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Insulin-like growth factor I (IGF-I) is a growth-promoting
anabolic hormone that fosters cell growth and tissue homeosta-
sis. IGF-I deficiency is associated with several diseases,
including growth disorders and neurological and musculoskel-
etal diseases due to impaired regeneration. Despite the vast
regenerative potential of IGF-I, its unfavorable pharmacoki-
netic profile has prevented it from being used therapeutically.
In this study, we resolved these challenges by the local admin-
istration of IGF-I mRNA, which ensures desirable homeostatic
kinetics and non-systemic, local dose-dependent expression of
IGF-I protein. Furthermore, IGF-I mRNA constructs were
sequence engineered with heterologous signal peptides, which
improved in vitro protein secretion (2- to 6-fold) and acceler-
ated in vivo functional regeneration (16-fold) over endogenous
IGF-I mRNA. The regenerative potential of engineered IGF-I
mRNA was validated in a mouse myotoxic muscle injury and
rabbit spinal disc herniation models. Engineered IGF-I
mRNA had a half-life of 17–25 h in muscle tissue and showed
dose-dependent expression of IGF-I over 2–3 days. Animal
models confirm that locally administered IGF-I mRNA re-
mained at the site of injection, contributing to the safety profile
of mRNA-based treatment in regenerative medicine. In sum-
mary, we demonstrate that engineered IGF-I mRNA holds
therapeutic potential with high clinical translatability in
different diseases.

INTRODUCTION
Insulin-like growth factor I (IGF-I) is a growth-promoting hormone
that regulates multiple physiological activities, including cell growth
as well as tissue repair and regeneration.1 The clinical significance
of IGF-I has been investigated in various disease conditions, including
growth disorders, diabetes, neurological diseases, cardiovascular dis-
eases, and musculoskeletal diseases.2 The role of IGF-I in muscle
growth, repair, and regeneration is well understood.2 IGF-I coordi-
nates satellite cell activation and myogenesis during myogenic pro-
cesses throughout muscle development, growth, and regeneration.3–5

Furthermore, recovery from myotoxic injury is delayed in skeletal
muscle in IGF-I receptor (IGF-IR) knockout mice because of a lack
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of myoblast fusion.6 IGF-I is a key factor in tissue repair after injury
in other tissues besides muscle, such as in the spinal cord after disc
herniation, but also beyond.7,8 Because of the critical role of IGF-I
in homeostasis of regenerative tissues, the therapeutic potential of re-
combinant human IGF-I (rhIGF-I) has been investigated in several
clinical trials, particularly in muscle and brain disorders.9–11

An obstacle to IGF-I therapy that has not been overcome so far is the
short half-life of the recombinant protein when applied systemically.
Consequently, dosing limitations restrict its therapeutic application
and clinical development to severe IGF-I deficiency. Acute side effects
such as hypoglycemia and suppression of growth hormone (GH)
release after subcutaneous (s.c.) application of rhIGF-I led to the
development of, among other things, a polyethylene glycol (PEG)-
modified IGF-I that improved systemic exposure12–14 and prolonged
half-life, and physiological features after s.c. application in humans
showed an improved safety profile.2 Nevertheless, local application
of PEGylated IGF-I into skeletal muscle did not provide sustained
muscle levels that would be necessary to achieve major benefit for
recovery from muscle injury.15 Therefore, we hypothesized that
providing sustained kinetics through localized translation of mRNA
coding for human IGF-I can potentially overcome the problems of
single injections of rhIGF-I or PEGylated IGF-I for more persistent
tissue IGF-I exposure. Earlier studies have documented the therapeu-
tic benefit of IGF-I mRNA in myocardial infarction (MI) and osteo-
arthritis (OA).16,17

Because of the disadvantages of high-dose whole-body exposure of
rhIGF-I, local and site-specific IGF-I treatment is preferred over sys-
temic administration.18,19 For local administration of mRNA, simple
(“naked”) formulations can be used. Several studies have confirmed
its higher efficiency compared with lipid nanoparticle (LNP) or other
equivalent formulations in different tissue matrices including
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muscles.20–23 The application of naked mRNA further avoids the
large volumes of LNP-formulated mRNA. Therefore, naked adminis-
tration represents an additional benefit for local application into vol-
ume-restricted tissue compartments such as vertebral discs or knees.
To enable the local administration of very low mRNA amounts that
lead to local production of therapeutic levels of IGF-I, IGF-I mRNA
was optimized to minimize the dose. Additionally, the optimization
reduces the risk for immunogenicity and other mRNA-related side ef-
fects.24 Signal peptides (SPs) comprise sequence information to guide
the cellular export of the encoded protein after translation. As IGF-I is
a secreted protein, the potency of the mRNA and the subsequent
expression and secretion of the translated IGF-I protein can be
enhanced by engineering its SP.25 In the present study, we engineered
two IGF-I mRNA molecules with optimized SPs that potently
improved the secretion compared with the endogenous IGF-I SP,
enabling their use in local administration paradigms as outlined. Us-
ing these IGF-I mRNA molecules, we show that local injection of
naked mRNA was therapeutically efficacious in regenerating skeletal
muscle after injury and stopping degeneration after spinal disc herni-
ation in animal models.

RESULTS
To demonstrate the regenerative potential of endogenous IGF-I
mRNA (Cpd.1) in a severe muscle injury, we first demonstrate that
the local intramuscular (i.m.) injection of IGF-I mRNA accelerated
muscle regeneration. Subsequently, IGF-I mRNA was sequence engi-
neered with heterologous SPs derived from human brain-derived
neurotrophic factor (BDNF; Cpd.2) and neurotrophic factor 3
(NTF-3; Cpd.3) genes to improve the IGF-I protein secretion.
In vitro and in vivo improvements of engineered IGF-I mRNA
(Cpd.2) were assessed versus endogenous IGF-I mRNA (Cpd.1) in
a mouse myotoxic injury. The pharmacokinetic (PK) and pharmaco-
dynamic (PD) profile of Cpd.2 engineered IGF-I mRNA and its acti-
vation of IGF-I-mediated signaling pathway were verified in vivo.
Finally, the regenerative potential of Cpd.3 engineered IGF-I
mRNA was validated in rabbit spinal disc herniation model.

Cpd.1: Endogenous IGF-I in vitro transcription mRNA

accelerates functional recovery in a mouse myotoxic injury

model

To investigate the therapeutic benefit of tissue regeneration after
injury by local treatment with in vitro transcription (IVT) mRNA en-
coding for human IGF-I guided by endogenous SP, a model of severe
muscle injury was used. Injection of the snake venom notexin into the
tibialis anterior (TA) muscle in adult mice induced a complete break-
down of muscle fibers and their neuromuscular connections that
lasted for several days and morphologically and functionally recov-
ered within a 3–4 week period.26–28 Because of the specific role of
IGF-I in satellite cell biology and early myogenesis, this model ap-
peared well suited to investigate IGF-I-mediated skeletal muscle
repair mechanisms.

To define a baseline of muscle force in healthy animals, uninjured
(sham) mice were assessed for TA muscle force and revealed an
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average maximal force of 201 ± 28 mN (n = 20), ranging from 150
to 250 mN (Figure 1A), which defined the healthy range in Figure 1B.
Injection of 0.4 mg notexin into the TA muscle on day 0 resulted in
immediate paralysis and a total loss of muscle force on days 1 and
4 in all treatment groups. On days 1 and 4, vehicle or Cpd.1 was in-
jected each directly after force measurement. In the vehicle group,
early signs of functional recovery were visible from day 7 on and
reached the healthy range only by day 28 (Figure 1B), whereas treat-
ment with 3 mg Cpd.1 on days 1 and 4 resulted in a similar trajectory
of slow functional recovery: the two doses of 10 and 30 mg, applied on
days 1 and 4 after injury, accelerated functional recovery immediately,
visible by day 7 and resulting in full recovery by day 15 (Figure 1B). To
assess the entire functional improvement from the treatment, an area-
under-the-curve (AUC) analysis was performed over the entire time
frame, which confirmed a 40%–50% improvement of muscle function
after treatment with 10 and 30 mg Cpd.1 (Figure 1C).

