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Abstract

Regeneration of adult skeletal muscle after injury is coordinated by complex interactions
between the injured muscle and the innate immune system. Myeloid lineage cells
predominate in this process. This study examined the role of Kruppel — like factor 2
(KLF2), a zinc-finger transcription factor that regulates myeloid cell activation state, in
muscle regeneration. Gastrocnemius muscles of wild-type and myeKIf2" mice, which
lack KLF2 in all myeloid cells, were subjected to cardiotoxin injury and followed for 21
days. Injured muscles of myeKIf2” contained more infiltrating, inflammatory Ly6C*
monocytes, with elevated expression of inflammatory mediators. Infiltrating monocytes
matured earlier into pro-inflammatory macrophages with phenotype Ly6C*, CD11b",
F4/80". Inflammation resolved earlier and progressed to myogenesis, marked by an
earlier decline of Ly6C* macrophages and their replacement with anti-inflammatory
Ly6C" populations, in association with elevated expression of factors that resolve
inflammation and promote myogenesis. Overall, regeneration was completed earlier.
These findings identify myeloid KLF2 as a central regulator of the innate immune
response to acute skeletal muscle injury. Manipulating myeloid KLF2 levels may be a

useful strategy for accelerating regeneration.

Kruppellike Factor 2 | skeletal muscle | regeneration

Abbreviations: KLF2, Krippellike Factor 2; WT, wild type; myeKIf2”", mice with targeted

knockout of KLF2 in all myeloid-derived cells; CTX, cardiotoxin
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Synopsis

The zinc-finger transcription factor, KLF2, is a central regulator of the innate immune
response to skeletal muscle injury. Targeted deletion of KLF2 in myeloid lineage cells of
mice (myeKIf2") enhances the immune response and, notably, accelerates muscle
repair.
e Injured muscles of myeKIlf2” mice recruit greater numbers of Ly6C”
(inflammatory) monocytes from the circulation.
e These mature in situ into pro-inflammatory macrophages which phagocytose
necrotic tissue and prepare the environment for muscle regeneration.
e Subsequently, Ly6C" macrophages decline and are replaced by anti-
inflammatory (Ly6C’) macrophages that promote myogenesis of new fibers.
e Injured muscles of myeKIf2” mice complete regeneration earlier, with

phenotypically adult fibers.
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Introduction

Adult skeletal muscles retain a remarkable capacity to regenerate lost or damaged
tissue. Skeletal muscle regeneration after acute injury progress through two main,
overlapping phases, broadly defined as an initial proinflammatory phase followed by an
anti-inflammatory, regenerative phase [1-5]. The regenerative phase recapitulates in
many ways the process of embryonic myogenesis, while the immune response is
uniqgue to adult skeletal muscles. The immune response is essential for proper
completion of repair [6].

Muscle regeneration after injury is orchestrated by coordinated interactions between
skeletal muscle and the innate immune system. Myeloid lineage immune cells play a
central role in this process [4, 5, 7-9]. Indeed, depletion of circulating monocytes slows
regeneration and reconstitution of myeloid lineage cells restores regeneration [10].
Myeloid lineage monocytes dominate the initial inflammatory infiltrate, and are present
at up to 100,000 cells/mm? of muscle [11]. As regeneration progresses, myeloid cells
assume a continuum of activated phenotypes that support each phase of repair [7, 12].
Macrophages remove necrotic tissue, secrete cytokines, chemokines, and growth
factors, induce production of the fibrotic scaffold and blood supply needed for the
growth and attachment of new fibers, help resolve the inflammation, and support the
growth and differentiation of new myofibers [5, 13]. Macrophages eventually disappear
as regeneration is completed and newly formed fibers with adult phenotypes are
integrated into the muscle syncytium. The molecular mechanisms and signaling
molecules that determine myeloid lineage phenotypes and functions during skeletal
muscle repair remain poorly understood.

The zinc-finger transcription factor, KLF2, plays a central role in the activation and
phenotypic determination of a variety of immune cell types, both lymphoid and myeloid
[14-16]. KLF2 is a central, negative regulator of gene clusters which mediate the
proinflammatory activation of monocytes and macrophages in vitro [17], and its loss
promotes an inflammatory monocyte/macrophage profile in vitro and in vivo [15, 18, 19].

Macrophages of mice which lack KLF2 in all myeloid cells assume an enhanced
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inflammatory profile, with elevated expression of inflammatory mediators and greater
infiltration into atherosclerotic plaques [18, 19].

Considering the central role of myeloid lineage cells in skeletal muscle repair and
the role of KLF2 in determining their activation state, we hypothesized that KLF2 may
play an important role in the immune response to acute muscle injury. To test this
hypothesis, we compared regeneration in injured skeletal muscles of WT and myeKIf2™""
mice. We subjected the gastrocnemius muscle to cardiotoxin (CTX) or sham injury and
followed regeneration for 21 days post injury. The progress of regeneration was
assessed from the expression levels of inflammatory mediators and myogenic markers,
macrophage phenotypes, and histological changes.

