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Abstract

It is virtually undisputed that IGF-1 promotes cell growth and survival. However, the presence of
several IGF-1 isoforms, vast numbers of intracellular signaling components, and multiple receptors
results in a complex and highly regulated system by which IGF-1 actions are mediated. IGF-I has
long been recognized as one of the critical factors for coordinating muscle growth, enhancing
muscle repair, and increasing muscle mass and strength. How to optimize this panoply of
pathways to drive anabolic processes in muscle as opposed to aberrant growth in other tissues is
an area that deserves focus. This review will address how advances in the bioavailability, potency,
and tissue response of IGF-I can provide new potential directions for skeletal muscle therapeutics.
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Introduction

Insulin-like growth factor I (IGF-1) is critical for the growth and development of many
tissues. For skeletal muscle, IGF-1 coordinates with additional growth factors to promote
myoblast proliferation, differentiation, and fiber formation during normal growth as well as
during regeneration after injury. These actions can also result in muscle hypertrophy, and
this boost in muscle mass improves the functional capacity of skeletal muscle. Thus, IGF-I
is a central therapeutic target for enhancing muscle function in aging and disease, and for
accelerating repair following acute damage.

To increase IGF-I levels for promoting increased muscle growth and regenerative capacity,
the most straightforward approach is to deliver IGF-1 systemically. Several clinical trials
have assessed the efficacy of systemic delivery of recombinant IGF-1 in patients who could
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benefit from strength gains, summarized in Table 1. These include the aging population,
patients with growth hormone deficiency, and those who suffer from amyotrophic lateral
sclerosis and myotonic dystrophyl~11. In addition, recombinant GH has also been utilized in
a subset of these patient groups to allow for both direct actions of GH as well as those
mediated through IGF-I to provide benefit. For all of the above indications, IGF-1 has been
delivered in limiting amounts, for chronic treatment with such a potent growth factor poses a
potential carcinogenic risk. Thus, these trials have produced mixed results, because the
ability for IGF-I to provide any benefit to skeletal muscle is constrained by both the low
level of protein administered as well as the limited distribution of IGF-I to the muscle by the
circulation*°12, While short-term treatments for rehabilitation from acute injury can
introduce higher doses with lower long-term consequences, efficient delivery to the target is
still a hurdle. Therefore, new strategies are needed to allow for heightened levels of IGF-I
where it is needed, while avoiding the systemic risks. This review will cover the existing
evidence supporting new strategies for IGF-I therapies, focusing on bioavailability, potency,
and tissue response.

The myriad of IGF-I forms: clues to optimization or a red herring?

Alternative splicing of the highly conserved Igfl gene produces multiple isoforms of IGF-I
(Figure 1). All isoforms bear the same mature IGF-I protein, but differ in the carboxy-
terminal extensions, called the E-peptides!3-16, Utilization of exons 1 and 2 results in class |
and Il precursors, respectively. These exons encode, apart from the 5" untranslated region, a
portion of the signal peptide(s) for secretion, and their use seems dependent on two different
promoters that are regulated in a tissue-specific manner’. Exons 3 and 4 are invariant, and
encode the remaining part of the signal peptide(s), the mature IGF-I peptide, and a portion of
the E peptide(s). The remaining sequence of the E peptides is encoded by exons 5 or 6. Class
A IGF-I transcripts skip exon 5 and retain exon 6, and are the most prominent class. In
humans, Class B transcripts utilize only exon 5, while class C is produced by the inclusion
of a portion of human exon 5 and an internal splice site within it that causes a frame shift
and premature termination in exon 6. The resultant peptide shares a high homology to rodent
class B IGF-1, which includes all of the rodent exon 5 followed by exon 6141518 A
possible combinations between N-terminal signal peptide usage and C-terminal E peptide
can occur in different IGF-1 precursors.