Subsequent to the functional testing, the structural and functional
muscle composition was investigated, and TA muscles were
collected on day 28 and histologically processed as described in
Table S1 to count total fiber numbers, fiber size (cross-sectional
area [CSA]) of individual fibers and relative contribution of
MyHC type I, IIa, and IIb fibers. As controls, contralateral non-
injured muscle fibers were identically processed and analyzed.
Vehicle-treated animals with injury showed a significant increase
in TA fiber count and a significant decrease in CSA, suggesting
that injury has induced fiber hyperplasia and delayed myocyte
maturation (i.e., more fibers that are smaller) (Figures 1D and
1E). Assessment of total fiber count after the study period revealed
that in both vehicle and 3 mg (but not 10 and 30 mg) dose groups,
significantly more total TA fibers were counted compared with the
non-injured muscles, suggesting that successful treatment had pre-
vented injury-induced fiber hyperplasia (Figure 1D). In agreement
with this finding, both vehicle and 3 mg (but not 10 and 30 mg)
dose groups had significantly smaller muscle fibers in the injured
compared with non-injured muscles as assessed by CSA measure-
ment, suggesting that successful treatment had prevented injury-
induced fiber atrophy (Figure 1E). Finally, although the gross
composition of slow type I vs. fast type IIa and IIb muscle fiber
types had not significantly changed by injury and/or treatment (Fig-
ure 1F), in-depth investigation revealed a significant increase of slow
muscle type I fibers in vehicle and 3 mg groups compared with the
10 and 30 mg dose groups in injured and compared with the contra-
lateral non-injured muscle (Figure 1G). As slow type I fibers are the
first fibers to develop following muscle injury and fast type II fibers
occur later, these data suggest a delayed stage of structural regener-
ation in the injured muscles of the vehicle and 3 mg groups on day
28, whereas in the 10 and 30 mg groups regeneration has been accel-
erated toward full maturity by this time point.

In summary, the data confirm that i.m. application of IGF-I IVT-
mRNA at a dose of 10 or 30 mg significantly accelerated TA muscle
regeneration in mice on functional and structural levels to reach
full maturity 28 days after severe myotoxic injury.
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Cpd.2: Engineered IGF-I mRNA boosts secretion of IGF-I protein

in vitro

Encoding secretory proteins that act extracellularly through mRNA
requires the cells to efficiently transfer the proteins into the exocytosis
pathway. For this purpose, secretory proteins contain a SP sequence
that is cleaved off within the cell before exocytosis.25 In the case of
IGF-I, the pre-pro-protein was encoded containing the SP in the 50

pre-domain, the 50 pro-domain and IGF-I functional domain. In
Cpd.1, the natural sequence of human pre-pro-IGF-I was encoded,
resulting in physiologically relevant protein expression and secretion
of about 50 ng/mL into the supernatant 24 h after transfection of hu-
man embryonic kidney 293 (HEK293) cells (Figure 2A). We aimed to
design an IGF-I mRNA with increased protein secretion through
optimization of its SP and exchanged the natural SP by that of human
BDNF (Cpd.2), another secretory growth factor.

Transfection of HEK293 cells with heterologous SP comprising IGF-I
mRNA (Cpd.2) resulted in 3.3-fold higher IGF-I protein secretion
into the supernatant after 24 h (Figure 2A). Analyzing the concentra-
tion dependence of Cpd.1 and Cpd.2 at 24 h after transfection, a 5- to
6-fold shift in potency (half maximal effective concentration [EC50])
of Cpd.2 as observed compared with Cpd.1 was observed (Figure 2B).
We further investigated the time dependence of Cpd.2 mRNA and
protein translation within the cells after transfection and found that
Cpd.2 mRNA resided in the cells with a half-life of �17 h and led
to protein expression and secretion with a peak within the first 24 h
and physiologically relevant IGF-I levels over up to 3 days after trans-
fection into HEK293 cells (Figure 2C). Further experiments in other
cell types revealed a 6.1-fold increase of IGF-I secretion in a murine
myoblast cell line (C2C12; Figure 2D) and a 3.1-fold increase of
IGF-I secretion by human primary skeletal muscle cells (HSkMCs;
Figure 2E), suggesting a general potentiating effect through SP modi-
fication in cells relevant for the in vivo i.m. application. The IGF-I
produced from Cpd.2 mRNA and secreted into the supernatants
showed full bioactivity, as confirmed in a proliferation assay using
MCF-7 breast cancer cells. When seeded at 3,000 cells/well, a concen-
tration-dependent increase in ATP with an EC50 of 3 ng/mL was
observed for both Cpd.2 and INCRELEX, a human recombinant
IGF-I that has been approved for clinical use (Figure 2F). IGF-I effi-
cacy was confirmed also at a higher cell density of 10,000 cells/well
(Figure S1), showing comparable bioactivity of mRNA-derived and
clinically used IGF-I. No statistical difference between the Cpd.2
and INCRELEX groups was observed (Figures 2F and S1).

On the basis of these data, by optimization of the SP, decent potentiation
of functional IGF-I was achieved, and both the increase in total IGF-I
secretion (2- to 6-fold) and enhanced potency (�6-fold) of Cpd.2 pre-
dicted a major improvement of in vivo potency compared with Cpd.1.

Cpd.2: Engineered IVT IGF-I mRNA demonstrates improved

in vivo potency compared with endogenous IGF-I mRNA in the

mouse model of myotoxic injury

In this study, the analysis of TA muscle force of healthy, uninjured
(sham) mice yielded an average maximal force of 247 ± 33 mN
(n = 30), ranging from 190 to 290 mN (Figure 3A); the healthy range
is defined in Figure 3B. Injection of 0.4 mg notexin into the TAmuscle
on day 0 fully reproduced previous findings, with immediate paraly-
sis, a total loss of muscle force measured on days 1 and 4 after vehicle
injection, and functional recovery starting on day 7 and reaching near
healthy levels by day 28 (Figure 3B). Direct comparison of a 10 mg
dose of Cpd.1 with a 1 mg dose of Cpd.2 showed very similar acceler-
ation of functional recovery in this model (Figure 3B). The AUC anal-
ysis confirmed the nearly identical improvement of muscle function
over the 28 day period after treatment with 10 mg Cpd.1 or 1 mg
Cpd.2 (Figure 3C). To characterize the in vivo potency improvement
for Cpd.2 with heterologous SP in the myotoxic injury model more
precisely in comparison with Cpd.1, the full dose response of Cpd.2
(0.05–30 mg) was compared with Cpd.1 (3–30 mg). EC50 values
were 0.4 mg for Cpd.2 and 6.6 mg for Cpd.1, suggesting a 15-fold
improvement of in vivo potency for Cpd.2 over Cpd.1 (Figure 3D).
At doses of 3 mg or higher, a bell-shaped effect curve was observed
for Cpd.2, suggesting a biological desensitization effect upon overdos-
ing. In contrast, local concentrations of IGF-I after Cpd.1 injection
did not reach levels needed to desensitize the IGF receptors.

In summary, the comparative study in the myotoxic injury model
confirmed a 15-fold increase in the potency of the IGF-I mRNA by
using an optimized SP to enhance cellular secretion. Furthermore,
the bell-shaped form of the dose-response curve strongly indicated
a physiological activation of the IGF-IR pathway by mRNA-induced
local IGF-I delivery and subsequent receptor desensitization at higher
concentrations.

PK and PD profile of Cpd.2: Engineered IVT IGF-I mRNA in a rat

muscle punch injury model

To exert relevant biological effects of mRNA-based protein therapies,
we investigated time and spatial distribution of Cpd.2 within the tis-
sue and correlated it to protein production and biological down-
stream processes resulting in functional changes in a physiological
manner. Therefore, mRNA distribution, IGF-I expression and down-
stream biological effects of i.m. Cpd.2 injection were assessed in an
injury-dependent context. A severe, localized punch injury in the
TA muscle of adult rats was applied, and Cpd.2 was injected directly
thereafter at different doses (1, 3, or 10 mg) left and right of the injury.
At different times after injury and treatment (6, 24, 48, and 72 h),
muscles were dissected and tissue pieces of 4 mm thickness, each
were collected at increasing distance from the injection site, with
left (1L, 2L, 3L, 4L) pieces processed for RNA analysis and right
(1R, 2R, 3R, 4R) pieces for protein analysis according to the scheme
illustrated in Figure 4A.

