THERAPEUTIC BLUEPRINT & TECHNICAL DOSSIER

Multi-Tiered Therapeutic Platform for Duchenne Muscular

Dystrophy

Synergistic Integration of PPMO Exon Skipping, Sarcolemmal Sealing, Protease/Inflammatory Inhibition, and
Bioenergetic Rescue

Document ID: BIO-DMD-2026-TR8 Indication: Duchenne Muscular Dystrophy (DMD)

Status: Full Solution Technical Report Focus: Genetic, Biomechanical & Metabolic Stack

I 1. EXECUTIVE SUMMARY & ETIOLOGICAL CASCADE

Duchenne muscular dystrophy (DMD) is an X-linked neuromuscular condition triggered by loss-of-function mutations in the
DMD gene, precluding the expression of full-length dystrophin (427 kDa). In healthy myocytes, dystrophin links
subsarcolemmal $\gamma$-actin to the extracellular matrix via the dystrophin-glycoprotein complex (DGC), acting as a
molecular shock absorber against shear stress during contraction.

A single standalone peptide cannot "cure" DMD because the root problem is a physical absence of this 427 kDa structural

anchor. When muscle contracts without dystrophin, micro-tears rupture the sarcolemma. Extracellular calcium (Ca2+)
floods down a 10,000-fold gradient, initiating a destructive downstream cascade:

* Intracellular Calpain Hyperactivation: Persistent Ca2* activates $\mu$- and m-calpains, triggering proteolytic
digestion of titin, troponin, and myofibrillar proteins.

» Chronic NF-kB Activation: Mechanical shear activates the IKK complex, perpetuating chronic M1 macrophage
infiltration and inflammatory signaling.

* Fibro-Adipogenic Proliferation: Latent TGF-B1 release prompts fibro-adipogenic progenitors (FAPs) to replace
contractile muscle fibers with dense fibrous scar tissue and fat.

* Mitochondrial & Bioenergetic Failure: Mitochondrial Ca?* overload destabilizes cardiolipin, causing respiratory
collapse, massive reactive oxygen species (ROS) release, and necrotic cell death.

Core Strategic Thesis

Halting DMD progression requires an integrated approach that pairs genetic restoration of truncated dystrophin
with an immediate cytoprotective biochemical shield that seals membrane micro-tears, blocks calpain-mediated
degradation, halts fibrotic transition, and sustains mitochondrial energetics.

2. INTEGRATED ARCHITECTURE OVERVIEW

[ THE INTEGRATED DMD STACK ] | m———"— —

v v [ETIOLOGICAL RESTORATION] [CYTOPROTECTIVE SHIELD] | | | Layer 1: PPMO (Pip6a-PMO) |—» Layer 2:
Sarcolemmal Sealant (P188 Mimetic) | e Spliceosome modulation (Exon 51/53) | e Hydrophobic patch for micro-
ruptures | e High cardiac and skeletal nuclear uptake |  Blunts uncontrolled Ca2* influx | e Restores

functional truncated dystrophin | | | Layer 3: Stapled NBD Peptide | | ¢ Selective IKKy / NF-kB inhibitor |
| ¢ Halts macrophage fibrosis (TGF-B1) | | | | Layer 4: Calpastatin Mimetic | | + Pseudo-substrate calpain
inhibitor | | - Shields sarcomeric structural proteins | | | | Layer 5: Cardiolipin Target (SS-31) | | -
Optimizes electron transport | | ¢ Blocks ROS & mPTP opening | | | L Layer 6: Gated ActRIIB Antagonist | -
Regulated muscle preservation (Week 12+)
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I 3. COMPONENT SPECIFICATIONS & MECHANISMS

Peptide-Conjugated Morpholino (PPMO) — Structural Rescue

Design & Sequence: Pip6a cell-penetrating peptide conjugated to a phosphorodiamidate morpholino oligomer (PMO)
configured for targeted exon skipping (e.g., Exon 51 or 53):

Ac-R-X-R-R-B-R-R-X-R-Y-Q-F-L-I-R-X-R-B-R-X-R-B-Linker-PMO [X = 6-aminohexanoic acid, B = B-alanine]

Mechanism: Arginine-rich flanking motifs drive heparan sulfate-mediated endocytosis, while the central hydrophobic
core (Y-Q-F-L:I) facilitates rapid endosomal escape directly into the nucleus. This yields a 10- to 20-fold increase in
nuclear concentration over naked PMOs, restoring truncated dystrophin in both skeletal muscle and deep
cardiomyocytes.

W\7=;¥N Biomimetic Sarcolemmal Sealant — Membrane Stabilization

Design: Amphipathic a-helical peptide modeled after Poloxamer 188 (P188) and Annexin A6, functionalized at Lys17
with an [AEEA]2-yGIu-020 diacid linker to hitchhike human serum albumin (HSA).

Mechanism: Selectively partitions into unstable, high-curvature lipid defects caused by contractile shear stress. It
rapidly inserts its hydrophobic domain into sarcolemmal tears, acting as a molecular plug that restores barrier function

and halts pathological Ca* influx.

Stapled NBD Peptide — Anti-Fibrotic & Anti-Inflammatory Shield

Design & Sequence: Hydrocarbon-stapled NEMO-binding domain peptide functionalized with a C18 diacid
(octadecanedioic acid):

T-A-L-D-W-S-W-L-Q-T-E [Stapled i, i+4 with (S)-2-(4'-pentenyl)alanine (S5)]

Mechanism: Selectively uncouples NEMO (IKKy) from the IKKo/B kinase complex exclusively under stress-induced
hyperactivation. Spares basal innate immune surveillance while suppressing the chronic p65/NF-kB transcriptional
drive that converts functional muscle into non-contractile collagenous scars.