Regardless of the isoform transcribed, a pre-pro-peptide is translated, which consists of a
Class | or 1l signal peptide directing secretion, the mature IGF-I peptide, and a C-terminal E-
peptide extension!®. Following cleavage of the signal peptide, the pro-IGF-I (mature IGF-I
plus an E-peptide) can be subjected to additional processing prior to secretion. This includes
cleavage of the E-peptide by intracellular proteases of the pro-protein convertase family to
release mature IGF-1 for secretion2?, maintenance of pro-IGF-I to be secreted without
cleavage2124, or N-glycosylation in the E-peptide of the predominant IGF-1 isoform (IGF-
IA)22, and then secretion. Hence, three forms of IGF-I protein could exist in the extracellular
milieu: mature IGF-1, non-glycosylated pro-IGF-1, and glycosylated-pro-1GF-I. Figure 2
schematizes the post-translational processing steps associated with production of the IGF-I
forms.
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The splicing and processing of the gene encoding IGF-I is well characterized and it is
generally accepted that the mature IGF-I peptide is the main mediator of IGF-1 actions via
the type 1 IGF receptor (IGF-IR)26:27_ There has been an ongoing debate for the last 25
years regarding the biological significance of the E-peptides, and whether or not they
represent additional growth factors generated from the same Igfl gene, or if they are simply
a by-product of the post-translational processing for IGF-1. The dialog has been particularly
heated in the muscle community, for the actions of IGF-I are critical to the formation and
growth of this tissue, and one E-peptide (human EC/rodent EB) has been implicated as a
highly potent growth factor that acts independently of IGF-I. The early and conflicting
observations of E-peptide activity have plagued forward progress to understand why the E-
peptides have been retained across all species studied. Like a vestigial organ, it is possible
that there is little evolutionary pressure on this sequence. However, if this were the case,
then the E-peptides, particularly the most abundant EA peptide, would lack significant
conservation across species. Sequence homology is strong for EA, although other splice
forms do not exhibit the same level of similarityl8. Thus, the retention of this sequence
argues for a biological use. Proposed actions of the E peptides include improved
localization, increased potency, and independent activity28, and this possibility may
establish new potential ways to optimize IGF-1 activity, where novel actions of IGF-I and
the E-peptides could have significant impact on muscle mass and repair. We will discuss
each of these proposed properties in the context of strategies to improve IGF-I actions in
skeletal muscle.

Muscle’s potential for retaining IGF-I

Many tissues in the body produce IGF-I, and skeletal muscle is no exception. We know that
both liver and muscle contribute to circulating IGF-129-31 and that once IGF-I arrives in the
bloodstream, it is difficult to imagine how one particular form could target a specific tissue.
Most of the circulating IGF-I is produced by the liver, yet ablation of this source in mice
(the LID mouse, for “Liver IGF-1 Deficient”) does not have a dramatic effect on muscle
size, nor on general postnatal body growth30:31 indicating that skeletal muscles can rely on
other pools of IGF-1. The general consensus is that limiting liver IGF-1, or the proteins in its
circulating ternary complex does not control the growth of many of the tissues that make
their own IGF-I, such as skeletal muscles, long bones, or brain, supporting the hypothesis
that local IGF-I is sufficient to sustain normal growth of these tissues. Muscles themselves
produce both IGF-1 and IGF-1132, which are most likely sufficient for maintaining muscle
mass. However, the capacity of muscle utilization surpasses its normal production. Studies
in which muscle IGF-1 production is increased by transgenic or viral over-expression33-3%
take advantage of the mismatch between the capacity of muscle to use IGF-I and its
production to promote functional hypertrophy. In a complementary experiment, we have
shown that retention of locally produced IGF-I is important for muscle growth. By ablating
the stress protein Glucose Regulated Protein 94 (GRP94; gene name HSP90B1) in striated
muscle, which is required for IGF-I and IGF-II production3®, muscle and body mass
decreased dramatically2®, presumably because the local source of IGF-I is key to
maintaining normal growth. Finally, boosting circulating levels of IGF-I by increasing liver
production37 or through daily injections of recombinant IGF-1 increases body (and muscle)
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weight, supporting the premise that circulating IGF-I can enter the local tissue environment
and have enhanced anabolic effects. Likewise, we can rescue the growth defect in GRP94
null muscle through intraperitoneal injections of recombinant IGF-12°, These studies
confirm that skeletal muscle is both a sink and source for IGF-I, and this raises the
possibility that enhancing either production or retention of IGF-I in this tissue could lead to
increased muscle mass.