Our results show that loss of myeloid KLF2 significantly enhances the inflammatory
immune response to muscle injury and, notably, that an enhanced inflammatory
response accelerates regeneration. These findings demonstrate that myeloid KLF2
plays a central role in orchestrating the immune response to acute muscle injury. In
addition, because myeloid cells are accessible from the circulation, manipulating KLF2
in myeloid lineage cells may be a useful therapeutic strategy for immune-based

therapies to improve outcomes after muscle injury.
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Results

Loss of KLF2 in myeloid-derived cells enhances the inflammatory immune
response to muscle injury. The proinflammatory phase of muscle regeneration after
acute injury is marked by significantly increased levels of inflammatory mediators, many
of which are produced within the muscle by myeloid-derived monocytes and
macrophages. To investigate the role of myeloid KLF2 in their production, we compared
expression of the proinflammatory mediators — Cox2, IL-6, Ccl2, Ccl4, Ccl5, and Tnfa
— in regenerating gastrocnemius muscles of WT and myeKIf2” mice at days 3 and 5
post-CTX or -vehicle treatment (Fig. 1). This was found to be the period when the
greatest differences between WT and myeKIf2”" were seen.

Each of these cytokines/chemokines plays a known role in inflammation and
regeneration. IL-6 is one of the earliest cytokines detected after acute muscle injury and
the majority of IL-6 is produced by monocytes recruited from the circulation [20]. The
signaling cytokines, Ccl2, Ccl4, and Ccl5, are released from the injured tissue and are
also secreted by infiltrating monocytes. Ccl2 is regulated by KLF2 via miR124a and
miR150 [18]. The cytokines TNFa and COX2, which mediate inflammation through
prostaglandins, originate from activated, macrophages that matured in situ from
infiltrating monocytes. Cox2 signaling is essential during the early stages of skeletal
muscle regeneration [21].

In injured muscles of WT mice, IL-6, Ccl2, Ccl4, Ccl5, and Tnfa are present at day 3
post injury (Fig. 1A) and decline by day 5 (Fig.1C).Their appearance indicates that
recruitment and infiltration of circulating monocytes is underway. Their decline by day 5
indicates that inflammation is resolving. Expression of Tnfa indicates that some of the
infiltrating monocytes have matured into activated, proinflammatory macrophages.
Injured muscles of myeKIf2” mice express these markers at 15 to 30-fold greater levels
than WT at day 3 post injury (Fig. 1B); all but Ccl5 remain significantly elevated at day 5
(Fig 1D), a time when their expression has returned to near baseline in WT. None of
these markers are significantly expressed in muscles of either genotype after placebo
injury. The dramatically increased expression of inflammatory mediators and their

earlier decline in muscles of myeKIf2”" mice suggest that loss of KLF2 in myeloid cells
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enhances and accelerates the proinflammatory phase of skeletal muscle regeneration

after acute injury.

Injured muscles of myeKIf2” mice recruit greater numbers of circulating Ly6C*
monocytes than WT mice. The enhanced expression of inflammatory markers in
injured muscles of myeKIf2” mice suggests that these muscles recruit greater numbers
of inflammatory Ly6C* monocytes from the circulation. This population provides the pool
that matures in situ into monocyte-derived macrophages. To examine this possibility, we
compared the number of Ly6C"* cells present in regenerating skeletal muscles of
myeKIf2” and WT mice at day 3 (Fig. 2A, 2B) and day 5 (Fig. 2D, 2E) post injury. Ly6C"
cells are not present in uninjured skeletal muscles, and injured skeletal muscles do not
recruit Ly6C" monocytes [5].

Ly6C" monocytes and macrophages are present in injured muscles of both
genotypes. However, by day 3, injured muscles of myeKIf2” mice have recruited a
significantly greater number of Ly6C* monocytes than WT (Fig. 2A, 2B, 55.7% vs.
35.7%, n=6; p <0.05). The number of Ly6C" monocytes subsequently declines and this
decrease occurs first in myeKIf2” muscles. It is apparent by day 5, a time when their
number is still increasing in WT (Fig. 2D, 2E, 20.4% vs. 24.6%, n=6; p <0.05). Overall,
injured muscles of myeKIf2” mice have recruited a significantly greater number of
circulating Ly6C" cells at day 3 (Fig. 2C, rightmost panels, blue vs. red counts) and this
cell population declines earlier in injured muscles of myeKIf2” compared to WT mice
(Fig. 2F).

Infiltrating Ly6C" monocytes mature earlier into inflammatory macrophages that
are phenotypically Ly6C", CD11b", F4/80". Proinflammatory macrophages within the
injured tissue derive from circulating Ly6C* monocytes [5]. Macrophages in
regenerating skeletal muscles do not assume the canonical M1/M2 phenotypes defined
for other inflammatory conditions [22, 23]. To identify the relevant populations, we
further sorted immune cells by CD11b and F4/80 markers (Fig. 3). Myeloid lineage
monocytes and macrophages express abundant surface marker CD11b, which is

upregulated upon activation. F4/80" is a macrophage-specific marker of monocyte
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differentiation that identifies intramuscular, mature macrophages. It is not found in
circulating monocytes. Cells which are positive for all 3 markers — Ly6C"*, CD11b", and
F4/80" — represent the population of intramuscular, proinflammatory macrophages
which derived from circulating Ly6C* monocytes. Differences between WT and myeKIf2"
" reveal populations that are influenced by KLF2.

By day 3, proinflammatory, monocyte-derived macrophages are evident in both
genotypes. This population is significantly greater in myeKIf2”- compared to WT (Fig. 3E
vs. 3B; 60.7% in myeKIf2” vs. 37.4% in WT; n=6; p < 0.05). Only trace numbers of anti-
inflammatory, Ly6C" cells are detected in both genotypes at day 3 (Fig. 3C and 3F,
9.75% and 6.4%, n=6; p > 0.05). The near absence of Ly6C" cells at day 3 is consistent
with a previous report that injured skeletal muscles recruit only Ly6C* monocytes from
the circulation [5].

