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Can skeletal muscle be repurposed as a
therapeutic “factory” to treat familial hy-
percholesterolemia (FH)? Under normal
physiology, the liver maintains circulating
cholesterol homeostasis through low-den-
sity lipoprotein receptor (LDLR)-mediated
clearance. In FH, however, defects in the
LDLR disrupt this pathway, leading to
the accumulation of LDL cholesterol in
the circulation. In this issue of Molecular
Therapy, Vitale and colleagues propose
an unexpected redesign of this system:
transforming skeletal muscle into a thera-
peutic factory capable of producing a
circulating LDL-binding fusion protein
LDL particles
cellular uptake through an alternative re-
ceptor pathway.! Consistent with this
mechanism, the authors demonstrate that
a single injection in
LDLR-deficient mice improves lipid pro-
files and reduces aortic atherosclerosis
without detectable systemic toxicity. By
relocating therapeutic protein production
from the liver to skeletal muscle, the study
revisits receptor-based strategies for severe
FH while raising important questions
regarding durability, immune tolerance,
and clinical translation.

that redirects toward

intramuscular

FH is a genetic disorder characterized by
markedly elevated LDL cholesterol result-
ing from impaired LDLR-mediated clear-
ance, leading to accelerated atherosclerosis
and premature cardiovascular
Current therapies such as statins, ezeti-
mibe, and PCSK9 inhibitors lower LDL
cholesterol largely by enhancing LDLR ac-
tivity. However, these approaches depend
on the presence of functional LDLRs and
are therefore less effective in patients
with homozygous FH carrying null LDLR

disease.

mutations.” Therapeutic strategies that
bypass LDLR biology may therefore offer
promise for patients with complete recep-
tor deficiency and potentially for a broader
spectrum of LDLR variants.

One way to circumvent this limitation is
through engineered proteins that redirect
extracellular trafficking rather than restore
the defective receptor itself. In several thera-
peutic areas, proteins have been designed to
intercept circulating ligands or reroute bio-
logical cargo through alternative receptors.
For example, the tumor necrosis factor
(TNF) receptor fusion protein etanercept
acts as a soluble decoy receptor that neutral-
izes TNF-« in inflammatory disease.” Simi-
larly, the transferrin receptor (TfR) pathway
has been exploited to deliver therapeutic
proteins through receptor-mediated endo-
cytosis. For example, the TfR-targeting
fusion protein pabinafusp alfa enables trans-
port of an enzyme across the blood-brain
barrier for the
syndrome.” These precedents illustrate
how engineered proteins can redirect bio-
logical cargo through alternative receptor
pathways.

treatment of Hunter

Mechanistically, the LDLR-Tf fusion pro-
tein acts as a molecular bridge between
LDL particles and the TfR pathway. The
extracellular domain of LDLR binds circu-
lating LDL, while the Tf component en-
gages the TfR, enabling receptor-mediated
uptake through this alternative route. Un-
der physiological conditions, LDL uptake
is tightly regulated through feedback mech-
anisms controlling LDL receptor expres-
sion and recycling in hepatocytes, ensuring
that cholesterol uptake remains coordi-
nated with cellular metabolic demand.” Re-

directing LDL clearance through an alter-
native receptor pathway therefore raises
important questions about how systemic
lipid homeostasis may be maintained
when endogenous LDLR regulation is by-
passed (Figure 1).

Within this conceptual framework, the
strategy developed by Vitale and colleagues
extends receptor-redirecting approaches to
lipid metabolism. Building on earlier work
demonstrating that systemic delivery of a
secreted LDLR-Tf fusion protein using help-
er-dependent adenoviral vectors improved
the FH phenotype in LDLR-deficient
mice,’ the present study shifts the site of
therapeutic protein production from liver
to skeletal muscle. In this design, muscle
cells secrete the LDLR-Tf fusion protein
into the bloodstream, redirecting LDL parti-
cles toward cellular uptake through the TfR
pathway. Skeletal muscle is particularly well
suited to this role because it is accessible for
gene delivery and capable of sustained pro-
tein secretion.

Skeletal muscle has previously been explored
as a platform for systemic protein delivery,
including early gene therapy approaches
delivering coagulation factor IX for hemo-
philia,7 but clinical translation has remained
limited. Muscle-directed gene delivery may
produce lower circulating protein levels
and can be more susceptible to immune re-
sponses than liver-based approaches.”