Improving IGF-1 storage in the extracellular matrix

In order for IGF-1 to drive muscle hypertrophy, it must be in close proximity to IGF-I
receptors. Granted, it is clear that muscle produces a local supply of IGF-I that is secreted
from the fibers to the extracellular matrix (ECM). What are the features of the protein that
retain it in the ECM? Classically, the most prominent stabilizer and localizer is the pool of
IGF binding proteins (IGFBPs). Because mature IGF-1 half-life is brief, its association with
IGFBPs keeps the muscle pool local. The IGFBPs, in turn, are thought to bind to the ECM.
The affinity of IGF-1 for the IGFBPs is sufficiently high that the binding proteins must
undergo protease cleavage to release an IGF-I molecule for receptor binding. The IGFBPs
have a range of affinities for IGF-I, and have different proteases for their cleavage (reviewed
in38). These properties can then fine-tune the availability of IGF-I for activity.

An emerging concept is the ability for some of the IGF-I forms to bind directly to the ECM,
potentially without the use of IGFBP stabilization. In one study, forms of IGF-I delivered to
de-cellularized matrix resulted in the enhanced association of pro-IGF-I, but not mature
IGF-I, on sections39. The authors asserted that it was the charge of the E-peptide that bound
to matrix, which is highly positive for both of the isoforms tested (IGF-1A and IGF-IC).
They went further to show that the glycosylation of the IGF-IA C-terminus disrupted this
association. This observation provides one explanation for why the C-terminal extension has
been preserved: to improve bioavailability of IGF-I through increased ECM retention.
However, there are multiple issues that conflict with this model. First, when production of E
peptides is performed by viral mediated gene transfer, neither of these forms accumulate in
the matrix, but instead are found within muscle fibers#0. Second, the E peptide derived from
the human IGF-IB isoform appears in the nucleus, not the ECM, even though it is even more
positively charged than other E peptides®!. Finally, the disruption of IGF-I/ECM association
by glycosylation cannot not explain why there is an enrichment of glycosylated pro-IGF-I in
muscle extracts?3. Although there is no direct evidence to date, both forms, pro-1GF-I and
glycosylated pro-IGF-1, may enhance localization of IGF-1, and aid in the paracrine actions
of IGF-I for muscle, rather than mature IGF-I. Further, because pro-IGF-1 in the circulation
originates, in part, from skeletal muscle, it suggests that glycosylated pro-IGF-I may have
better retention in the tissue than the non-glycosylated form. These observations, while
preliminary, raise the possibility for improving the storage of IGF-1 in muscle to provide
greater bioavailability. This is a new avenue for therapeutic strategies to build muscle.

Altering Potency of IGF-I

In addition to enhancing retention of IGF-I in the ECM, the E-peptides may alter IGF-I
receptor activation in other ways. We have found in cell-based assays the pro-IGF-1 causes
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~30% more IGF-IR phosphorylation than equivalent amounts of mature IGF-123. This is a
modest improvement, to be sure. However, this property is independent of any alterations in
ECM localization. Thus, considering the increased potency combined with the greater
availability of pro-IGF-139, there is potential for optimizing therapies through the delivery or
expression of the pro-IGF-I form. Exposure of myoblasts or muscle to the E-peptides
themselves has had mixed results depending upon the nature of the experiment. On one
hand, the E-peptides provide a boost to IGF-1 mediated signaling®?, but only nonexistent to
minimal hypertrophy occurs in vivo®%43, Further, in our hands, overexpression of EB causes
diminished force production, suggesting that pursuing an E-peptide-only strategy for driving
increased muscle mass may not be beneficial for function.