After i.m. injection into the TA muscle, Cpd.2 showed dose- and
time-dependent distribution exemplified for the 1L segment over
up to 72 h (Figure 4B). Total exposure from 0 to 72 h was assessed
using qPCR from extracted mRNA in an AUC analysis and revealed
for both 1L and 2L dose-dependent Cpd.2 exposure with lower levels
in 2L and undetectable Cpd.2 levels in 3L and 4L, similar to vehicle-
treated muscles (Figure 4C). This suggests a limited spatial
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 3
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Figure 1. Acceleration of functional muscle regeneration by endogenous IGF-I mRNA (Cpd.1) in a mouse model of myotoxic injury

(A) Baseline of TAmuscle force in healthy mice. (B) Functional recovery of paralyzed TAmuscle with vehicle or increasing dose of Cpd.1mRNA treatmentmeasured bymuscle

performance over the course of 28 days. (C) Area-under-the-curve (AUC) analysis of muscle performance data (*p < 0.05, 30 mg versus vehicle; **p < 0.01, 10 mg versus

vehicle). (D) Histological measurement of total TA muscle fiber count in legs of injured and contralateral (uninjured) animals treated with vehicle or increasing dose of Cpd.1

(**p < 0.01, vehicle and 3 mg in injured versus uninjured). (E) Mean fiber cross-sectional area (CSA) in legs of injured and contralateral (uninjured) animals treated with vehicle or

increasing dose of Cpd.1 (***p < 0.001, vehicle and 3 mg in injured versus uninjured). (F) Frequency of TA muscle fiber types measured by antibodies against MyHC-I, MyHC-

IIa, and MyHC-IIb in legs of injured and contralateral (uninjured) animals treated with vehicle or increasing dose of Cpd.1. (G) Frequency of slow muscle type I fibers in legs of

injured and contralateral (uninjured) animals treatedwith vehicle or increasing dose of Cpd.1 (***p < 0.001, vehicle and 3 mg in injured versus uninjured; *p < 0.05, 10 and 30 mg

in injured versus uninjured; *p < 0.05, 10 and 30 mg uninjured). Data represent mean ± SEM of 7–10 mice per group.
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distribution of mRNA within the TA muscle after i.m. injection. Reli-
able half-life estimations for Cpd.2 were possible for the 3 and 10 mg
doses in 1L and the 1 mg dose in 2L and yielded time-dependent and
consistent exposure with a half-life of 17–25 h (Figure 4D). This
mRNA residence within the muscle for up to three days resulted in
4 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
expression and secretion of human IGF-I in 1R of up to 18 pg/mg pro-
tein, well in the therapeutically relevant range. Thereby, time profiles
of IGF-I exposure were more prolonged at the higher doses (Fig-
ure 4E), suggesting a distribution of IGF-I protein within the tissue
according to indirect PD response model.29
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Figure 2. Improvement of IGF-I secretion through signal peptide optimization

(A) HEK293 cells were transfected Cpd.1 and Cpd.2 IGF-I mRNA using lipofection, and IGF-I protein was analyzed in the supernatant after 24 h using ELISA. Statistical analysis

was carried out using Student’s t test (***p < 0.001). (B) Dose-response study on induction of IGF-I secretion in HEK293T cells aftermRNA transfection withCpd.1 orCpd.2. Cells

were transfectedwith Cpd.1 orCpd.2 at different concentrations (0, 0.02, 0.06, 0.2, 0.6, or 2 mg), and secreted IGF-I wasmeasured after 24 h in the cell culture supernatant using

a specific ELISA. Cpd.2 induced IGF-I secretion significantly more potent (EC50 = 0.13 mg) than Cpd.1 (EC50 = 0.89 mg). Data represent mean ± SEM of 2 replicates. Significance

(***p < 0.001) was assessed using two-way ANOVA of the two curves. (C) Time course study of Cpd.2 IGF-I mRNA and IGF-I protein levels in HEK293 cells. The time points at

which RNA and IGF-I quantified include 5, 17, 29, 41, 53, and 65 h. The mRNA levels are measured by relative gene expression method (2-DDCt) where untransfected samples

were used as control group and the expression level set to 1. Expressionwas normalized using human PPIA as a reference gene. Secreted IGF-I wasmeasured in the cell culture

supernatant using ELISA with respective time point. (D) IGF-I secretion from mouse skeletal muscle cells (C2C12) by mRNA transfection with Cpd.1-Cpd.2. C2C12 cells were

transfected with each 2 mg Cpd.1-Cpd.2, and secreted IGF-I was measured after 24 h in the cell culture supernatant using a specific ELISA. Cpd.2 induced IGF-I secretion

significantly higher than Cpd.1 (6.1-fold). Data represent mean ± SEM of 4 replicates. Significance (***p < 0.001) was assessed using Student’s t test. (E) Induction of IGF-I

secretion from human primary skeletal muscle cells (HSkMCs) by mRNA transfection with Cpd.1 and Cpd.2. HSkMCs were transfected with each 2 mg Cpd.1 or Cpd.2, and

secreted IGF-I was measured after 24 h in the cell culture supernatant using a specific ELISA. Cpd.2 induced IGF-I secretion significantly higher than Cpd.1 (3.1-fold). Data

represent mean ± SEM of 3 replicates. Significance (**p < 0.01) was assessed using Student’s t test. F) Proliferation assay with MCF-7 cells with increasing concentration of

rhIGF-I (INCRELEX) or IGF-I derived from HEK293 cells supernatant transfected with Cpd.2 mRNA. Dose-response curve of MCF-7 cells (3,000 cells/well) after 96 h with

treatments was plotted with four parameter non-linear fitted curve. No statistical difference between Cpd.2 and INCRELEX group was observed.
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In 2R, low levels of IGF-I were measured near the detection limit
of the assay, assuming less IGF-I production (Figure S2A). The
IGF-I levels especially seen in 1R but partly also 2R segments
were considered well in the range of physiological concentrations
required for downstream signal activation. We therefore assessed
AKT phosphorylation in the 1R and 2R samples. Because of the
wound closure process an initial decline of AKT signaling was
observed over 24 h in 1R, and only thereafter a dose-dependent in-
crease of AKT phosphorylation by Cpd.2 treatment was observed
(Figures S2B and S2C). In contrast, in 2R (without the injury) reli-
able AKT phosphorylation revealed a dose-dependent and pro-
longed increase in phosphorylated AKT (pAKT)/AKT ratio (Fig-
ure 4F). Analyzing the correlation between IGF-I expression in
1R and AKT phosphorylation in 2R revealed good correlations
for the 1 and 3 mg doses and a fair correlation for the 10 mg
dose (Figures S2D–S2F), suggesting that locally expressed and
secreted IGF-I induced downstream signaling within the TA mus-
cle with a spread of 4–8 mm from the injection site.

In summary, the data confirmed that after a single injection into the
rat TA muscle in context of an injury, Cpd.2 exposure was sustained
over 3 days with a half-life or�20 h, resulted in time-dependent local
IGF-I production over that time frame that induced downstream
signaling of the IGF-IR pathway.
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 5
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Figure 3. Comparison of endogenous and optimized

IVT IGF-I mRNA in mouse myotoxic injury model

(A) Muscle function of non-injured TA muscles. TA muscles

from non-injured animals (n = 10) were assessed for muscle

function on days 7, 14, and 28 each, and data were

sampled. Data are from a total of n = 30 measurements. (B)

Functional recovery of TA muscle after notexin injury. After

notexin injury via intramuscular injection (day 0), IGF-I

mRNA treatments (Cpd.1, 10 mg; Cpd.2, 1 mg) were

applied by intramuscular injection on days 1 and 4 (see

arrowheads). The control group received vehicle solution.