By day 5, the Ly6C" population declines in both genotypes (Fig. 3H and 3K; see
also Fig. 2) and the decline is associated with an increase in anti-inflammatory Ly6C
populations (Fig. 3l and 3L). The majority of these cells are phenotypically Ly6C,
CD11b"*, F4/80". This population is significantly greater in myeKIf2” compared to WT
(Fig. 3L vs. 3I: 64.8% in myeKIf2" vs. 44.4% in WT, n=6; p <0.05). The decline in Ly6C*
macrophages and associated increase in Ly6C macrophages indicates that
inflammation is resolving. The greater abundance of anti-inflammatory macrophages in
myeKIf2”" at day 5 suggests that resolution of inflammation is advanced in myeKIf2”

compared to WT.

Expression of CCR5 and MerTK is enhanced in injured muscles of myeKIf2”
mice. Collectively, the findings reported in Figs. 1 — 3 show that loss of KLF2
enhances the inflammatory phase of muscle regeneration after injury. To further define
the role of KLF2 in this process, we compared the quantity of cells in each genotype
expressing specific inflammatory and anti-inflammatory receptors (Fig. 4). KLF2 controls
the expression of inflammatory chemokine receptors in other myeloid cells [16] and the
set of expressed receptors determines, in part, the macrophage phenotype. For
example, only activated, inflammatory T cells, which downregulate KLF2, express the

chemokine receptor CCR5. Deletion of KLF2 in T cells induces expression of the CCR5
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gene, which has consensus KLF2 binding sequences [16]. Interestingly, CCR5 is the
cytokine receptor for CCL4 (MIP1B) and CCL5 (RANTES), both of which are
dramatically elevated in injured muscles of myeKIf2” mice (Fig. 1).

The number of cells expressing CCR5 is significantly greater in regenerating
muscles of myeKIf2” compared to WT on day 3 post injury (73% in myeKIf2” vs. 61.2%
in WT samples; n = 5; p< 0.05; Fig. 4A). This cell population remains elevated on day 5
in myeKIf2"" samples (45.3% in myeKIf2” vs. 26.8% in WT, n = 5; p<0.05), but declines
sharply after day 3 in WT.

KLF2 deficiency does not change the quantity of intramuscular CCR2-expressing
cells on days 3 or 5 postinjury (Fig. 4B). CCR2 is a receptor for the ligand CCL2, which
is highly upregulated at early times in CTX-treated myeKIf2” muscle samples (Fig 1).
This finding suggests that KLF2 regulation of cytokine receptor expression during
muscle regeneration is receptor specific.

We also compared expression of the C-mer receptor tyrosine kinase, MerTK, in
regenerating WT and myeKIf2” muscle samples (Fig. 4C). MerTK defines a
monocyte/macrophage phenotype that plays a role in resolving inflammation in other
immune conditions [24, 25]. MerTK expression is elevated at day 3 in myeKIf2"
compared to WT (17.7% vs. 10.9%, n = 5, p<0.01) and increases further by day 5
(24.5% in myeKIf2"" vs 6.6% in WT. Fig. 4C, n = 5, p<0.01).

Markers of satellite cell activation and myogenesis appear earlier and are
enhanced in regenerating muscles of myeKIf2” mice. In addition to resolving
inflammation, MerTK also helps initiate myogenesis. To examine whether the earlier
resolution of inflammation in myeKIf2” accelerates the progression of myogenesis, we
measured expression of key markers of satellite cell activation, proliferation, and
differentiation (Fig. 5). All satellite cells express Pax7, whereas only activated satellite
cells express the transcription factors MyoD and Mrf6, which promote myogenesis.
MyoD is one of the earliest markers of myogenic commitment. Myogenic regulatory
factors (MRFs) are master regulators of skeletal myogenesis, among which Myf5 and
Myf6 are the earliest expressed MRFs [26]. The appearance of these myogenic markers

denotes the presence of activated satellite cells and newly forming fibers.
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Regenerating muscles of myeKIf2” mice express these markers earlier and at
higher levels. Pax7, MyoD, and MyoG are already expressed at day 3 (Fig. 5B), are
elevated 3- to 5-fold at day 5 (Fig. 5D), and remain elevated through day 8 (data not

shown). Expression of Myf5 is increased by day 5 in myeKIf2”" mice.

Regeneration is advanced and completed normally in injured muscles of
myeKIf2” mice. To determine the consequences of these differences on the
progression of muscle regeneration, we compared the histology of regenerating
muscles of WT and myeKIf2” mice (Fig. 6A). Uninjured muscles of both genotypes
show phenotypically normal histology. By days 5 and 8 post injury, injured muscles of
WT mice show extensive necrosis with abundant monocytes, evident on H & E stained
samples as regions having mononuclear cells with blue stained nuclei. These
histological indices coincide with the appearance and decline of the proinflammatory
mediators and macrophages shown in Figs. 1 — 5. By day 14, small, newly forming
myofibers with central nuclei appear. At day 21, some fibers show a differentiated adult
phenotype with larger cross-sectional areas and peripheral nuclei.

Injured muscles of myeKIf2” mice show an accelerated pattern of repair (Fig. 6B).
Smaller necrotic regions with fewer monocytes are evident at day 5, consistent with an
earlier resolution of inflammation. Newly forming fibers with small diameters and central
nuclei are already present at day 8 and indicate that these muscles are transitioning to
the myogenic phase of regeneration. By day 14, monocytes and necrotic areas have
largely disappeared. Newly forming fibers have progressed to larger diameter, multi-
nucleated adult phenotypes in which nuclei have moved to the fiber periphery (blue
stained on H & E) with larger diameters. At day 21, muscles of myeKIf2” mice show a
regenerated adult architecture that is nearly indistinguishable from uninjured muscle.