In contrast to the activity of mature and pro-1GF-I, we found that glycosylated pro-IGF-I
was inefficient at receptor activation in vitro?3. How, then, can we explain the multipronged
benefits to muscle mass, strength and regenerative capacity in mice expressing IGF-IA, in
which the predominant form that is stored is glycosylated pro-1GF-133:352 We have
speculated that when the C-terminus is glycosylated it must be cleaved from the mature
growth factor to release it for receptor binding. The storage of glycosylated pro IGF-1 can
exist because the proteases responsible for removing it may be active for only a brief, but
necessary, period. We have recently reported indirect evidence for this model. Using muscle
reloading after disuse as a trigger for promoting muscle recovery, we found that while both
mature IGF-1 and glycosylated IGF-1 could enhance rescue, mature IGF-I did so more
rapidly**. Further, mature IGF-I was evident in the glycosylated pro-IGF-I muscles after 1
week of reloading, which was the point when force and mass improved. These proteases
may differ from those that release mature IGF-I from IGFBPs. Our working hypothesis is
that they are part of the family of pro-protein convertases (PCs) that are also responsible for
intracellular processing of IGF-14°. As previously described*3, a pentabasic motif is retained
in all classes of pro-IGF-I which contains two putative cleavage sites recognized by PCs,
Arg71 and Arg77. The remaining Arginine residue at position 71 is thought to be removed
by a carboxypeptidase. Of the 9 PCs, 7 are secreted or shed, and are possible candidates for
cleaving IGF-I outside of the cell. However, there is no direct evidence that pro-1GF-I
cleavage occurs extracellularly. Two candidates are at the forefront. Furin, an ubiquitous
PC, is expressed constitutively in muscle cells and can be found in the Golgi as well as in
the extracellular space, so it could cleave pro-IGF-I in either area. A second protease of this
family, proprotein convertase subtilisin/kexin type 6 (PACE4), also exists both intra- and
extracellularly. Previous work in 293 cells showed that furin efficiently cleaves pro-IGF-I1A
intracellularly at Arg71, but that PACE4 also cleaves Pro-IGF-1A at Arg71 and Arg7720, In
addition, PACE4 is critical to myoblast differentiation process, in which it cleaves IGF-1146.
Therefore, a role for PACEA4 is plausible in the release of IGFs from the pro-IGF forms
stored in the ECM. One difficulty in studying the actions of PCs on IGF-1 ligand release is
the fact that these proteases have several targets. In particular, IGF-I receptor processing
relies on this protease family, and so care must be taken to devise strategies for cleanly
separating the actions of the PC family on ligand or receptor. Ultimately, the fact that there
are potentially multiple pools of IGF-I in the ECM, as well as an array of proteases which
can cleave either IGFBPs or IGF-I itself, provides a way to release and mobilize a subset of
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the stored IGF-I for a variety of needs, including reloading, repair, normal growth, among
others.

