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ABSTRACT:

Loeys—Dietz syndrome (LDS) is a genetically mediated aortopathy caused by pathogenic variants in TGF-
B pathway genes (including TGFBR1 and TGFBR2) and is characterized by aggressive aortic root dilation,
dissection at young ages, and high reoperation rates. Current surgical conduits restore gross structural
integrity but remain biologically inert, failing to correct the cell-level signaling abnormalities that drive
downstream disease. We propose a translational framework for TGFBR2-guided biomaterial scaffolds that
combines scaffold mechanics with locally targeted molecular modulation of TGF-B/SMAD signaling to
promote adaptive behavior of smooth muscle cells (SMCs) and extracellular matrix (ECM) homeostasis.
This Perspective defines specific molecular candidates (ligand-mimetic peptides, receptor-biasing
aptamers/antibodies, and miRNA payloads such as miR-145/miR-21/miR-29 modulation), delivery and
tethering strategies, provisional release kinetics, and safety/mitigation measures. We specify prespecified
mechanical and biological acceptance criteria (biaxial testing, pulsatile loop validation, compliance, suture
retention, burst pressure, MMP assays, pSMAD2/3 monitoring), computational modeling approaches
(Holzapfel-Gasser—Ogden constitutive model, fluid—structure interaction, ML surrogates), and a staged
preclinical and regulatory pathway including GLP and cGMP considerations for combination products.
Clear predefinition of endpoints, power assumptions, and regulatory engagement are essential to advance
these scaffolds from concept to Early Feasibility Study (EFS) and human translation in high-risk LDS
patients.

KEYWORDS: Loeys—Dietz syndrome; TGFBR2; biomaterial scaffold; aortic root; tissue engineering,;
combination product

CLINICAL NEED: (notably TGFBR1 and TGFBR2), producing medial

degeneration, clastin fragmentation, and
Loeys—Dietz syndrome (LDS) encompasses a maladaptive remodeling of the aortic root. Despite
spectrum of aggressive thoracic aortopathies driven advances in surgical techniques and graft design,
by mutations in genes of the TGF-P signaling axis available implants (Dacron Valsalva conduits,
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composite valve grafts, decellularized homografts,
and ePTFE) are mechanically effective but
biologically passive. In genetically susceptible
patients, this biologic inertness contributes to
ongoing remodeling of the residual aorta and
necessitates lifetime surveillance and repeated
interventions (1,3). A targeted scaffold that restores
both structure and key signaling homeostasis could
reduce downstream dilation and the need for
reoperation.

Design Rationale:

“TGFBR2-guided” scaffolds intentionally present
microenvironmental cues that bias local TGF-f
receptor signaling toward adaptive, homeostatic
responses in aortic SMCs. Specific and named
candidate strategies include:

e Ligand-mimetic peptides that reproduce
receptor interaction motifs or recruit co-
receptors, presented by covalent tethering (click
chemistry; EDC/NHS) or affinity
immobilization (heparin/gelatin domains) to
allow controlled desorption and spatially
constrained activity.

e Aptamers or receptor-biasing antibodies
localized to the scaffold surface to sterically
modulate TGFBR2 interactions (designed to bias
complex formation rather than wholesale
blockade).

o« miRNA-based modulation: deliver miR-145
mimics to support contractile SMC phenotype,
inhibit miR-29 family members to restore
elastogenic programs, and carefully titrate miR-
21 modulation given its context dependence; all
payload choices should be directed by
expression profiling of patient-derived or
genetically representative SMCs (4-6).

Delivery Platforms:
Electrospun fiber cores embedding PLGA or lipid

nanoparticles (LNPs), layer-by-layer polyelectrolyte
films, hydrogel interlayers, or nanoporous coatings.

Working Release Target:

Initial burst <20% in first 48-72 h, sustained
therapeutically active release for ~2-8 weeks
(window of early remodeling); final kinetics to be
tuned by in vitro PK/PD and ex vivo bioreactor data

(7).