Muscle function was assessed on days 1, 4, 7, 10, 14,

21, and 28 post-injury. Data represent mean ± SEM of 5

mice per group and time point. A 2-way ANOVA revealed

highly significant difference between both Cpd.1 and

Cpd.2 curves compared with vehicle (***p < 0.001). (C)

Area-under-the-curve (AUC) calculation of functional

recovery after myotoxic injury. Animals were subjected to

notexin injury on day 0, and Cpd.1 or Cpd.2 at indicated

doses or vehicle was injected i.m. on days 1 and 4. TA

muscle function was assessed on days 4, 7, 10, 14, 17,

21, and 28 from the same mice, and AUC was calculated

from each animal. Data are represented as mean ± SEM,

with 4 or 5 animals per group. Statistical analysis was

done using a one-way ANOVA followed by Dunnett’s

multiple-comparison test. **p < 0.01 vs. vehicle. (D) Dose-

response curves (0.05–30 mg) from AUC of functional

recovery after myotoxic injury. Animals were subjected to

notexin injury on day 0, and Cpd.2 or Cpd.1 at indicated

doses or vehicle injected i.m. on days 1 and 4. TA muscle function was assessed on days 4, 7, 10, 14, 17, 21, and 28 from the same mice, and AUC for maximum

force was calculated from each animal. From the XY plots, EC50 values were calculated to 0.4 mg for Cpd.2 and 6.6 mg for VMB-Cpd.1 by a non-linear Hill fit. Data are

represented as mean ± SEM, with 4–14 animals per group.
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Regulation of key downstreambiomarkers byCpd.2: Engineered

IVT IGF-I mRNA in a rat muscle punch injury model

Having shown that exposure and IGF-IR activation can be induced by
a single application of IGF-I into the injured rat TAmuscle, we further
analyzed key processes of earlymuscle regeneration after skeletalmus-
cle injury in the 1L and 2L segments over 72 h after injury. The scheme
in Figure 5A (adapted from Ciciliot and Schiaffino30) illustrates the
time course of molecular and cellular processes during early regener-
ation after skeletal muscle injury, and the relevance of key proteins for
specific processes. Further illustration of relevant biomarkers for
myogenic repair which were analyzed in this study is shown in Fig-
ures S3A and S3B. On the basis of the hypothesis that severe injuries
such as the applied punch injury induces rapid reactivation of satellite
cells, we analyzed endogenous Pax7 mRNA and observed a slight up-
regulation after 72 h in 1L but not 2L in vehicle-treated muscles (Fig-
ure 5B). Treatment with 3 mg Cpd.2 induced a strong potentiation and
acceleration of the Pax7 upregulation already after 24 h in 1L and 48 h
in 2L, whereas 1 and 10mgCpd.2 doses induced only aminor change of
Pax7, similar to the endogenous response (Figure 5B). Expression of
MYH3, the embryonic form of myosin occurring later in the process
once new muscle fibers have been generated, was endogenously upre-
gulated after 72 h, an effect that was strongly potentiated by 3 mg
Cpd.2, with a stronger response in 2L compared with 1L (Figure 5C).
Both Pax7 and MYH3 effects suggested that the biological effects
throughCpd.2 treatment extended beyond the injury into 2L. Analysis
6 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
of further key biomarkers MyoD1, Myf5, or MyoG showed similar
time- and space-dependent induction with the 3 mg Cpd.2 dose
(Figures S4A–S4C). In contrast, MYH8 and MYH4, myosin variants
expressed by later developing more mature muscle fibers, did not
show a change either by the injury or by Cpd.2 treatment within
72 h (Figures 5D and S4D).

In summary, the investigation of a 72 h time frame after a severe punch
injury in rat TAmuscle provided evidence that the IGF-I produced by
Cpd.2 could potentiate the endogenous myogenic repair processes.
Thereby, the bell-shaped dose relation observed in the myotoxic
injury model was confirmed in the punch injury model with optimal
doses at exactly the same Cpd.2 levels (3 mg Cpd.2) and indication
for desensitization at the higher dose 10 mg Cpd.2, highlighting the
appropriate dosing regimen necessary to achieve biological responses.
Cpd.3: Engineered IVT IGF-I mRNA delays pathology

progression in a rabbit model of spinal disc herniation

To confirm the general regenerative capacity of IGF-I mRNA beyond
skeletal muscle injuries and to provide insights in its efficacy in amore
delayed treatment setting, we investigated the benefit of another SP-
optimized form of IGF-I mRNA (Cpd.3) in a delayed setting of spinal
disc injury in adult rabbits. The therapeutic rationale for IGF-I benefit
in spinal disc herniation has been confirmed in multiple studies
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Figure 4. PK/PD of IGF-I mRNA in rat TA muscle

(A) Scheme of TA muscle processing and generation of tissue pieces. The red circle indicates the site of the punch injury and 1L and 1R where Cpd.2 injections had been

located. Segments 1L–4L were processed for qPCR analysis of Cpd.2 and downstream biomarkers, segments 1R–4R were processed for protein analysis of IGF-I and

pAKT. (B) Time course of Cpd.2 mRNA exposure in TA muscle of 1L segment at time points 0–72 h after i.m. injection by qRT-PCR. (C) AUC analysis (0–72 h) to measure

mRNA exposure from 1L to 4L at different doses (1, 3, or 10 mg) and vehicle treatment. (D) Half-life of Cpd.2 exposure in 1L and 2L segment, assessed for the 3 and 10 mg

doses. (E) IGF-I protein expression after i.m. injection of 3 or 10 mg Cpd.2, at time points 0–72 h. 1Rmuscle samples were taken and analyzed for IGF-I protein by IQELISA. (F)

Tissue phosphorylation of AKT as downstream signal of IGF-I at time points 0–72 h after i.m. injection of Cpd.2 in TAmuscle. 2Rmuscle samples were taken and analyzed for

phosphorylation of AKT at Ser473 by a phosphor-specific and total AKT ELISA kit. Data are expressed as area under the curve (AUC) and represent mean ± SEM of 8 animals

per group.
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in vitro, in vivo, and by epidemiological evidence.8,31–33 Cpd.3 con-
tained the SP sequence (pre-domain) of NTF-3, another secretory
growth factor, and otherwise the natural IGF-I pro-domain and cod-
ing region. We selected Cpd.3 for a rabbit model of spinal disc herni-
ation instead of Cpd.2 on the basis of the expression advantage we
noticed in primary motoneurons and IMR32 neuroblastoma cells
(Figure S5). In vitro transfection with 300 ng Cpd.3 demonstrated a
robust induction in IGF-I protein secretion in HEK293 cells,
HepG2 cells, and rat motoneurons that outperformed Cpd.1 (with
the natural SP) by 2.3-fold (Figure 6A), 3.5-fold (Figure 6B), and
4.6-fold (Figure 6C), respectively. The data confirmed a general
IGF-I secretion-potentiating effect in different cell types by exchange
of the SP in Cpd.3.

For the spinal disc herniation rabbit model, the injury was placed into
the L2/L3 and L4/L5 intersections on day 0 using a stab. Thereafter,
animals were allowed to recover and to develop the spinal degenera-
tion for 30 days followed by four weekly treatments through local in-
traspinal injection of 20 mg Cpd.3 until day 51 after injury. Thereafter,
animals were further observed until day 90 with regular X-ray and
body weight assessments. Figure 6D outlines the group allocation
scheme which has been performed in a total of 8 adult rabbits, each
serving as its own control by receiving vehicle solution into the
L2/L3 disc (vehicle), a sham procedure without injury in the L3/L4
disc (sham), and 20 mg Cpd.3 into the L4/L5 disc (Cpd.3). Figure 6E
illustrates the optical control of the puncture injury process using a
stab, and Figure 6F shows the X-ray analysis of the intersections
and discs before and after injury/treatment. Over the entire 90 days
period, all animals gained weight, and none of them demonstrated
any general negative impact of the procedure (Figure 6G). Analysis
of the disc height index (DHI) on days 0 (before injury), 30 (at treat-
ment start), 60, and 90 (after injury) showed that the sham-treated
discs (L3/L4) appeared stable, without any signal of deterioration
(Figure 6H). In contrast, vehicle-treated injured discs (L2/L3) of the
same rabbits showed a progressive decline in disc space assessed
and reported as DHI (Figure 6H). Treatment with Cpd.3 for 4 weeks
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 7
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Figure 5. Changes in downstream biomarkers expression in rat injury model