Modulating IGF-I receptor activation

For IGF-I to promote growth, it must bind to and activate receptors on the membrane
surface. IGF-I acts predominantly via the IGF-I receptor (IGF-IR), a transmembrane protein
consisting of two extracellular a-subunits, which contain the IGF-1 binding site, and two
transmembrane B-subunits that have a cluster of three tyrosine residues, which undergo
phosphorylation and activation upon IGF-I binding to mediate canonical signaling pathways
necessary for cell survival and growth. The receptor tetramer can also be composed of both
insulin and IGF-I hemireceptor af dimers, which are called hybrid receptors. The separation
and overlap of IGF-I and insulin functions are, in part, due to the ability for both ligands to
bind to these highly homologous receptors with different affinities. In skeletal muscle,
hybrid receptors comprise at least half of the insulin receptor (IR) and IGF-IR population®/,
where hybrid receptors preferentially bind IGF-I compared to insulin, and bind IGF-I with
equivalent affinity as IGF-IR#849, |t is not clear, however, how downstream actions of the
hybrid receptor differ from IGF-IR, nor how this alters the biological actions of IGF-1. Some
clues to their distinctions have come from studying chimeric receptors, in which domains
within each hemireceptor were exchanged between the IR and IGF-IR49-%4, The main
conclusion from these experiments was that signal transduction pathways are governed by
the B subunit, and most specifically by the C-terminal domain. Chimeras containing the C-
terminal domain of IGF-IR were more effective in promoting mitogenic responses, whereas
signaling associated with metabolism was linked to the C-terminal of IR. Therefore, the
intracellular domains of each receptor direct a significant portion of their specific actions.
The intracellular signaling upon ligand binding helps to amplify IGF-I actions through two
signaling arms. However, a major divergence between the IGF-1 and insulin receptor
populations is the preferential coupling to members of the insulin receptor substrate (IRS)
gene family. The adaptor protein IRS-1 tends to bind to IGF-IR, and IRS-2 tends to bind to
the insulin receptor®>-57. Muscle, in particular, requires IRS-1 for IGF-I mediated
hypertrophy, because a transgenic cross of IRS-1*/~ mice with a mouse line overexpressing
IGF- | blocked the anticipated increase in skeletal muscle mass, even though IGF-1 could
rescue the growth deficits in other tissues (brain, intestine, and heart)®. This indicates that
absolute or partial IRS-1 deficiency impairs IGF-I-induced muscle growth. The use of
specific IRS family members is not exclusive to each receptor, but may modulate the
downstream signaling (reviewed in°8). Thus the tendency for IGF-IR activation to drive
anabolic, rather than metabolic signals, appears to be tuned by this family of adaptor
proteins. In addition, other factors can alter the efficiency of IGF-1 signaling through
targeting IRS-1 stability. Specifically, the ubiquitin E3 ligase, Fbxo40, targets IRS-1 for
degradation®®. This provides another level of control of IGF-I activity, where the negative
feedback of increased Fbxo40 will shut down IGF-1 mediated hypertrophy. Hence, Fbxo40
targeting could increase downstream signaling via the IGF-I receptors driving muscle
growth, yet potentially leave hybrid receptor signaling untouched, retaining metabolic
actions of IGF-I via this receptor. The requirement of IGF-IR activation for skeletal muscle
hypertrophy has been addressed in various models, such as overload-dependent or
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follistatin-induced muscle hypertrophy, showing conflicting findings8%-61. Specifically, by
utilizing a transgenic mouse model where a dominant negative IGF-I receptor is expressed
specifically in skeletal muscle (MKR), it has been shown that increased mechanical load can
induce muscle hypertrophy and activate Akt and p70S6K independently of a functional IGF-
I receptor, implying that IGF-I may not be a limiting factor in the induction of hypertrophy
with muscle overloading®l. However, in the same animal model, another study has recently
shown that the IGF-IR/Akt pathway plays a critical role in muscle hypertrophy induced by a
myostatin inhibitor, follistatin®. Clearly, more studies are needed to identify the upstream
mechanisms responsible for activation of Akt-mediated signaling in response to loading and
other growth stimuli, and whether IGF-I is part of those mechanisms®1,

Satellite cells and IGF-I

Since muscle fibers are post-mitotic, the mitogenic actions of IGF-I must rely on
mononucleated satellite cells. These cells are a stem cell like population located between the
basal lamina of the muscle and the sarcolemma of myofibers®2 and consist a source for
replenishing the nuclear content of the muscle fibers83. After their activation, by factors
such as hepatocyte growth factor (HGF) or epidermal growth factor (EGF)%4-66, they
express IGF-IRS7. The activation, proliferation and fusion of satellite cells to existing
myofibers has been thought to be a predominant mechanism that leads to increase in muscle
mass83.68.69 and they are essential for muscle repair. The satellite cells divide and then can
undergo differentiation, fusing to damaged sites on muscle fibers, or forming new fibers,
thus providing the extra power for the increased protein synthesis during the repair’%-"6, or
hypertrophy process®3:68.77-80 |GF-1 immunoreactivity has been detected in satellite cell
and in cytoplasm of myoblasts and myotubes during skeletal muscle regeneration81-83,
while IGF-1 mRNA and protein expression have been detected in newly replicating skeletal
muscle following injury in rats84.