Table 1: Design levers, biological targets,
mechanical criteria, and acceptance standards
Design Biological | Mechani | Pass /| Test Method
Lever Target cal Acceptance
Target Criterion
Ligand- Local Complian | pSMAD?2/3 IHC/Western for
mimetic modulatio ce within £25% | pSMAD?2/3;
peptide n of | matched of biaxial
tethering | TGFBR2 to native | control/healt | mechanical
(covalent | signaling aortic hy explant; | testing (stress—
) — root compliance strain)
normalize within within £20%
pPSMAD2/ | +20% of native
3 & SMC
phenotype
Aptamer/ | Reduce Suture No increase | Histology
receptor- | maladaptiv | retention in neointima | (EVG), suture
biasing e ligand | > native | score vs | pull-out testing
antibody activity tissue comparator; N)
presentati | without baseline suture
on systemic (no retention >
blockade clinically | native
meaningf | baseline
ul
handling
deficit)
miRNA Promote Minimal >30% Zymography/EL
payload contractile | change in | reduction in | ISA for MMPs;
(e.g., SMC burst pathological | dynamic fatigue
miR-145 phenotype | pressure MMP bench test
mimic; and Vs activity
miR-29 elastogene | comparat | (MMP-2/9)
inhibition | sis; reduce | or; vs ePTFE at
) MMP fatigue > | prespecified
activity 107 cycles | timepoint;
fatigue
passes 107
cycles
without
rupture
Fiber Favor in- | Local No localized | FEA (HGO
orientatio | growth and | strain overstretch > | model)
n /| alignment hotspots pre-defined predictions;
porosity of SMCs; | < defined | strain; histologic  cell
tuning limit threshold | recellularizat | density scoring
pathologic | (from ion score >
al shear FEA) comparator
Dual- Fail-safe Outer Structural Pulsatile  loop
layer mechanica | layer integrity rupture/creep
scaffold 1 support if | maintains | maintained testing;  long-
(structura | bioactivity | integrity through term soak
1 + | attenuates if inner | simulated testing
bioactive layer worst-case
) bioactivit | bioactive
y lost loss
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Safety, Risk Mitigation, and Biomarkers:

Because TGF-p signaling is contextually pleiotropic,
both over- and under-modulation present risks
(fibrosis, intimal hyperplasia, impaired
elastogenesis), a built-in risk-mitigation strategy
must include:

1. Predefined biomarkers: pSMAD2/3 by
immunohistochemistry/Western ~ blot, SMC
markers (ACTA2, MYHI11, TAGLN),
elastin/collagen ratio by biochemical assays and
EVG, MMP-2/9 activity (zymography/ELISA),
macrophage infiltration (CD68), thrombosis and
calcification scoring. Time points should be
prespecified (e.g., 7, 14, 28, 90 days) with
criteria for escalation or study halt (2).

2. Engineering controls include formulation-
defined release ceilings, reversible/affinity
coatings that permit passive attenuation, and
dual-layer scaffolds where an outer structural
layer ensures mechanical continuity regardless
of bioactive performance.

3. Operational rules: in vitro dose finding,
conservative starting doses in vivo, and
prespecified stopping rules tied to biomarker
excursions (for example, >2x baseline
pSMAD?2/3 or pathological neointimal thickness
beyond predefined limits).

These safeguards should be documented in study
protocols and regulatory briefing packages.
Mechanical

Comparator  Selection and

Acceptance Criteria:

Comparators must reflect current clinical standards:
ePTFE, woven Dacron (including Valsalva designs),
and decellularized homografts. Mechanical/ex vivo
acceptance metrics should be prespecified, including
compliance (mmHg™) aligned with native root
values, suture retention strength (N), burst pressure
(mmHg), fatigue resistance to >10"7 cycles, and
creep under physiologic loads. Given the aortic
root’s non-cylindrical geometry, testing must include
biaxial mechanical testing, coronary-button

reimplantation simulation, and pulsatile loop
validation reproducing sinus flow and valve-scaffold
interactions before animal studies. Constitutive
modeling should employ an anisotropic fiber-
reinforced model such as Holzapfel-Gasser—Ogden
(HGO) to inform fiber orientation, porosity, and
compliance matching (8,7).