To further quantify the progress of regeneration in WT and myeKIf2” mice, we
compared two indices of fiber maturation, mean cross-sectional areas and mean
number of fibers with central nuclei at day 14 (Fig. 6B, 6C). Compared to WT,
regenerating fibers of myeKIf2”~ show more fibers with larger cross-sectional areas and

fewer central nuclei.
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Discussion

Acute skeletal muscle injury induces a robust immune response that is essential for the
proper completion of repair [6]. This response follows a specific program of coordinated
interactions between the immune system and the injured muscle.

Myeloid lineage cells play a central role in this process. Little is known about the
mechanisms that determine myeloid lineage phenotypes and functions during skeletal
muscle repair. This study examined the role of the transcription factor KLF2, a key
determinant of myeloid cell activation state and phenotypes, in the immune response to

skeletal muscle injury.

Summary of Findings. Compared to WT, regenerating skeletal muscles of myeKIf2”
mice express 15- to 30-fold greater levels of inflammatory mediators known to play
important roles in repairing injured muscle (Cox2, IL-6, Ccl2, Ccl4, Ccl5, and Tnfa).
Their appearance coincides with the presence in the injured muscle of greater numbers
of inflammatory Ly6C* monocytes/macrophages that are phenotypically Ly6C*, CD11b",
F4/80°. The enhanced proinflammatory phase resolves earlier and progresses to an
enhanced anti-inflammatory, regenerative phase. This transition is marked by a decline
in Ly6C" macrophages and their replacement by anti-inflammatory Ly6C" macrophages,
which are phenotypically Ly6C’, CD11b*, F4/80". This transition occurs in both
genotypes, but occurs earlier and more efficiently in regenerating muscles of myeKIf2”
mice. Expression of CCR5, an inflammatory C-C motif receptor for (Ccl4) MIP13 and
Ccl5 (RANTES), is significantly elevated and persists past the initial inflammatory
period, when it normally declines in WT. A unique MerTK" cell population, not previously
reported in regenerating skeletal muscles, increases in myeKIf2” mice during this
transition. During the predominantly myogenic phase of repair, muscles of myeKIf2"
show elevated levels of factors (MyoD1, MyoG, and Myf5) that promote the activation,
growth, and differentiation of satellite cells into adult fiber types. In all phases of repair,
the expected histological changes coincide with the appearance of pro- and anti-
inflammatory mediators and cell populations. myeKIf2” muscles show larger necrotic

regions with greater numbers of intramuscular monocytes in days 3 — 5 post injury, form
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new fibers earlier, and complete regeneration earlier with adult type fibers (day 14 vs.
day 21). Collectively, these findings demonstrate that loss of myeloid KLF2 significantly
enhances the initial proinflammatory immune response and, notably, that the enhanced
inflammatory phase progresses to an earlier resolution of inflammation and an earlier

completion of regeneration.

Functions of myeloid KLF2 in the immune response to skeletal muscle injury.
These findings indicate that the zinc-finger transcription factor, KLF2, either directly or
indirectly, negatively regulates genes that determine myeloid cell phenotypes during
skeletal muscle repair.

Injured skeletal muscles recruit mainly Ly6C* monocytes from the circulation [5].
Ly6C* monocytes are non-dividing, but mature within the injured muscle into
macrophages capable of proliferation and differentiation [5]. If KLF2 negatively
regulates genes which determine the Ly6C* phenotype, its loss may bias their
distribution and/or numbers in the circulation, making more available for recruitment. In
addition, KLF2 may regulate genes that drive the in situ maturation of infiltrating Ly6C*
monocytes into macrophages. The increased abundance of Ly6C*, CD11b"*, F4/80"
macrophages in injured muscles of myeKIf2” mice suggests that KLF2 regulates this
transition, and that this phenotype plays an important role in the initial, inflammation
phase of repair. In rheumatoid arthritis, reduction of KLF2 in hemizygous mice
significantly increases the population of inflammatory Ly6C*, CD11b*, F4/80"
monocytes in sites of inflammation (10).

Myeloid-derived monocytes and macrophages produce the chemokines, cytokines
and growth factors that are abundant in injured skeletal muscles and execute the
various repair processes [27]. The significantly elevated expression of Cox2, Ccl2, Ccl4,
Ccl5, IL-6 and Tnfa in regenerating muscles of myeKIf2”" mice suggests that KLF2,
either directly or indirectly, regulates their expression. Previous studies of injured
muscle have shown that the cytokines TNFa and COX2 originate from both
inflammatory macrophages and injured muscle fibers, and they participate in both
inflammatory and regenerative functions [21, 28, 29]. A role of KLF2 in regulating their

expression is consistent with previous reports from our laboratory and others that KLF2
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functions as a central, negative regulator of these genes in other inflammatory
conditions. KLF2 directly regulates Ccl2/MCP-1, Tnfa, and Cox2 expression in various
activated monocytes in vitro and in vivo [17]; and KLF2 deficiency in myeloid cells
increases the expression of Ccl2/MCP-1, Ccl5, IL-6 and Cox2 in inflammatory, M1-type
peritoneal macrophages [18].