Exogenous administration of IGF-1 is able to induce muscle hypertrophy33.78.85.86 and high
levels of IGF-I can enhance satellite cell division, increasing the pool of cells available for
repair and growth87. In transgenic animals expressing IGF-1 in skeletal muscle, hypertrophy
is associated with satellite cell incorporation into existing fibers, for the myonuclear domain
is maintained even though the fibers are significantly larger8”. Previous studies showed that
satellite cells were responsible for approximately half of the increased muscle mass
following viral delivery of IGF-187. This is consistent with the diminished hypertrophic
response of mature or aged muscle to IGF-I, where there is a reduction in the pool of
activated satellite cells compared to young, growing muscle88. Although they certainly
contribute to muscle hypertrophy, recent evidence supports that satellite cells are not
necessary for skeletal muscle fiber hypertrophy in general. In the novel mouse strain (Pax7-
DTA), conditional ablation of >90% of satellite cells in mature skeletal muscle could be
achieved®®, and yet a robust hypertrophic response to mechanical overload was achieved.
Taken together, development of strategies enhancing satellite cell mediated hypertrophy
may only be useful for a subset of therapeutic applications.
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Who can benefit from IGF-I therapies?

Results from several animal models have laid the groundwork to move new potential
strategies for IGF-1 dependent actions on muscle into people (Table 2). As stated initially,
patients suffering from sarcopenia, muscle disease, or acute injury could benefit
significantly. In the context of the strategies proposed in this review, what are additional
factors to consider? For aging and genetic disease, therapies are likely to be administered for
the long-term. Thus, safety is a primary issue for any growth promoting therapy. For IGF-I,
it is absolutely imperative that carcinogenic side effects are eliminated. This may be
achieved through strategies that target IGF-1 retention, regardless of the potency, because
optimizing the activity of the IGF-I ligand is likely to drive growth in every tissues
indiscriminately. In therapies for acute muscle injury, safety considerations should still be
part of the equation, but because the time course of repair lasts only a few weeks, it is less of
an issue than in prolonged exposure to IGF-I.

Satellite cells are central to the repair process, and so both in acute injury as well as in the
chronic damage associated with neuromuscular disease, they are likely to play a significant
role in driving maintenance of muscle mass and improved regeneration. Certainly, there are
many therapeutic strategies under development that focus on satellite cell recruitment into
the repair process. Combining these therapies with IGF-I administration will be important to
address their interaction. For aging, the involvement of satellite cells in prevention of
sarcopenia should be considered. However, because IGF-I1 is not a trigger for their
activation, it can only improve muscle mass through anabolic actions in the muscle fibers, or
in satellite cells that have been activated through some other mechanism.

Finally, the receptor pool that IGF-I uses for driving hypertrophy may provide another
potential avenue for therapeutic strategies. Since muscle maintains IGF-I and hybrid
receptors, as well as insulin receptors to a lesser extent, modulation of either activation of
these populations or the ligand interactions with the range of receptors are areas with
untapped potential. As much as we know about the actions of IGF-I, there is much more to
explore in terms of its optimization for targeting muscle and other tissues.
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Alternative splicing of igfl produces multiple isoforms of the protein. However, all
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transcripts encode for the same mature IGF-1. IGF-1A has 2 N-glycosylation sites in the
rodent E peptide, and 1 sire is conserved in humans. Antibodies recognizing the E-peptide
(Philippou et al. 2008; Brisson and Barton, 2012) or IGF-I are noted, which can be used to

examine specific detection of the IGF-I isoforms.
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Pro-IGF-1A can be glycosylated in the endoplasmic reticulum (ER), followed by pro-protein

convertase cleavage in the Golgi to release mature IGF-1 from the C-terminal E peptide.