(A) Illustration of skeletal muscle regenerative process within 7 days after injury. Early processes within the first three days include processes of inflammation and satellite cell

activation, proliferation, and fusion, but also early myogenic processes including embryonicmyosin isoforms to be expressed, whereas adult myosins are only expressed after

that time period. Pax7, MYH3, and MYH8 were investigated for their time course over three days after injury and the potential change due to Cpd.2 treatment (adapted from

Ciciliot and Schiaffino30). (B–D) qPCR analysis of Pax7, MYH3, and MYH8 mRNA levels after muscle injury. Punch injuries were applied to TA muscle in rats, and vehicle or

Cpd.2 applied i.m. at different doses (1, 3, or 10 mg) directly after injury as described. At times indicated, tissues were harvested and analyzed for Pax7, MYH3, and MYH8

using qRT-PCR. Relative changes were calculated by normalizing individual values to the respective control of each treatment group. Dose dependence and time course of

these 3markers were investigated in 1L and 2L segment. Arrows point to changes occurring 3 days after injury. Data are expressed asmean ±SEMof 5 (vehicle) and 8 (Cpd.2

dose groups) animals per data point. Gray dashed line indicates the control level of 1.
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starting on day 30 resulted in a subsequent stop in progression of the
degenerative process and a highly significant improvement of DHI
after 90 days compared with the vehicle group (83% vs. 72%;
Figure 6H).

After 90 days, all animals were sacrificed, and spines and discs pro-
cessed for histology by toluidine blue and Masson’s trichrome stain-
ing (Figure 7A). A semiquantitative analysis was performed investi-
gating the status and preservation of the annulus fibrosus (AF), its
border to the nucleus pulposus (NP), and the cellularity and matrix
of the NP quantified by each of three categories outlined in
Table S3, and revealing a significant deterioration of tissue integrity
in the vehicle-treated discs and a >60% improvement in Cpd.3-
treated discs compared with the sham-treated uninjured discs
(Figures S6A and S6B). A composite histology score was derived
from these individual analyses showing a highly significant deteriora-
tion in parameters in vehicle-treated discs compared with the sham-
treated discs (Figure 7B). Treatment with Cpd.3 led to an improve-
8 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
ment of the composite score toward healthy levels, not significantly
different from sham-treated discs (Figure 7B).

In summary, the data generated in the spinal disc model with SP-opti-
mized IGF-I mRNA (Cpd.3) demonstrated that the regenerative and
preventive effect of IGF-I administered via local mRNA injection into
the damaged environment is capable to stop the progression of deteri-
oration even in a delayed, non-acute setting with fully established
pathology.

DISCUSSION
The recent success of mRNA-based pharmaceuticals in developing
the COVID-19 vaccines with speed created unprecedented credi-
bility for this technology. Beyond vaccines, mRNA-based medicine
has tremendous potential for protein replacement therapy as the
modality provides key advantages over recombinant proteins and
gene therapy, including physiological expression levels, tunable ki-
netics, an improved safety profile, and the prospect of repeated
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Figure 6. Prevention of functional deterioration in rabbit spinal disc herniation model

(A) In vitro assessment of Cpd.1 and Cpd.3mRNA (300 ng/well) based expression and secretion of IGF-I in HEK293 cells (12,000 cells/well). (B) In vitro assessment of Cpd.1 and

Cpd.3 mRNA (300 ng/well) based expression and secretion of IGF-I in HepG2 cells (20,000 cells/well). (C) In vitro assessment of Cpd.1 and Cpd.3 mRNA (300 ng/well) based

expressionand secretionof IGF-I in primary ratmotoneurons (10,000cells/well). All three cell typeswere transfectedwithCpd.1 andCpd.3 IGF-ImRNAusingLipofectamine2000,

and IGF-I protein was analyzed in the supernatant after 24 h using ELISA. Statistical analysis was carried out using a Student’s t test (***p < 0.001). (D) Schematic presentation of

group allocation for treatments and each rabbit (n = 8) serving as its owncontrol by receiving vehicle solution into the L2/L3 intervertebral space (vehicle), a shamprocedurewithout

injury in theL3/L4disc (sham), and20mgCpd.3 into theL4/L5 intervertebral space (Cpd.3). (E)Optical control of thepuncture injuryprocessusingastab. (F) X-raypicture to indicate

L2/L3, L3/L4, and L4/L5 discs. (G) Body weight evolution of animals during the study over period of 90 days. Each line corresponds to one animal, and all eight-animal data are

includedwith themeasurementday. (H)Changes in the intervertebral discheight index (%DHI) in functionof treatment. (H0) Calculationofdischeight.Dataareexpressedasmean±

SEM of 8 rabbits. Statistical comparison was done using 2-way ANOVA and Dunnett’s multiple-comparison test against saline group.
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dosing.34,35 Moreover, new evidence from vascular endothelial
growth factor A (VEGFA) mRNA, AZD8601, to stimulate regener-
ative angiogenesis in patients with type 2 diabetes mellitus
and cardiovascular disease provides proof of concept for the im-
plementation of mRNA-based drug modalities in regenerative
medicine.36,37 The role of IGF-I has been well established as a
key factor in muscle repair and tissue regeneration. However,
the clinical translation of recombinant IGF-I was hampered by
an undesirable PK profile, resulting in safety issues associated
with the short exposure period and ineffective delivery methods.38

The respective challenges could be resolved by more homeostatic
kinetics of IGF-I delivery and the feasibility of local administration
to prevent systemic side effects, both offered by mRNA-based
therapeutics.36
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Figure 7. Prevention of pathological progression in

rabbit spinal disc herniation model

(A) Representative histological pictures of the vehicle-

treated, sham-treated, and Cpd.3-treated discs stained

with toluidine blue and Masson’s trichrome. (B) Histological

grading score derived from vehicle-treated, sham-treated,

and Cpd.3-treated discs. Data are expressed as mean ±

95% CI of 8 rabbits. Statistical comparison was performed

using the non-parametric Mann-Whitney test between all

groups.
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Here, we investigated the regenerative power of IVT IGF-I mRNA in
animal models of severe muscle injury and spinal disc herniation. Our
data on muscle injury demonstrated that the local i.m. injection of
endogenous IGF-I mRNA accelerated muscle regeneration and
reduced fiber atrophy and hyperplasia. Moreover, optimization on
mRNA level resulted in an increased potency. Earlier investigations
have shown that SPs are critical for protein secretion, and replacement
of SP with those from proteins known for higher secretion is an attrac-
tive option to improve the protein expression.39 In this study, we en-
gineered the IGF-I mRNA with heterologous SP from BDNF and
NTF-3 to enhance IGF-I secretion. Our results showed that engi-
neered IGF-I mRNA was translated into 6-fold increased levels or
IGF-I protein compared with the endogenous counterpart at the
same concentration in vitro, IGF-I potency in functional model sys-
tems was further shifted by a similar factor, suggesting that SP engi-
neering plays an essential role, especially at low mRNA concentra-
tions. The enhancement of EC50 of IGF-I with Cpd.2 comprising
BDNF SP is potentially due to the optimal amino acid sequence
composition that boosted endoplasmic reticulum (ER) translocation
efficiency and superior folding capacity over endogenous IGF-I
SP.25 Head-to-head comparison of native IGF-I mRNA and BDNF-
SP engineered IGF-I mRNA (Cpd.2) for functional recovery in a
mouse myotoxic injury model revealed that the engineered molecule
is 16-fold more efficacious than non-engineered IGF-I mRNA, con-
firming this hypothesis. The number of mRNA molecules taken up
by each cell in vivo is expected to be lower than in an in vitro cell culture
setting, inwhich artificial transfectants such as Lipofectamine 2000 are
being used and protein translation might be saturated because of a
smaller number of cells and transfection related cell death.

