAACGCCGTGCTCCACC-3-BHQal-Q. The primer sequences for

the pUtrn H2-R22 unique junction were Forward 5-GCGATAACCTGGAGACCTGAAG-3,
reverse 5-TTTATTACTAGCCACCGGTATCGAT-3’, probe 6FAM-ATTCATCCGGCCA
ACCAATGTTCTCG. As a reference gene the oligonucleotide set was used to target the mouse
Ywhaz gene sequence (Tyrosine 3-monooxygenase; [106]): Forward 5- GCTGGTGATGAC
AAGAAAGGAAT-3, Reverse 5- GGTGTGTCGGCTGCATCTC-3’, Probe 5-6FAM-TGG
ACCAGTCACAGCAAGCATACCAAGA-3’-BHQal-Q.

Muscle fiber areas

The muscle fiber areas were quantitated for each fiber-type using the FIJI Open Source image
processing software package based on Image], as previously described [71].

Skeletal muscle physiology

The tibialis anterior muscle physiology was performed as previously described [37, 39, 47, 73,
107].

Electron microscopy

The electron microscopy was performed on transverse and longitudinal sections of the gas-
trocnemius muscles as previously described [26]. The junctional fold number and lengths
were measured from N = 4 mice at 3 months of age in mdx mice treated with the
rAAV6-CK8-puUtrn and the contralateral control using FIJT computer program. The counts
represent the fold numbers and lengths from all fibers.

Quantitation of neuromuscular synapses

Neuromuscular synapses were analyzed in wholemount immunostained teased muscle fibers
dcv

and quantitated as previously described [19, 39]. Synapses were quantitated from N = 4 mdx
or dko muscles treated with rAAV6-CK8-mUtrn or rAAV6-CMV-uUtrn respectively.

Statistics

The data were compared using a one-way ANOVA with a Tukey post-test that compares all
data sets with a Student’s t-test. All data analyses were performed using the PRISM software.

Supporting information

S1 Fig. (A.) pUtrn expression reduces the number of fibers undergoing regeneration. The
number of developmental myosin heavy chain positive fibers in the gastrocnemius muscles are
displayed at 4 months of age. Data are shown as mean +/- S.D. **P < 0.01 compared to wild-
type. P < 0.01.

(TIF)
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S2 Fig. Fiber-type expression of pUtrn expression is influenced by expression of endoge-
nous full-length utrophin. A) pUtrn is present in all fiber-types 2 weeks after vector adminis-
tration at similar levels each approaching ~90%; B) corresponding myofiber typing for the 2
week time point; and C) Quantification of the proportion of fiber types expressing uUtrn
(Mean +/- S.D.). D) uUtrn is unable to prevent necrosis in most la, 2a and 2d/x fiber types at 3
months of age. E) Representative fiber typing; F) Mean +/- S.D. proportion of uUtrn-positive
fiber types. ***P < 0.001 compared to the fast 2b fibers at 3 months of age. G) uUtrn is pre-
dominantly expressed in the fast 2b fibers when driven by the CMV promoter. H) Representa-
tive fiber typing; I) Mean +/- S.D. proportion of uUtrn positive fiber types. ***P < 0.001
compared to the fast 2b fibers at 4 months of age. J) uUtrn was not selective for the fast 2b
fibers in mdx*":utrophin double knockout (dko) mice. K) Representative fiber typing; & L)
Mean +/- S.D. proportion of pUtrn positive fiber types. *P < 0.05 compared to the 2a, 2b and
2d fiber types at 4 months of age. Scale bar = 100 um.

(TIF)

(AH2-21/ACT+H3)

$3 Fig. Intravenous administration of rAAV6-CK8-microdystrophin vectors

to mdx*"” mice results widespread expression & increased muscle function at 9 months
post-administration. In comparison to untreated mdx*"
“ mice exhibited (A) increased force generating capacity; (B) increased specific

treated mdx
force (sPo); (C) decreased susceptibility to eccentric contraction-induced injury; (D) increased

, the gastrocnemius muscles of pDys

recovery force generation; and (E) Display of broad immunostaining for dystrophin and (F.)
corresponding adjacent H&E. Data are shown as mean +/- S.D. **P < 0.01 compared to wild-
type. P < 0.01, **P < 0.001, compared to mdx*". sPo, specific force; WT, wild type; hema-
toxylin & eosin, H&E. Scale bar = 50 um.

(TIF)

S4 Fig. Influence of uUtrn localization on the costameres. (A) Utrophin localizes in a rec-
tilinear pattern with a-sarcomeric actin in mdx*"” and rAAV-uUtrn treated muscles (S4 Fig,
panels 3 & 6). Note however, the prominent utrophin localization between the large costa-
meric striations. Scale bar = 10 um. (B) Localization of pUtrn with the FLAG antibody
revealed the costameric striations to be very close together. Scale bar = 10 ym. C) Immunos-
taining of uUtrn with the utrophin A antibody reveals the costameric striations in dko mice
treated with AAV6-CMV-uUtrn. Scale bar = 10 pum. Mean +/- S.D. distance between the
costameric striations in mdx*" controls and the FLAG-uUtrn expressing muscles.
P <0.001.

(TIF)

S5 Fig. pUtrn localization within neuromuscular synapses of mdx mouse muscles. Note
that utrophin (green) localizes on the crests of the folds in mdx mice (arrow in top panel
inset). However, FLAG-pUtrn was found within the folds (arrow in lower panel inset). Note
also the lack of subsynaptic nuclei (blue, DAPI) in the mdx myofiber, but not the pUtrn/mdx
myofiber. This mdx myofiber (top panel) has regenerated as revealed by the centrally-located
nucleus. a-bungaratoxin (aBTX) staining is shown in red. Scale bar = 10 um.

(TTF)

S6 Fig. uUtrn within the mdx myotendinous junctions. Note that utrophin and FLAG-
uUtrn (green) were found in the folds (merged panel, arrows). a2-laminin is shown in red,
while DAPI is shown in blue. Scale bar = 20 pum.

(TIF)
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