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Macrophage-Derived IGF-1 Is a Potent
Coordinator of Myogenesis and
Inflammation in Regenerating Muscle

James G Tidball'-* and Steven S Welc?
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n this issue of Molecular Therapy,

Tonkin and colleagues provide convinc-
ing evidence that insulin-like growth fac-
tor-1 (IGF-1) generated by macrophages
plays a significant role in coordinating
muscle regeneration and inflammation
following injury.! Although IGF-1 is well
known for its anabolic effects on skel-
etal muscle*® and its capacity to improve
muscle repair following injury,* the work
by Tonkin et al. shows an important func-
tion for a relatively brief interval of IGF-1
production by macrophages in promoting
muscle regeneration and regulating the in-
flammatory response.

Muscle regeneration following injuries
involves a complex but largely predictable
sequence that can restore muscle structure
or homeostasis. Much of the regenerative
potential of muscle is determined by the
capacity of a population of quiescent, myo-
genic stem cells within muscle to become
activated, proliferate, and then differenti-
ate and grow to replace muscle tissue lost
to injury or disease. Those cells, called
satellite cells, not only replace damaged
muscle tissue following their activation,
they are also self-renewing, because some
daughter cells return to their quiescent
niche following activation, to maintain the
regenerative capacity of the muscle.® Thus,
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for successful muscle regeneration to oc-
cur, specific temporal and spatial signals
must regulate the magnitude of satellite
cell activation, control the extent to which
their population expands, and regulate the
proportions of the population that restore
the stem cell pool or continue to differenti-
ate and grow.

Muscle cell proliferation, differen-
tiation, and growth following injury are
controlled by a vast number of soluble
factors, including scores of cytokines and
growth factors. Although some of these
molecules are produced by satellite cells
or fully differentiated muscle fibers them-
selves, factors released by nonmuscle cells
can also play key roles in regulating muscle
growth.® Injured muscle is rapidly invaded
by tremendous numbers of inflammatory
cells, especially macrophages, suggesting
they may be a primary source of soluble
factors affecting regeneration. Indeed,
experimental depletions of invading in-
flammatory cells disrupt normal patterns
of gene expression in injured muscle and
slow muscle growth and regeneration fol-
lowing injury.”~° Furthermore, specialized
subpopulations of macrophages are tem-
porally associated with specific stages of
the myogenic program; proinflammatory
(M1) macrophages predominate during
the proliferative stage of myogenesis, and
anti-inflammatory (M2) macrophages
are most prevalent during the differentia-
tion stage.® This temporal linkage between
macrophage phenotype and stage of mus-
cle regeneration is essential for normal
growth and regeneration. For example,
interleukin-10 (IL-10) promotes a shift of
muscle macrophages from an M1 to M2
phenotype following injury that coincides
with the transition from the proliferation
stage to the differentiation stage of myo-
genesis.!! However, delivery of exogenous
IL-10 before endogenous IL-10 is elevated
in injured muscle causes a premature shift
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in macrophage phenotype, leading to de-
fects in muscle regeneration.'” Those ob-
servations suggest that there are shared
signaling systems that coordinate muscle
inflammation and muscle regeneration.

By generating an IGF-1 mutation tar-
geted to myeloid cells, Tonkin et al. found
that most IGF-1 expression in injured mus-
cle during the proliferative stage of myo-
genesis was obliterated in the conditional
knockout line. In addition, the numbers of
satellite cells at this same stage were great-
ly reduced in the mutants, showing that
macrophage-derived IGF-1 is an impor-
tant muscle mitogen during regeneration,
specifically during early myogenesis. As
muscle regeneration proceeded from the
proliferative stage of myogenesis toward
the stages of terminal differentiation and
growth, the contribution of macrophages
to the total quantity of IGF-1 expressed in
muscle rapidly declined, concomitant with
an increased expression of IGF-1 in a non-
myeloid, nonmyogenic cell population,
probably fibroblasts. In addition, a partic-
ularly interesting and unexpected finding
in the new report is that myeloid cell-de-
rived IGF-1 has an autocrine influence on
macrophages during muscle regeneration,
driving macrophage populations toward
a proregenerative, M2 phenotype. Thus,
macrophage-derived IGF-1 can improve
regeneration by acting directly on muscle
cells to expand satellite cell numbers and
simultaneously driving macrophages to
the M2 phenotype, which has a higher ca-
pacity for promoting muscle growth and
regeneration.