IL-6 is secreted by inflammatory monocytes/macrophages and plays a central role
in the inflammation phase of repair. The majority of the initial IL-6 pool is produced by
monocytes recruited from the circulation [20]. IL-6 is also produced by activated satellite
cells and this pool of IL-6 provides a key myokine for the formation and differentiation of
new fibers [30]. Our finding that KLF2 negatively regulates IL-6 expression early in
regenerating muscles is novel and may explain, in part, the ability of an enhanced
inflammatory phase to positively drive the regenerative phase of repair. IL-6 produced
by proinflammatory macrophages, together with other chemokines and factors, may
promote activation of satellite cells and further raise IL-6 levels in the satellite cell niche,
as proposed by Munoz-Canoves et al. [30].

The expression pattern of cytokine receptors on monocytes and macrophages
determines their response to chemokines. The markedly enhanced expression of CCR5
and its persistent expression in myeKIf2” muscles suggests that KLF2 reversibly
determines CCR5 expression in myeloid-derived intramuscular macrophages during
muscle regeneration. Myeloid cells in myeKIf2”" mice cannot elevate KLF2 and,
consequently, cannot downregulate CCR5 expression, as occurs in T cells, monocytes,
and myeloid-derived macrophages in other immune conditions [16, 17]. The enhanced
and sustained expression of CCR5 may contribute to the larger population of Ly6C"
monocytes and Ly6C* macrophages in injured muscle of myeKIf2” mice. In other
immune cells and conditions, CCR5 receptors promote the migration of inflammatory
monocytes to the site of injury and their differentiation into mature macrophages. For
example, only activated T cells, after downregulating KLF2, express CCR5, and CCR5
is required for their proper migration [16]. CCR5 expression increases during
differentiation of human monocytes and monocyte-derived macrophages [31, 32]. In
atherosclerosis, the expression of CCR5 and CX3CR1 is required for Ly6C* monocytes

to accumulate in plaques [33].
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The switch of macrophage phenotypes from Ly6C" to Ly6C" populations is required
for regeneration to proceed [22, 34]. It is notable that the disappearance of Ly6C"
macrophages and their replacement with Ly6C™ macrophages persists in regenerating
muscles of myeKIf2” mice, indicating that myeloid KLF2 is not directly required for this
transition. The transition may be driven by local signals related to phagocytosis, as
suggested by Arnold et al [5] and as shown in other cell types [35-38].

The unique MerTK" population of macrophages that increases during this transition
in myeKIf2” muscles may contribute to resolving inflammation. MerTK is a member of
the Tyro3/Axl/Mer (TAM) receptor tyrosine kinase family, whose functions in
macrophages include phagocytosis of necrotic cells [39] and the subsequent
dampening of inflammatory responses [40, 41]. After acute liver injury, an expanding
population of monocyte-derived MerTK* macrophages clears damaged cellular material
and also secretes anti-inflammatory mediators that help resolve inflammation [24]. In
wound healing, the population of Ly6C", MerTK", F4/80" macrophages increases as
inflammation resolves and regeneration proceeds [25]. In cardiac muscle damaged by
ischemia, MerTK promotes the resolution of inflammation and its loss compromises
repair [42, 43]. Our findings identify MerTK as a KLF2-regulated receptor that influences

the transition from inflammation to regeneration during skeletal muscle repair.

Key differences between myeloid KLF2 functions in skeletal muscle repair after
acute injury, and its role in chronic inflammatory conditions. A more robust
inflammatory phase of muscle regeneration in myeKIf2” mice is consistent with known
functions of myeloid KLF2 as a negative regulator of inflammatory genes and
inflammatory immune cell profiles in other conditions [14-16]. Overexpression of KLF2
in leucocytes induces quiescence [44] and represses inflammatory genes [15]. In a
mouse model of atherosclerosis, peritoneal macrophages of myeKIf2” mice show a
chronic inflammatory profile, produce elevated levels of cytokines, and show enhanced
adhesion and infiltration into atherosclerotic lesions [18, 19].

On the other hand, our finding that the inflammation in injured muscles resolves in
the complete absence of KLF2 was unexpected. In atherosclerosis and other chronic

inflammatory conditions, a reduction in KLF2 levels in macrophages promotes
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inflammatory gene expression, and a subsequent rise in KLF2 terminates their
expression. When KLF2 levels cannot rise, the inflammation is enhanced and persists,
and tissue damage worsens [19]. A different myeloid cell program must operate during
skeletal muscle repair. When inflammatory gene expression is enhanced by deleting
KLF2, inflammatory Ly6C* macrophages transition normally to an anti-inflammatory

phenotype without the requirement for KLF2.

Therapeutic implications. Skeletal muscle injuries related to aging, disease and
sports are the most common musculo-skeletal conditions reported worldwide. Severely
injured skeletal muscle has limited ability to repair and regenerate. This study suggests
a novel strategy for improving outcomes after muscle injury. Conventional treatments for
muscle injuries seek to limit inflammation. Our findings suggest that enhancing a
specific inflammatory program by manipulating KLF2 in myeloid lineage cells can
accelerate regeneration. Myeloid KLF2 is an attractive therapeutic target for several
reasons. Targeting a transcription factor, rather than a single chemokine or receptor,
provides an opportunity to controls a cluster of interacting genes that determine
macrophage phenotypes and functions. Importantly, myeloid KLF2 is accessible from
the circulation and controls an early step of repair that positively drives the overall

progress of regeneration.