Mature IGF-1 is then secreted. Alternate pathways could avoid glycosylation or cleavage and
result in additional secreted forms of IGF-I. These, upon secretion, could be cleaved in the
ECM to release mature IGF-I.
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Table 1
Clinical trials for IGF-I and muscle therapy
Therapeutic Target | Subjects IGF-I Isoform Delivery Method Outcome
Sarcopenia
Elderly women (N=14) rhIGF-I 15-60 ug/kg SQ BID 1 Increased whole body and
month muscle protein synthesis?
Healthy, nonobese, rhIGF-1 15 ug/kg SQ BID 1 year No change in body
postmenopausal women composition, bone
over 60 yr of age (N=16) density, strength, or
memory*
GH Deficiency
Growth hormone deficient rhIGF-I 60 ug/kg SQ BID 8 Increased fat-free mass
young adults (N=8) weeks and protein synthesis
rates; no effect on skeletal
muscle strength®
Muscle Wasting/Cachexia
Patients with AIDS- rhIGF-I and GH Oor5mgIGFSQBIDO | Single and combined
associated wasting (N=60) or 1.4 mg GH SQ 1D 12 treatments increased lean
weeks body mass, with
combined GH/rhIGF-I
providing the most
benefit; GH only
improved muscle
strength®!
Diabetes/Metabolism
Obese postmenopausal rh1GF-I and GH 0 or 15 ug/kg IGF SQ Enhanced fat loss®?
women (N=33) BID 0 or 25 ug/kg GH
SQ 1D 12 weeks
Type 2 diabetes mellitus rhIGF-I 80 ug/kg SQ BID 7 days Improved hepatic and
subjects (N=8) muscle insulin sensitivity3
Neuromuscular Disease
Amyotrophic lateral rhIGF-I 50r10ug/kg SQ ID 9 Dose-dependent
sclerosis (ALS) patients months deceleration of
(N=266) pathological progression®
Amyotrophic lateral rhIGF-1 10 ug/kg SQ ID 9 No significant differences
sclerosis (ALS) patients months in disease progression!
(N=124)
Amyotrophic lateral rhIGF-I 0.5-3 pg/kg Intrathecal Modest but significant
sclerosis (ALS) patients every 2 weeks for 40 beneficial functional
(N=9) weeks effects®
Amyotrophic lateral rhIGF-I 3 pg/kg SQ BID 2 years No differences between

sclerosis (ALS) patients
(N=330)

treatment & placebo
groups; Major effect of
hypoglycemia®

Myotonic dystrophy type 1
patients (N=15)

rhIGF-1/rhIGFBP3 (IPLEX)

0.5-2 mg/kg SQ 1D 24
weeks

Increased lean body mass;
improved metabolism; no
increased muscle
strength®
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Table 2
Preclinical trials for IGF-1 and muscle therapy
Therapeutic Target | Animal Model IGF-I Isoform Delivery Method Outcome
Sarcopenia
Maintenance of muscle mass and
27 mo mice IGF-IA AAV function33
Maintenance of muscle mass and
20-24 mo mice IGF-IA Transgenic regenerative capacity3®
Disuse Atrophy
Hindlimb Suspension IGF-IA Transgenic No protection against atrophy%
Enhanced recovery more with
Hindlimb Suspension & IGF-1A vs. mature IGF- mature IGF-I, functional protection
reloading | AAV by mature IGF-144
Cast immobilization & Enhanced recovery, no atrophy
reloading IGF-IA AAV protection®495
Muscle Wasting
Block of apoptosis and muscle
Angiotensin Il Mice IGF-IA Transgenic specific ubiquitin ligases®”
Glucocorticoid Mice E-peptides AAV No protection*0
Acute Injury
Plasmid vs osmotic | Accelerated repair by plasmid IGF-
IGF-IA vs. rhIGF-I pump 1A86

Mice Cardiotoxin Injection

PEG-IGF-I vs. rhIGF-1

IM/SQ injection

Improved functional recovery of IM
PEG-IGF-I vs. rhIGF-I or SQ PEG-
IGF-1%

IGF-IA Transgenic Enhanced repair; limited fibrosis®®
IGF-IA Plasmid Improved regeneration’
Mice Laceration
rhIGF-I IM Injection Improved healing0t
Rat Ischemia Reperfusion PEG-IGF-I fibrin gel injection Improved functional recoveryl02
Neuromuscular Disease
rhIGF-1 Intrathecal improved survival®
a i ival104
ALS (G93A mouse) IGF-1A Transgenic Improved survival
Mild symptoms improved; severe
PEG-IGF-I SQ injection symptoms no protection105
Improved function; reduced
fibrosis; Increased muscle mass;
reduction of myofiber
IGF-IA Transgenic necrosist06:107
Reduced contraction -induced
DMD (mdx mouse) PEG-IGF SQ injection injury108.109
Improved fatigue resistance and
rhIGF-I SQ injection contractile function110.111
LR-IGF-I SQ injection Improved function!12
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