There are some provocative relation-
ships between the kinetics of macrophage
invasion into injured muscle, the site of
IGF-1 expression, and the signaling path-
ways activated downstream of the IGF-1
receptor in muscle. IGF-1 effects on mus-
cle are unusual, because IGF-1 can stimu-
late both proliferation and differentiation,
two treatment effects that are typically
mutually exclusive. An explanation for
this mystery was provided by Coolican
et al., who showed that the two oppos-
ing outcomes could occur because IGF-1
stimulation of muscle cell proliferation
occurred through an IGF-1 receptor/Ras/
Raf/MAP kinase pathway but IGF-1 stim-
ulation of muscle differentiation occurred
through an IGF-1/PI3-kinase/p70%K path-
way."* Thus, the opposing effects of IGF-1
stimulation of muscle are attributable to
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Figure1 Schematicof temporalrelationships between stages of myogenesis, inflammation, and IGF-1 release following muscle injury.
Acute injury induces an initial invasion of muscle by neutrophils (PMNs), proinflammatory M1 macrophages, and anti-inflammatory M2 macrophages
that coincides with increased expression of insulin-like growth factor-1 (IGF-1) in myeloid cells. Myeloid cell-derived IGF-1 (solid orange arrows) can drive
proliferation of activated satellite cells through a pathway mediated by Ras/Raf/MAP kinase signaling in muscle. Myeloid cell-derived IGF-1 also promotes
a shift in macrophage phenotype from an M1-biased to an M2-biased population. At approximately 5 days after injury, myeloid cell numbers decline
and there is a shift in the primary site of IGF-1 expression from the myeloid compartment to nonmyeloid, nonmuscle cells that are probably fibroblasts
(Fb). Muscle cell differentiation to myotubes and subsequent growth to muscle fibers may be increased by IGF-1 produced by fibroblasts or M2 macro-
phages (dashed orange arrows). IGF-1-mediated muscle differentiation is signaled via a P13-kinase/p70%¢ path during later stages of muscle regeneration.

different pathways that mediate those ef-
fects. Although untested, these findings
collectively support a hypothetical model
in which macrophages deliver IGF-1 to in-
jured muscle at early stages of regeneration
(Figure 1). The transient upregulation of
IGF-1 increases muscle cell proliferation
through a Ras/Raf/MAP kinase pathway
to promote myogenesis. All the while,
IGF-1 works in an autocrine manner to
induce a shift in macrophage phenotype,
facilitating the transition from the inflam-
matory to regenerative stages. This transi-
tion is complemented by a reduction in
inflammatory cytokines that may provide
a “switch” in IGF-1 receptor-mediated
signaling. For example, tumor necrosis
factor-a interferes with the IGF-1/PI3-ki-
nase/p70%f-mediated muscle differentia-
tion." Then, when inflammation declines,
fibroblasts deliver a second wave of IGF-1
accompanied by a shift to the PI3-kinase/
p705% pathway in muscle cells, which pro-
motes muscle differentiation.

Does the finding that myeloid cell-de-
rived IGF-1 promotes the M2 macrophage
phenotype and thereby contributes to
muscle regeneration provide an advance
in molecular therapeutics? As noted by the
authors, the findings reinforce the current
view that the use of nonspecific anti-in-
flammatory drugs to treat muscle injury or
disease has the potential to be detrimen-
tal to muscle regeneration'® by disrupting
the delivery of proregenerative factors. Do
the findings tell us that an increase in my-
eloid cell-derived IGF-1 will be beneficial
for treating muscle injury or disease? This
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