Conclusions. The zinc-finger transcription factor, KLF2, plays a central role in muscle-
immune cell interactions during skeletal muscle regeneration after injury. Loss of KLF2
in myeloid cells enhances the initial inflammation phase of repair and positively drives
regeneration to a normal and earlier completion. This novel finding underscores the
specificity of the immune response to different conditions, and identifies KLF2 as a
central regulator of myeloid cell phenotypes and functions during skeletal muscle

regeneration.
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Material and Methods

Animals — KIf2" mice were generated and backcrossed to a C57BL/6 background as
described [19]. KIf2"™ mice were crossed with transgenic mice expressing Cre
recombinase under the control of the LysM promoter (LysM-cre, Jackson Laboratories;
[45] to produce offspring with a targeted deletion of KLF2 in all myeloid-derived cells.
KIf2"" mice without the Cre recombinase transgene were used as controls. All mice
were housed in pathogen-free conditions at the University of Cincinnati. All procedures
and animal care were performed in accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council of the National Academies, USA) and
were approved by the Institutional Animal Care and Use Committee of the University of

Cincinnati.

Muscle Injury — Acute injury was produced by injecting Cardiotoxin (CTX; EMD
Millipore, 100 ul of 10 mM stock dissolved in PBS) into the gastrocnemius muscle. CTX
injury is an established model of skeletal muscle regeneration. It induces a reproducible
sequence of changes that reflect the physiological repair process after traumatic injury
[46]. The gastrocnemius muscle was surgically removed for analysis at time points up to
21 days post injury and the animals were sacrificed.

RNA isolation and real'time quantitative PCR (RT-qPCR) — Total RNA was isolated from
skeletal muscle and macrophages using mirVana miRNA isolation kit (Invitrogen). cDNA
was synthesized using the Superscript IV reverse-transcription system (Invitrogen, #
18091050) and genomic DNA was eliminated using EZDNASE (Invitrogen, #
11766051). mRNA expression was quantified using gene-specific Tagman primers and
probes (Applied Biosystems) following the manufacturer’s protocol, and normalized to
18sRNA levels. RT-gPCR was performed on an ABI7300 realtime PCR system
(Applied Biosystems) using Tagman universal master mix (Applied Biosystems,
#4440044). Relative gene expression was calculated using the AAC; method following
the manufacturer’s instructions. All reactions were carried out in triplicate using RNA

isolated from muscles of 4 - 8 mice at each time point.
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Histological analysis — Gastrocnemius muscles were removed, snap frozen in nitrogen-
chilled isopentane, embedded in O.C.T. (Fisher Scientific) and kept at -80°C until use.
Cryosections of 10um thickness were prepared for haematoxylin/eosin (H&E) staining.
Sections from the entire injured area were cut and analyzed quantitatively for the
percentage of necrotic and regenerating myofibers, fiber cross-sectional areas, and the
number of fibers with central nuclei. Sections obtained from at least three mice per time

point were analyzed.

Cell isolation and flow cytometry — Flow cytometry was performed using a suspension of
single cells obtained from the muscle. Briefly, for cell isolation from tissue, injured
muscles were placed in warmed DMEM (Life Technologies). The muscles were
chopped into small pieces and enzymatic disaggregation was performed using a
skeletal muscle dissociation kit (Miltenyi Biotec, #130-098-305). The dissociated sample
was filtered through a 70 um cell strainer (Fisher Brand). Red blood cells (RBCs) were
lysed with RBC Lysing buffer (eBioscience, #00-4300-54) at room temperature for 10
min. After lysis, cells were centrifuged and the pellet was re'suspended in flow
cytometry buffer (eBioscience, # 00-4222-26). Following the lysis of RBC cells the
samples were blocked with CD16/32 for 10 min on ice. For flow cytometry analysis of
monocytes and macrophages, the cells were stained with Ly6C-APC (eBioscience),
CD11b-FITC (Biolegend) and Super Bright 436 (eBioscience), F4/80-PECy7
(Biolegend), MerTK-PerCP-eflour 710 (eBioscience), CCR5-APC Vio770 (Miltenyi
Biotech), CCR2-PE (Biolegend). Sytox blue (Invitrogen) was used to exclude dead cells
and debris, and unstained controls were used to set gates. Samples of 30,000 cells per
run were analyzed in the flow cytometer (LSR Fortessa, BD Bioscience) and the
resulting data was analyzed using FlowJo software (FlowJo, LLC). Only samples that
passed the appropriate filters and quality checks were analyzed. Cell counts were
expressed as the percentage of positive cells per sample. Cell suspensions were

obtained from 4 — 8 mice for each time point studied.
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Statistical analysis — Statistical analysis was performed with GraphPad Instat program
and values were expressed as mean + SD. Multiple comparisons were tested by
ANOVA, with Student Newman-Keuls post hoc analysis. A difference of p < 0.05 was

considered statistically significant.

18


https://doi.org/10.1101/312868
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/312868; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Acknowledgments

We thank Drs. Christina Wei and Lubov Timchenko, Cincinnati Children’s Hospital
Medical Center (CCHMC) for assistance in developing the cardiotoxin mediated skeletal
muscle injury model. We thank Dr. David Hui, University of Cincinnati for his critical
comments on the manuscript. We thank the Flow Cytometry Core of CCHMC for the
use of instrumentation and analysis software. Research reported in this publication was
supported by the National Institute of Arthritis and Musculoskeletal and Skin Diseases of
the National Institutes of Health under Award number RO1-AR063710 and by the
National Institute of Heart Lung and Blood under award numbers RO1HL130356 and
RO1HL105826. The content is solely the responsibility of the authors and does not

necessarily represent the official views of the National Institutes of Health.