The PK/PD analysis of Cpd.2 in a rat muscle punch injury model re-
vealed homeostatic, extended kinetics for both IGF-I expression and
10 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
pAkt activation over 1–2 days, resulting in physio-
logical stimulation ofmuscle regeneration.17,36,37,40

Biomarker analyses confirmed the ability of Cpd.2
to activate satellite cells and to stimulate the devel-
opment of new muscle fibers as measured by Pax7
and MYH5 over expression, respectively.3,5,41

However, we observed that high-dose Cpd.2
mRNA (10 mg) resulted in negative impact on bio-
markers expression and IGF-I protein expression.
We presume the observed effect is due to the com-
bination of factors including bell-shaped effect induced by IGF-IR
desensitization due to excessive IGF-I levels,42–45 and the inherent dy-
namics of endogenous biological processes, including translation.46,47

Additionally, IGF-I signaling is expected to be negatively cooperated,
similar to insulin, which may provide further evidence, that high
IGF-I concentrations may induce autoinhibition leading to bell-shaped
dose-response curves.48

The local injection of NTF-3 SP engineered IGF-I mRNA in a rabbit
model of spinal disc herniation showed the capacity of the test com-
pound to stop disease progression and disc height loss. Gene expres-
sion analyses in a similar rabbit model confirmed the link between
IGF-I deficiency and disc degeneration.33 Moreover, a genetic epide-
miological study reported an association of IGF-I signaling with spi-
nal disc degeneration in postmenopausal women,49 which supports
the value of IGF-I mRNA therapy as viable treatment option. Over-
all, the assumption of improving IGF-I mRNA potency by using
heterologous SP was successful and paved the way to resolve the
volume-related dose limitation and drug-related side effects.24,50

Both engineered IGF-I mRNAs exhibited a pre-clinically meaning-
ful benefit for accelerated healing and prevention of functional
deterioration.

The COVID-19 vaccine mRNA (BNT162b2) formulated in LNPs
has been observed to leak from the injection site into the blood
and was detected in the circulation after several days post-vaccina-
tion.51 Because of increased potency, our engineered IGF-I mRNA
was applied at 10–30 times lower concentrations, and consequently
no systemic exposure was found at any time point in tested animal
models (data not shown). As we opted to induce regeneration
locally at the site of injury, the engineered IGF-I mRNA was admin-
istered in a naked form using a simple citrate-buffered saline
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solution into muscle or disc. Intradermal injection of VEGFA
mRNA (AZD8601) formulated in citrate-buffered saline induced
efficacious VEGFA levels in patients with type 2 diabetes mellitus.37

Likewise, direct epicardial injections of VEGFA mRNA after an
elective coronary artery bypass surgery was found to be very safe
and to improve the left ventricular ejection fraction.36 Moreover,
it was reported that in cardiac muscle, the direct injection of naked
mRNA formulated with simple buffers (sucrose citrate or saline) re-
vealed a superior protein expression (>50- to 200-fold) compared
with LNPs or polymers, possibly because of the translational hin-
drance of nanoparticles in muscle matrix.22 Interestingly, Hotz
et al.52 reported that a direct intratumoral administration of four cy-
tokines encoding mRNA (IL-12, IFN-a, GM-CSF, and IL-15 sushi)
formulated in saline established an effective and strong antitumor
activity. Several other investigations supported the use of naked
mRNA in lungs, skin, lymph nodes, vagina, and muscles.53–55 The
exact mechanism of how naked mRNA macromolecule diffuses
across the cellular membrane despite negative charges remains un-
clear. However, uptake by scavenger receptors, hydrodynamic pres-
sure, macropinocytosis, and the endocytotic pathway are proposed
as a cellular process that aids naked mRNA for cellular internaliza-
tion.56 In this study, we did not explore the mechanism of uptake
but rather focused on therapy development. Similarly, we observed
expression of functional IGF-I levels leading to induction of down-
stream signaling after i.m. injection in the rat punch injury model
(Figures 4E and 4F). Thus, our data strongly suggest the use of
naked mRNA in a simple buffer formulation as a useful option
for localized regenerative treatment of various tissues.

Our study also confirmed that the administration of engineered IGF-I
mRNA in both rat muscle injury and rabbit spinal disc herniation
models remained at the injection site. In the rat punch injury model,
exposure assessment revealed that the mRNA was detected only in
closer proximity to the injection site (1L and 2L segments, approxi-
mately 1 cm from injection site), confirming the limited spatial distri-
bution of mRNA (no exposure in 3L and 4L; Figure 4C). In the rabbit
spinal disc herniation model, each animal served as its own control by
receiving vehicle solution in the L2/L3 disc, a sham procedure without
injury in the L3/L4 disc, and engineered IGF-I mRNA in the L4/L5
disc. As the DHI data and histology outcomes differ for each disc,
we presume no leakage of IGF-I mRNA into the neighboring discs.
A similar observation was noted in diabetes patients who were treated
with naked VEGFA mRNA (AZD8601) that increased VEGFA levels
only at the injection site but did not enhance no systemic VEGFA
levels.37 In contrast to nakedmRNA, LNP-formulatedmRNA injected
into the same tissue causes systemic exposure.51Althoughwe observed
therapeutic effects of engineered IGF-ImRNA in two different disease
models, our approach has limitations related to the mechanism of ac-
tion of the mRNAmodality. For example, the direct injection of IGF-I
mRNA in the vertebral disc requires living cells at the injection site to
translate the RNA into functional protein; thus, the proposed therapy
may not work in patients with advanced spinal disc herniation and
completely degenerated (black) discs but is implicated for use at an
earlier stage of disease with higher regenerative capacity.7
In conclusion, the present study demonstrates feasibility of the local
injection of engineered IGF-I mRNA formulated in simple buffer as
therapy for muscle injury and spinal disc herniation. IGF-I mRNA
treatment can further be envisioned for indications for which local
i.m. administration to repair or regenerate tissue is warranted (e.g.,
into sphincter muscles in incontinent patients, joint or peripheral
nerve injuries). Bringing IGF-I to expression locally using mRNA is
believed to open up the possibility to fully use the regenerative poten-
tial of IGF-I in a more effective manner than previous attempts using
rhIGF-I and modified or formulated versions thereof, and the pro-
posed strategy can be applied for other diseases for which tissue
regeneration is a potentially curative option.

MATERIALS AND METHODS
Construct design

The constructs encoding for pre-pro-IGF-I with either the natural SP
(Cpd.1), or two heterologous SPs (Cpd.2 and Cpd.3) were gene syn-
thesized in pMA vector backbone from GeneArt (www.thermofisher.
com). The Cpd.1 IGF-I construct consisted of the natural SPs (pre-
domain, 21 amino acids), the sequence encoding the human IGF-I
pro-domain (27 amino acids), and the sequence encoding the full
coding sequence of mature human IGF-I with 70 amino acids (Sup-
plement data, Table S1). To enhance the secretion of mRNA-induced
IGF-I out of the transfected cell, the natural IGF-I SP was exchanged
by that of BDNF in Cpd.2, and Cpd.3 contained a SP from NTF-3.
All the three constructs included the T7 promoter, unstructured
UTRs (50 and 30), a Kozak sequence, and a codon-optimized IGF-I
open reading frame.

IVT

The transcription template from all the three constructs were gener-
ated by PCR using mRNA forward primer 50-GCTGCAAGGCGATT
AAGTTG-30 and mRNA reverse primer 50 U (20OMe) U (20OMe) U
(20OMe) T(117) CAGCTATGACCATGTTAATGCAG-30. The rev-
erse primer contained 120 nucleotide poly-T to include a poly-A
tail into the mature mRNA. The mRNA was synthesized by in vitro
transcription using T7 polymerase using MEGAscript T7 kit and
were purified using the MEGAclear kit (www.thermofisher.com).
All IVT mRNAs were quantified with nano-photometer and bio-
analyzed for quality using the RNA6000 kit in Agilent 2100 Bio-
analyzer (www.agilent.com).