To improve safety, the authors restrict
transgene expression using a muscle-spe-
cific creatine kinase promoter and deliver
the vector by intramuscular injection
rather than intravenously, thereby limiting
systemic exposure to adenoviral particles.
The choice of a helper-dependent adeno-
viral vector combined with localized intra-
muscular delivery is central to the strategy,
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Figure 1. Restoring LDL clearance in familial hypercholesterolemia using a muscle-secreted LDLR-
transferrin fusion protein

Under physiologic conditions, circulating low-density lipoprotein (LDL) particles are removed primarily by hepa-
tocytes through LDL receptor (LDLR)-mediated endocytosis. Hepatic LDL uptake is tightly regulated through
coordinated control of LDLR expression, degradation, and recycling, ensuring that cholesterol uptake is matched
to cellular metabolic demand. In familial hypercholesterolemia (FH), mutations in LDLR disrupt receptor synthesis,
trafficking, LDL binding, internalization, and recycling (classes I-V), resulting in impaired hepatic LDL clearance,
elevated circulating LDL levels, and progressive cholesterol accumulation in the vasculature that facilitates
atherosclerosis and premature cardiovascular disease. The strategy proposed by Vitale and colleagues in-
troduces an LDLR-independent capture mechanism in which a helper-dependent adenoviral vector delivered
intramuscularly drives the expression of a chimeric LDLR-transferrin (Tf) fusion protein under the control of a
muscle creatine kinase promoter in skeletal muscle. The secreted fusion protein contains the extracellular domain
of LDLR, which binds circulating LDL particles, fused to Tf, which engages the Tf receptor (TfR) to promote re-
ceptor-mediated endocytosis. By coupling LDL binding to the TfR uptake pathway and using skeletal muscle as a
sustained site of therapeutic protein production, this strategy provides an alternative route for LDL clearance and
may be applicable across multiple forms of FH characterized by defective or absent LDLR function.

enabling high transgene expression while
minimizing systemic exposure
and reducing the inflammatory toxicity
historically associated with earlier adeno-
viral vectors, which triggered acute in-
flammatory responses characterized by
cytokine release and coagulation activa-
tion. Helper-dependent adenoviral vectors
mitigate these risks by eliminating viral
coding sequences, although capsid-medi-

vector

ated innate immune activation can still
9
occur.’
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In the present study, Vitale and colleagues
address this issue further by delivering
the vector intramuscularly rather than
intravenously, thereby reducing systemic
exposure. Notably, circulating inflamma-
tory cytokines interleukin-6 (IL-6) and
IL-12 remained unchanged after treat-
ment, indicating no detectable acute
innate immune activation despite adeno-
viral vector delivery. In addition, liver en-
zymes (ALT and AST) remained within
normal ranges during follow-up, suggest-

ing the absence of detectable hepatotoxic-
ity. These findings indicate that localized
muscle delivery combined with vector
design may mitigate immune activation
that historically limited systemic adeno-
viral gene therapy.

However, systemic biomarkers alone pro-
vide only a partial view of safety. Because
TfRs are widely expressed across tissues
and Tf circulates systemically, the LDLR-
Tf fusion protein could redirect LDL
uptake beyond the liver. However, the pre-
study does not bio-
distribution or tissue-specific lipid accu-
mulation, leaving open questions about
peripheral organ exposure and possible
central nervous system entry.

sent examine

Important questions also remain regarding
the long-term durability and immunologic

consequences of this strategy. Liver-
directed gene delivery has previously
demonstrated sustained expression of

transgenes without detectable immune re-
sponses, reflecting the tolerogenic environ-
ment of the liver and its capacity to pro-
mote regulatory T cell-mediated immune
tolerance.'” Whether similar tolerance can
be maintained when expression is redir-
ected to skeletal muscle remains uncertain,
as muscle tissue is generally less intrinsi-
cally tolerogenic and can present antigens
following inflammation. In this context,
the synthetic LDLR-TTf fusion protein could
elicit neutralizing antibody
particularly in humans, which might limit
persistence or reduce therapeutic efficacy
over time.

responses,

The LDLR-Tf strategy therefore represents
an alternative approach to restoring
LDL clearance when the canonical receptor
pathway  is
therapeutic protein production to skeletal
muscle, this work highlights the potential of
peripheral tissues to serve as systemic sources
of circulating therapeutic proteins. Such stra-

absent. By redirecting

tegies may open new avenues for treating dis-
orders in which conventional receptor-
dependent pathways are impaired. With
continued advances in vector design, delivery
strategies, and long-term safety evaluation,
muscle-directed protein production could
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emerge as a promising platform for systemic
therapeutic protein delivery.
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