Authors Contributions

PM, JBL, JH designed research

PM, TS, TLR performed research

PM, TS, TLR, SS, JBL, JH analyzed data and read manuscript
JBL contributed new reagents/analytic tools;

PM, JBL, JH wrote the paper

Conflict of interest

The authors declare no conflict of interest.

19


https://doi.org/10.1101/312868
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/312868; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

References

1. Yin H, Price F, Rudnicki MA (2013) Satellite cells and the muscle stem cell niche. Physiol
Rev 93: 23-67

2. Tidball JG (2005) Inflammatory processes in muscle injury and repair. Am J Physiol Regul
Integr Comp Physiol 288: R345-53

3. Karalaki M, Fili S, Philippou A, Koutsilieris M (2009) Muscle regeneration: cellular and
molecular events. In Vivo 23: 779-96

4. Villalta SA, Rinaldi C, Deng B, Liu G, Fedor B, Tidball JG (2011) Interleukin-10 reduces the
pathology of mdx muscular dystrophy by deactivating M1 macrophages and modulating
macrophage phenotype. Hum Mol Genet 20: 790-805

5. Arnold L, Henry A, Poron F, Baba-Amer Y, van Rooijen N, Plonquet A, Gherardi RK,
Chazaud B (2007) Inflammatory monocytes recruited after skeletal muscle injury switch into
antiinflammatory macrophages to support myogenesis. J Exp Med 204: 1057-69

6. Smith C, Kruger MJ, Smith RM, Myburgh KH (2008) The inflammatory response to skeletal
muscle injury: illuminating complexities. Sports Med 38: 947-69

7. Tidball JG, Wehling-Henricks M (2007) Macrophages promote muscle membrane repair
and muscle fibre growth and regeneration during modified muscle loading in mice in vivo. J
Physiol 578: 327-36

8. McLennan IS (1996) Degenerating and regenerating skeletal muscles contain several
subpopulations of macrophages with distinct spatial and temporal distributions. J Anat 188 ( Pt
1): 17-28

9. Mounier R, Theret M, Arnold L, Cuvellier S, Bultot L, Goransson O, Sanz N, Ferry A,
Sakamoto K, Foretz M, et al. (2013) AMPKalphal regulates macrophage skewing at the time of
resolution of inflammation during skeletal muscle regeneration. Cell Metab 18: 251-64

10. Summan M, Warren GL, Mercer RR, Chapman R, Hulderman T, Van Rooijen N,
Simeonova PP (2006) Macrophages and skeletal muscle regeneration: a clodronate-containing
liposome depletion study. Am J Physiol Regul Integr Comp Physiol 290: R1488-95

11. Wehling M, Spencer MJ, Tidball JG (2001) A nitric oxide synthase transgene ameliorates
muscular dystrophy in mdx mice. J Cell Biol 155: 123-31

12. Saclier M, Cuvellier S, Magnan M, Mounier R, Chazaud B (2013) Monocyte/macrophage
interactions with myogenic precursor cells during skeletal muscle regeneration. FEBS J 280:
4118-30

13. Chazaud B, Brigitte M, Yacoub-Youssef H, Arnold L, Gherardi R, Sonnet C, Lafuste P,
Chretien F (2009) Dual and beneficial roles of macrophages during skeletal muscle
regeneration. Exerc Sport Sci Rev 37: 18-22

14. Carlson CM, Endrizzi BT, Wu J, Ding X, Weinreich MA, Walsh ER, Wani MA, Lingrel JB,
Hogquist KA, Jameson SC (2006) Kruppel-like factor 2 regulates thymocyte and T-cell
migration. Nature 442: 299-302

15. Das M, Lu J, Joseph M, Aggarwal R, Kanji S, McMichael BK, Lee BS, Agarwal S, Ray-
Chaudhury A, lwenofu OH, et al. (2012) Kruppel-like factor 2 (KLF2) regulates monocyte
differentiation and functions in mBSA and IL-1beta-induced arthritis. Curr Mol Med 12: 113-25
16. Sebzda E, Zou Z, Lee JS, Wang T, Kahn ML (2008) Transcription factor KLF2 regulates the
migration of naive T cells by restricting chemokine receptor expression patterns. Nat Immunol 9:
292-300

20


https://doi.org/10.1101/312868
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/312868; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

17. Das H, Kumar A, Lin Z, Patino WD, Hwang PM, Feinberg MW, Majumder PK, Jain MK
(2006) Kruppel-like factor 2 (KLF2) regulates proinflammatory activation of monocytes. Proc
Natl Acad Sci U S A 103: 6653-8

18. Manoharan P, Basford JE, Pilcher-Roberts R, Neumann J, Hui DY, Lingrel JB (2014)
Reduced levels of microRNAs miR-124a and miR-150 are associated with increased
proinflammatory mediator expression in Kruppel-like factor 2 (KLF2)-deficient macrophages. J
Biol Chem 289: 31638-46

19. Lingrel JB, Pilcher-Roberts R, Basford JE, Manoharan P, Neumann J, Konaniah ES,
Srinivasan R, Bogdanov VY, Hui DY (2012) Myeloid-specific Kruppel-like factor 2 inactivation
increases macrophage and neutrophil adhesion and promotes atherosclerosis. Circ Res 110:
1294-302

20. Zhang C, Li Y, Wu Y, Wang L, Wang X, Du J (2013) Interleukin-6/signal transducer and
activator of transcription 3 (STAT3) pathway is essential for macrophage infiltration and
myoblast proliferation during muscle regeneration. J Biol Chem 288: 1489-99