Improvement of IGF-I secretion through SP optimization in vitro

HEK293 cells (CRL-1573; American Type Culture Collection
[ATCC], Rockville, MD), Human hepatoma cell line (HepG2; cat-
alog #85011430, European Collection of Authenticated Cell Cul-
tures [ECACC]) and murine C2C12 cells (CRL-1772; ATCC)
were maintained in DMEM (FG0445; Biochrome) supplemented
with 10% (v/v) fetal bovine serum (FBS; www.biochrom.com),
and penicillin-streptomycin-amphotericin B mixture (882087;
-Biozym Scientific). HSkMCs (CC-2561; Lonza, Basel, Switzerland)
were maintained in skeletal muscle cells growth medium
(PromoCell) supplemented with penicillin-streptomycin-ampho-
tericin B. In both DMEM and skeletal muscle cell growth medium,
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 11

http://www.thermofisher.com
http://www.thermofisher.com
http://www.thermofisher.com
http://www.agilent.com
http://www.biochrom.com
http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
the final concentration of antibiotic mixture was 0.25 mg/mL of
amphotericin B, potassium penicillin (100 U/mL) streptomycin
sulfate (100 mg/mL). Human Caucasian neuroblastoma IMR32
cells (catalog #86041809; ECACC) were maintained in Eagle’s
minimum essential medium (EMEM; catalog #1-31S01-I;
BioConcept [www.bioconcept.ch]) supplemented with 10% (v/v)
heat-inactivated FBS, L-glutamine (2 mM), and non-essential
amino acids (NEAAs; 1�). Rat primary motoneurons were derived
from spinal cords of 14 day gestational fetuses removed from
euthanized pregnant female wild-type Wistar rats (Janvier Labs).
The cells dissociated by trypsin/EDTA treatment and mechanical
forced passages through the tip of a 10 mL pipette were main-
tained in a defined culture medium consisting of neurobasal me-
dium containing 2% B27 supplement, 2 mmol/L glutamine, 2%
penicillin-streptomycin, and 10 ng/mL BDNF. All cells were incu-
bated at 37�C in a humidified atmosphere containing 5% CO2.
Forty-eight hours prior to transfection, HEK293 and C2C12
were plated at 20,000 cells/well, HepG2 cells were plated at
40,000 cells/well, and C2C12 and HSkMCs were plated 24 h prior
to transfection at 80,000 cells/well seeding density in 96-well-mi-
crotiter plates. IMR32 cells were plated at 60,000 cells/well. After
11–12 days in culture, rat primary motoneurons were seeded at
20,000 cells/well. Thereafter, cells were transfected with varying
concentrations depends on earlier mRNA optimization to specific
cell line (HepG2, 300 ng; HEK293, 300 ng; C2C12, 300 ng;
HSkMCs, 2000 ng; rat primary motor neurons, 300 ng) of three
different IGF-I mRNAs (Cpd.1, Cpd.2, and Cpd.3) using Lipofect-
amine 2000 following the manufacturer’s instructions (www.
thermofisher.com). IMR32 cells were transfected with 300 ng of
Cpd.1, Cpd.2, and Cpd.3 using JetMessenger (www.polyplus-
transfection.com) following the manufacturer’s instructions. A
dose-response study was performed in HEK293 cells for endoge-
nous IGF-I mRNA and Cpd.1 mRNA with doses of 0.02, 0.06,
0.2, 0.6, and 2 mg. Rat primary motoneurons were transfected us-
ing JetMessenger following the manufacturer’s instructions (www.
polyplus-transfection.com). After 5 h, the transfection complex
was removed, plates were incubated for 24 h and cell culture su-
pernatants were collected and analyzed for IGF-I expression by
ELISA (E20; Mediagnost [www.mediagnost.de]).

Animal welfare compliance

All rodent animal experiments were performed following approval
from the Institutional Animal Care and Use Committee of the Office
of Animal Welfare Assurance at the University of Maryland School of
Medicine and conformed to all Association for Assessment and
Accreditation of Laboratory Animal Care guidelines. The rabbit
disc herniation study was approved by the institutional ethics com-
mittee of AGINKO Research (authorization number 00391.01).
This study was designed to use the fewest number of animals possible
while being consistent with the objective of this study and the scien-
tific needs and while taking into account all regulatory requirements.
Procedures used in the study were designed to conform to accepted
practices and to minimize or avoid causing pain, distress, or discom-
fort to the animals.
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Mouse myotoxic injury model

For myotoxic injury model, male C57BL6/J mice 8–10 weeks old were
purchased from Charles River Laboratories and housed at the study
site (Myologica, Baltimore,MD).Micewere anesthetizedwith isoflurane
andwere injected i.m.with0.04mLof notexin (0.4mg; Latoxan,Valence,
France) into the right TA muscle; no adjustment was made on notexin
dose relevant to animal bodyweight. The animalswere observed for pro-
cedure-related pain, and upon requirement, appropriate anti-pain treat-
ment was administered subsequently (buprenorphine 0.05–0.1 mg/kg
every 12 h for 48 h after injection). The animals were monitored for
proper healing and return of normal gait. To test the therapeutic efficacy
of the mRNA encoding for endogenous human pre-pro-IGF-I (Cpd.1)
in this model, mice were subjected to notexin-induced myotoxic injury
in the TA, followed by injection with vehicle or 3, 10, or 30 mg Cpd.1,
formulated in citrated saline buffer, i.m. atdays1 and4post-injury.Mus-
cle function in the TA was measured at days 4, 7, 10, 14, 17, 21, and 28
post-injury using 305C muscle lever system (Aurora Scientific, Inc.).
Optimal isometric twitch torque was determined by increasing fre-
quency of stimulation (0.2 ms pulse, 500 ms train duration): 1, 10, 20,
40, 60, 80, 100, and 150 Hz, followed by a final stimulation at 1 Hz.
Maximal peak isometric force was plotted. A subset of contralateral
TAs were also assessed throughout the study. The schematic experi-
mental design is shown in the Table S2.

At the end of the study, the mice were euthanized via cervical dislo-
cation, and both TAmuscles were isolated, weighed, prepared for his-
tology in optimal cutting temperature (OCT) and frozen in
2-methylbutane, and stored at �80�C. Histology analysis were per-
formed to determine mean fiber CSA, regenerating fiber counts and
muscle fiber typing using routine techniques. Detailed technical in-
formation on histology is provided in Table S2. A second study was
conducted to compare the muscle function recovery potential of
Cpd.1 in a dose response to an mRNA coding for pre-pro-IGF-I
with an optimized SP (BDNF pre-domain, Cpd.2) in the same note-
xin-induced myotoxic injury in the TA by applying mRNAs at 0.05,
0.15, 0.5, 1, 1.5, 3, 10, or 30 mg on days 1 and 4 post-injury.

Rat muscle punch injury model for PK/PD analysis

To test PK and PD properties of Cpd.2 mRNA, a punch biopsy model
was established in adult male Sprague-Dawley rats (350–375 g, 10–
15 weeks old; Myologica). The rat was anesthetized with isoflurane
(�2%–3% or to effect) and the animal placed on a warmed (35�C)
surgical table. The skin over the mid belly of the TA muscle was pre-
pared by depilating the area (Nair Hair Remover for 45 s, followed by
rinsing 3 times with water) and further prepped with three alternating
scrubs of betadine and 70% ethyl alcohol to prevent seeding skin bac-
teria into the soft tissue. A small �5 mm incision was performed in
the skin and the muscle fascia to expose the muscle, and a 4mm tissue
punch biopsy was performed to full muscle depth. The biopsy was
snap frozen and stored at �80�C until shipping. After ensuring
that bleeding had stopped, two injections of 15 mL each containing
1, 10, or 30 mg Cpd.2 each was performed on either side of the punch
injury. Rats were administered carprofen I.P. 1 mg/kg once a day for
three days for pain relief. Animals were euthanized at 6, 24, 48, or 72 h
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Table 1. Sequence details of primers and probes used in qRT-PCR analysis

Gene Name Primer Sequence (50–30)

IGF-I (TaqMan)