Cyclic Calpastatin Mimetic — Cytosolic Protease Defense
Design: Head-to-tail cyclic 14-mer peptide derived from Domain 1B of endogenous calpastatin:
cyclo(D-P-M-S-T-I-Y-I-E-E-L-G-K-K)

Mechanism: Serves as a conformationally locked active-site competitive inhibitor against Ca®*-activated p- and m-
calpains. Unlike non-selective chemical inhibitors, it does not cross-inhibit the 20S/26S proteasome, shielding titin,
nebulin, and troponin without triggering toxic ubiquitin aggregates.
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Cardiolipin-Targeted Mitochondrial Peptide (SS-31)

Design & Sequence: Aromatic-cationic tetrapeptide:

D-Arg-2',6'-Dmt-Lys-Phe-NH2 [Dmt = 2',6'-dimethyltyrosine]

Mechanism: Concentrates >1,000-fold across the inner mitochondrial membrane (IMM) and binds cardiolipin. It
optimizes electron transport chain alignment across Complexes |-V, curtails electron leak (ROS generation), prevents

mPTP pore opening, and re-establishes normal ATP production in metabolic crisis.

biomarkers.

Layer 6: Phase-Gated ActRIIB / Myostatin Antagonist (Regenerative Phase)

I 4. MASTER PHARMACOKINETIC & TARGET MATRIX

LAYER MODALITY

TARGET
COMPARTMENT

PLASMA / TISSUE

T1 2

Strict Clinical Precaution: Inhibiting ActRIIB / myostatin to promote muscle hypertrophy in unshielded, dystrophin-
deficient muscle causes increased mechanical strain, accelerating contraction-induced micro-tears.

Gating Rule: Layer 6 mini-peptides must be withheld until Week 12 or later, and only initiated once serum Creatine
Kinase (CK) has dropped by >40% and dystrophin expression is confirmed via biopsy or validated surrogate

PHARMACODYNAMIC ENDPOINT

1 Pip6a-PMO Conjugate Skeletal & Cardiac Plasma: 2—4 h Targeted exon skipping; de novo
Nuclei Nuclear: 21 d sarcolemmal dystrophin expression
(>15-30% wild-type)
2 Sarcolemmal Sealant-C20 = Outer Sarcolemma Plasma: 5-7 d (HSA) Reduction in resting cytosolic [Ca2+];
immediate decline in serum Creatine
Kinase (CK)
3 Stapled NBD-C18 Peptide = Cytosolic IKK Complex Plasma: 3—4 d (HSA) Suppression of phospho-p65, TGF-
B1, and collagen deposition markers
4 Cyclic Calpastatin 14-mer Sarcomeric Lattice Plasma: 16-24 h Inhibition of p-calpain; preservation of
intact titin and troponin | bands
5 SS-31 Tetrapeptide Inner Mitochondrial Plasma: 2—4 h Normalized mitochondrial ATP/ADP
Membrane Tissue: 16 h ratio; attenuation of superoxide
radical bursts
6 ActRIIB Antagonist Extracellular / Satellite Plasma: 4-6d Regulated lean muscle fiber cross-

Cells

sectional area (Gated for Week 12+)

I 5. DOSING SYNCHRONIZATION & ADMINISTRATION SCHEDULE

To prevent competitive displacement on human serum albumin carriers and protect proximal renal tubules from
polycationic overload (megalin/cubilin receptor saturation), dosing is divided into three synchronized cadences:

CADENCE

COMPONENTS

ROUTE & TIMING

MECHANISTIC & SAFETY RATIONALE

Monthly
(Every 28 Days)

Layer 1: Pip6a-PMO (20-30
mg/kg)

Slow IV infusion or SC;
Day 1 morning

High nuclear half-life. Maintain a 6-8 hour
washout buffer before administering
lipidated peptides to avoid polycationic
interaction.
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CADENCE COMPONENTS ROUTE & TIMING MECHANISTIC & SAFETY RATIONALE

Twice-Weekly Layer 2: Sealant-C20 Deep SC injection; Albumin-depot linkers flatten peak-to-trough
(Every 3.5 Days) Layer 3: NBD-C18 Mon AM & Thu PM (Cinax/Cmin) ratios, ensuring continuous
Layer 4: Calpastatin sarcolemmal sealing and anti-inflammatory
coverage.
Daily Layer 5: SS-31 Peptide (0.25— = Subcutaneous; Unlipidated for rapid IMM partition. Provides
(Every 24 Hours) 0.5 mg/kg) Morning upon waking daily bioenergetic support to muscle and

diaphragm ahead of physical activity.

6. BIOMARKER MONITORING & CLINICAL MILESTONES

Four-Stage Clinical Evaluation Timeline

« Baseline (Day 0): Serum CK, myoglobin, high-sensitivity cardiac Troponin | (hs-cTnl), baseline muscle MRI (T2/
Dixon fat fraction), and baseline North Star Ambulatory Assessment (NSAA).

» Week 4: Verify tolerability and renal proximal tubule safety (urinary B2-microglobulin); evaluate early membrane
stabilization via reduction in serum CK and myoglobin.
» Week 12 (Critical Gate Check): Perform needle biopsy for exon-skipping ddPCR and dystrophin quantification

(Western blot / immunofluorescence). Evaluate serum CK reduction (240%). If criteria are met, initiate Layer 6
(ActRIIB antagonist).

» Week 24 & 48: Contrast-enhanced cardiac MRI to evaluate myocardial strain and left ventricular ejection fraction
(LVEF); assess 6-minute walk distance (6MWD) and NSAA functional stabilization.
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