Computational Workflows: FEA and ML:

Finite element analysis (FEA) must use validated
constitutive descriptions (HGO) with physiologic
boundary conditions (root, sinotubular junction
compliance, coronary ostia constraints) and, where
feasible, fluid—structure interaction to predict leaflet
motion and wall shear stresses. Machine learning
(ML) can accelerate optimization: train surrogates
on DoE outputs where labels include mechanical
failure modes (suture pullout, localized overstretch),
predicted strain hotspots, and in vitro release kinetics
under pulsatile conditions. Iteration cycles should be
gated by simulation-derived risk scores and verified
experimentally in a hierarchy (in vitro — ex vivo —
in vivo).

Preclinical Testing Plan
Assumptions:

and Sample-size

In vitro: experiments on patient-derived LDS SMCs
and control SMCs with endpoints at 7/14/28 days:
ACTA2/MYHII/TAGLN expression, elastin and
collagen gene/protein levels, MMP-2/9 activity,
viability, and proliferation assays. Use dose—
response and transcriptomic profiling to select
payload and dose.

Ex vivo: donor or porcine aortic ring testing in
bioreactors to confirm compliance, suture behavior,
and release under pulsatile flow.

Small animal: genetically accurate Tgfbr2 murine
models (conditional or pathogenic missense
variants) for recellularization, pSMAD?2/3, elastin
architecture, and early safety signals.
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Large animal: porcine aortic root replacement with
coronary button reimplantation to test surgical
handling, hemodynamics, and durability.

Table 2: Preclinical endpoints, assays,
timepoints, pass/fail criteria, and planned sample
size

Preclinic | Endpoint Assay / | Timepoi Pass / | Plann
al Stage (readout) Measure nt(s) Fail ed (n)
Criterio
n
In vitro | SMC contractile | qPCR /| 7, 14, 28 | >1.5- n=3-
(discover | phenotype Western days fold 6
y) for increase biolog
ACTA2, in ical
MYHII, contracti | replica
TAGLN le tes per
markers conditi
vs on
untreate
d LDS
SMCs
In vitro | MMP activity Zymogra 7, 14, 28 | >30% n=3-
(discover phy and | days reductio 6
y) ELISA n Vs
(MMP-2, ePTFE
MMP-9) control
Ex vivo | Compliance and | Biaxial Single Complia | n=3-
(engineer | suture testing; session; nce 5
ing) performance suture under within sampl
pull-out pulsatile +20% es per
flow native; design
suture
retention
> native
baseline
Small pSMAD2/3 & | IHC 4, 8, 12 | No n =
animal ECM (pSMAD | weeks patholog | 10-16
(proof- architecture 2/3), ical per
of- EVG increase group
concept) staining, in
MMP pSMAD
assays 2/3  vs
sham;
improve
d elastin
organiza
tion
score
Large Root  diameter | Imaging 1,3,6,12 | Diamete | n = 8-
animal stability & | (echo/CT | months r change | 12 per
(GLP) surgical ), surgical < group
handling assessme compara
nt tor
threshol
d; no
techniqu
e-
limiting
handling
issues
Large Durability & | Explant 6, 12 | No n~ 8
animal thrombosis/calci histology, | months uncontro | 12
(GLP) fication gross lled
exam, thrombo
blood sis;
markers calcifica
tion
score <
compara
tor

Values and sample sizes are indicative and will be refined
following pilot validation.

Sample-size Example: To detect a 20% difference
in diameter change at 6 months (SD = 15%, a. = 0.05,
power = 0.8) requires ~approximately nine (9)
animals/group (round up to 10). Histologic
endpoints with Cohen’s d = approximately 1.0 may
require ~approximately 16/group in small animal
models; pilot data should refine these numbers, and
all analyses must be prespecified and controlled for
multiplicity.