Forward: CGGTCTGAGGAGCCCTTCTAG

Probe: CTGCTGCCGTAGCCTG

Reverse:
CGACAGAGGCTTCTACTTCAACAAG

Pax7
Forward: GTTCGGGAAGAAAGAGGACGAT

Reverse: GGTTCTGATTCCACGTCCGAGCC

MyoG
Forward: TGGAGCTGTATGAAACATCCC

Reverse: TGGACAATGCTCAGGGGTCCC

MYH3
Forward: CTCGCCAAGTCGGAGGCAAAGA

Reverse: TCGCATCGCTCCTCGGCATCCA

MYH8
Forward: GGAGGACAAAGTCAACACCCTG

Reverse: CCTCCAGTTTCCTCTTGGCTCT

MYH4
For: AGAGCCAAGAGGAAACTGGAGG

Reverse: TTCATCCTCAATCTTGCTCTGC

Myf5
Forward: GGTAGAGAACTATTACAGCCTGC

Reverse: GCAGTAGATGCTGTCAAAGCTAC

MyoD1
Forward: GCACTACAGCGGCGACTCAGAC

Reverse: TAGTAGGCGGCGTCGTAGCCAT

PPIA
Forward: GGCAAATGCTGGACCCAACACA

Reverse: TGCTGGTCTTGCCATTCCTGGA

IGF-I
Forward: GCAATGGGAAAAATCAGCAG

Reverse: GAGGAGGACATGGTGTGCA
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after administration (n = 6 per each time point). Additional vehicle
treatment group with bunch biopsy was assigned at all time points
(n = 3). Blood samples were collected in Qiagen RNAprotect Blood
Tubes (www.qiagen.com) by cardiac puncture at time of termination.
Immediately after exsanguination, the injected TA muscle was
removed and several samples were then collected using a 3 mm tissue
punch, starting distal from the injury and getting proximal to the
location of the original punch biopsy (Figure 4A). Each sample was
then flash frozen and a new punch made for each sample. Tools
were wiped with an RNase decontaminant solution (RNase Zap;
www.thermofisher.com) followed by RNase-free water between
each animal collection to prevent RNA degradation by RNases. All
tissue samples were stored at %�70�C until analysis.

qRT-PCR analysis

For the absolute quantification of IGF-I mRNA from injected muscle
tissues, a qRT-PCR-based TaqMan assay was developed and validated
(QPS LLC). Quantitation of exogenous IGF-I mRNA target sequence
was performed by plotting the cycle threshold (Ct) value obtained
from the test article on a regression line composed of standards of
known concentration. The primers and probe in the TaqMan assay
were designed to detect only exogenous IGF-I mRNA (Cpd.1,
Cpd.2, and Cpd.3) as it binds to the codon-optimized sequence of
the mRNA but not endogenous IGF-I RNAmolecules. The specificity
of this assay is verified by QPS. Total RNA was extracted from tissue
using QIAsymphony RNAKit (www.qiagen.com), and qRT-PCR was
performed using qScript XLT One-Step RT-qPCR ToughMix (www.
quantabio.com) in the QuantStudio 7 Flex Real-Time PCR System
(www.thermofisher.com). In order to confirm the activation of the
muscle regeneration process after punch injury, a set of key myogenic
biomarkers, including Pax7, MyoG, MYH3, MYH8, MyoD1, Myf5,
andMYH4, were measured for their mRNA expression levels through
relative quantification using Luna Universal One-Step RT-qPCR Kit
(https://international.neb.com). The primer and probe details are
provided in Table 1.

Protein analysis: IGF-I protein and pAKT

Muscle samples of 1R and 2R at all time points were processed for pro-
tein analysis. In brief, protease and phosphatase I and II were added to
1x PBS, and 150 mL PBSwith Inhibitors distributed to each labeled bead
bug column. Samples were thawed, washed using cold PBS, and cut into
smaller pieces. A uniformamount of each samplewas added to a labeled
bead bug tube containing PBS with inhibitors (150 mL). Samples were
loaded into the bead bug mixer and tissues minced for 180 s at
400 rpm. Samples were then removed and spun down to collect the
macerate. To each sample 150 mL of 2� cell lysis buffer (EL-Lys;
RayBiotech [https://www.raybiotech.com/cell-tissue-lysis-buffer-item-
j/]) was added and incubated for 30 min at 4�C. Thereafter, samples
were centrifuged at 4�C and 12,000 rpm for 25 min, and supernatants
were collected. Protein analysis of human IGF-I was performed
at RayBiotech using the RayBio Human IGF-I IQELISA Kit (catalog
#IQH-IGF-I; https://www.raybiotech.com/human-IGF-I-iqelisa-kit-
en/) according to the user manual. Protein analysis of pAKT
was performed at RayBiotech using the RayBio Human, Mouse and
Rat Phospho-AKT (Ser473) and Total AKT ELISA Kit (catalog #PE-
L-AKT-S473-T; https://www.raybiotech.com/human-mouse-rat-phos
pho-akt-s473-and-total-akt-elisa/) according to the user manual.

Rabbit model of intervertebral disc degeneration

Toevaluate the safety andperformance ofCpd.3 IGF-ImRNA, an inter-
vertebral disc (IVD) degenerationmodel was established in adult males
NewZealandwhite rabbits (n= 8;AGINKOResearch). The IVDdegen-
eration model was created according to a previously published method
of the annulus puncture.57 In brief, on day 0, a 22G spinal needle
(22G� 3.5 inches, 0.7 � 90 mm) attached to a 10 mL syringe was in-
serted 3–4 cm ventral from the midline into the disc space under fluo-
roscopic control, held for 10 s, and rotated 180� before removal. Suction
was applied by withdrawing through the 10 mL syringe to denucleate
the IVD. The depth of the needle was controlled by a fluoroscope.
Each rabbit had twodiscs punctured (L2/L3 andL4/L5). The non-punc-
tured L3/L4 disc in between both served as control. This step is illus-
trated in Figures 6D and 6E. On days 30, 37, 44, and 51, each rabbit
received 20 mL fluid of Cpd.3 administrated into the L4/L5 disc, and
at the same times 20 mL of saline solution (0.9%) was injected into
L2/L3 disc. The injections were done under X-ray control, using a
1 mL syringe and a 22G spinal needle. Body weight and X-ray analysis
were measured on days 0, 30, 60, and 90. X-ray analysis was performed
to quantify disc degeneration by measuring the DHI as previously
described.58 The rabbits’ spines were X-Rayed and the vertebral body
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of L2, L3, L4, andL5 and intervertebral space of L2/L3, L3/L4, andL4/L5
were measured using ImageJ software. Changes in the DHI of injected
discs were normalized to the preinjected IVD height (day 0 values) and
expressed as percentage DHI (%DHI). The calculation of DHI and
%DHI is described in Figure S7.

After day 90, animals were euthanized and spines collected, and the
muscle and soft tissue were removed. After this step, the spines
were cut with a saw and the IVD placed into cassettes for decalcifica-
tion for 3 weeks. After the decalcification step, the rabbit spines were
cut into 3 parts (L2/L3, L4/L5, and L3/L4), and each one of them was
cut in half, giving two parts, A and B, which were embedded into
paraffin. The paraffin-embedded blocks were sectioned (5 mm) at 1
level. Six histological cuts were performed per level, slides were
stained with toluidine blue and Masson’s trichrome, and 3 slides
were kept as reserve. Blind to the conditions, the pathologist analyzed
histological sections for all rabbits. A scale based on 4 categories of
degenerative changes with scores ranging from “normal disc” to
“severely degenerated disc,” spanning 12 points (3 points in each cate-
gory), was used to assess IVD state. The scoring definition of IVD his-
tology data provided in Table S3.

Statistical analysis

Data were analyzed using Prism 8 (GraphPad Software, San Diego,
CA). Data are presented as mean ± SEM with three replicates. For
the estimation of the IGF-I levels using ELISA in the standard or
the sample, the mean absorbance value of the blank was subtracted
from the mean absorbance of the standards or the samples. A stan-
dard curve was generated and plotted using a four parameters non-
linear regression according to manufacturer’s protocol. To determine
the concentration of IGF-I in each sample the concentration was
interpolated from the standard curve. The final protein concentration
of the sample was calculated by multiplication with the dilution fac-
tor. Statistical analysis was carried out using Student’s t test and one-
way or two-way ANOVA as appropriate.
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