Regulatory, Manufacturing, and Testing
Pathway:
When a scaffold delivers Dbiologics or

oligonucleotides, it will likely be regulated as a
combination product; early engagement with the
appropriate  regulatory agency (Pre-IDE/Q-
Submission in the U.S.) is essential to determine the
lead center and data expectations. Beyond ISO

10993-1, blood-contacting implants require a
comprehensive suite of hemocompatibility tests,
including cytotoxicity, sensitization, irritation,
hemolysis,  pyrogenicity, systemic toxicity,
genotoxicity, implantation, and
extractables/leachables evaluation. Device

mechanical standards (burst, fatigue, compliance)
and validated sterilization methods (EtO or gamma
irradiation ~ with  functional  retention  of
ligands/miRNA) must be defined, accompanied by
lot-release assays (dose uniformity, endotoxin, and
functional bioactivity by in vitro assay). GLP animal
studies and cGMP processes for the biologic
component are prerequisites for EFS/IDE
submissions (9—11).

Combination Product and GMP Implications:

The inclusion of miRNA or biologic payloads
requires cGMP for the drug/biologic component and
validated aseptic finishing for the final combination
product. Early classification (device, drug, or
biologic) determines which regulatory office leads
(CDRH, CDER, or CBER in the U.S.) and frames
the preclinical and clinical data package; formal
interaction with regulators should be sought early.
Stability testing (both real-time and accelerated),
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validation of cold chain requirements as needed, and
demonstration of dose uniformity are essential
elements of the manufacturing control strategy.

First-in-human

Clinical Entry and

Considerations:

First-in-human translation should proceed under an
Early Feasibility Study (EFS)/IDE framework—not
primary compassionate use—with a narrowly
defined high-risk LDS cohort lacking standard
alternatives. The primary aims should be safety and
feasibility, with short-term imaging and biomarker
endpoints (6—12 months). Prespecified stopping
rules (based on pPSMAD2/3 elevations, pathological
neointima, or thrombosis) and transparent consent,
emphasizing investigational risks and the potential
need for reoperation, are essential.

Measurable Endpoints and Statistical Plans
(examples):

In vitro: fold change in SMC contractile markers
(ACTA2/MYHI11/TAGLN), elastin/collagen ratio,
MMP-2/9 activity at 7/14/28 days.
Ex vivo/in silico: compliance (mmHg™), suture
retention (N), burst pressure (mmHg), fatigue to
>10"7 cycles.
In vivo: root diameter stability by imaging, elastic
lamellae integrity (EVGQ), pSMAD?2/3
quantification, CD68  inflammatory  index,
thrombosis/calcification scoring, and MAE/MACE
rates. For claims such as *“>30% reduction in
pathological MMP activity,” prespecify which
MMP(s), the assay (zymography densitometry or
validated ELISA), time points, n, and the statistical
framework (ANOVA with correction or two-tailed
tests) (2).

Roadmap and Milestones:

A pragmatic staged program: (1) discovery and in
vitro candidate screening in patient-derived SMCs
(dose—response and PK/PD); (2) ex vivo engineering
validation (pulsatile loop, biaxial testing; FEA
tuning); (3) small-animal proof-of-concept with

prespecified powering and GLP elements; (4) large-
animal GLP studies for surgical and durability
validation; (5) regulatory engagement and EFS/IDE
with cGMP and lot-release documentation.

CONCLUSION:

TGFBR2-guided scaffolds represent a hypothesis-
driven convergence of molecular genetics and
advanced biomaterials, aiming to restore signaling
homeostasis while providing durable mechanical
support in LDS aortopathy. To transition from
concept to clinic, these programs must enumerate
named biomolecular candidates and delivery
strategies, predefine biomechanical and biological
acceptance criteria, implement robust
safety/mitigation plans, and follow GLP/cGMP
regulatory pathways. With rigorous preclinical
validation and early regulatory partnership,
TGFBR2-guided scaffolds have the potential to
impact the management of genetically mediated
aortic disease significantly.
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