21. Bondesen BA, Mills ST, Kegley KM, Pavlath GK (2004) The COX-2 pathway is essential
during early stages of skeletal muscle regeneration. Am J Physiol Cell Physiol 287: C475-83

22. Wang H, Melton DW, Porter L, Sarwar ZU, McManus LM, Shireman PK (2014) Altered
macrophage phenotype transition impairs skeletal muscle regeneration. Am J Pathol 184: 1167-
1184

23. Novak ML, Weinheimer-Haus EM, Koh TJ (2014) Macrophage activation and skeletal
muscle healing following traumatic injury. J Pathol 232: 344-55

24. Triantafyllou E, Pop OT, Possamai LA, Wilhelm A, Liaskou E, Singanayagam A,
Bernsmeier C, Khamri W, Petts G, Dargue R, et al. (2018) MerTK expressing hepatic
macrophages promote the resolution of inflammation in acute liver failure. Gut 67: 333-347

25. Crane MJ, Daley JM, van Houtte O, Brancato SK, Henry WL, Jr., Albina JE (2014) The
monocyte to macrophage transition in the murine sterile wound. PLoS One 9: e86660

26. Francetic T, Li Q (2011) Skeletal myogenesis and Myf5 activation. Transcription 2: 109-114
27. Warren GL, O'Farrell L, Summan M, Hulderman T, Mishra D, Luster MI, Kuziel WA,
Simeonova PP (2004) Role of CC chemokines in skeletal muscle functional restoration after
injury. Am J Physiol Cell Physiol 286: C1031-6

28. Warren GL, Hulderman T, Jensen N, McKinstry M, Mishra M, Luster MI, Simeonova PP
(2002) Physiological role of tumor necrosis factor alpha in traumatic muscle injury. FASEB J 16:
1630-2

29. Chen SE, Gerken E, Zhang Y, Zhan M, Mohan RK, Li AS, Reid MB, Li YP (2005) Role of
TNF-{alpha} signaling in regeneration of cardiotoxin-injured muscle. Am J Physiol Cell Physiol
289: C1179-87

30. Munoz-Canoves P, Scheele C, Pedersen BK, Serrano AL (2013) Interleukin-6 myokine
signaling in skeletal muscle: a double-edged sword? FEBS J 280: 4131-48

31. Tuttle DL, Harrison JK, Anders C, Sleasman JW, Goodenow MM (1998) Expression of
CCR5 increases during monocyte differentiation and directly mediates macrophage
susceptibility to infection by human immunodeficiency virus type 1. J Virol 72: 4962-9

32. Naif HM, Li S, Alali M, Sloane A, Wu L, Kelly M, Lynch G, Lloyd A, Cunningham AL (1998)
CCR5 expression correlates with susceptibility of maturing monocytes to human
immunodeficiency virus type 1 infection. J Virol 72: 830-6

21


https://doi.org/10.1101/312868
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/312868; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

33. Tacke F, Alvarez D, Kaplan TJ, Jakubzick C, Spanbroek R, Llodra J, Garin A, Liu J, Mack
M, van Rooijen N, et al. (2007) Monocyte subsets differentially employ CCR2, CCR5, and
CX3CRL1 to accumulate within atherosclerotic plaques. J Clin Invest 117: 185-94

34. Varga T, Mounier R, Gogolak P, Poliska S, Chazaud B, Nagy L (2013) Tissue LyC6-
macrophages are generated in the absence of circulating LyC6- monocytes and Nur77 in a
model of muscle regeneration. J Immunol 191: 5695-701

35. Fadok VA, Bratton DL, Guthrie L, Henson PM (2001) Differential effects of apoptotic versus
lysed cells on macrophage production of cytokines: role of proteases. J Immunol 166: 6847-54
36. Huynh ML, Fadok VA, Henson PM (2002) Phosphatidylserine-dependent ingestion of
apoptotic cells promotes TGF-betal secretion and the resolution of inflammation. J Clin Invest
109: 41-50

37. Savill J, Fadok V (2000) Corpse clearance defines the meaning of cell death. Nature 407:
784-8

38. Xu W, Roos A, Schlagwein N, Woltman AM, Daha MR, van Kooten C (2006) IL-10-
producing macrophages preferentially clear early apoptotic cells. Blood 107: 4930-7

39. Scott RS, McMahon EJ, Pop SM, Reap EA, Caricchio R, Cohen PL, Earp HS, Matsushima
GK (2001) Phagocytosis and clearance of apoptotic cells is mediated by MER. Nature 411: 207-
11

40. Choi JY, Park HJ, Lee YJ, Byun J, Youn YS, Choi JH, Woo SY, Kang JL (2013)
Upregulation of Mer receptor tyrosine kinase signaling attenuated lipopolysaccharide-induced
lung inflammation. J Pharmacol Exp Ther 344: 447-58

41. Eken C, Martin PJ, Sadallah S, Treves S, Schaller M, Schifferli JA (2010) Ectosomes
released by polymorphonuclear neutrophils induce a MerTK-dependent anti-inflammatory
pathway in macrophages. J Biol Chem 285: 39914-21

42. DeBerge M, Yeap XY, Dehn S, Zhang S, Grigoryeva L, Misener S, Procissi D, Zhou X, Lee
DC, Muller WA, et al. (2017) MerTK Cleavage on Resident Cardiac Macrophages Compromises
Repair After Myocardial Ischemia Reperfusion Injury. Circ Res 121: 930-940

43. Wan E, Yeap XY, Dehn S, Terry R, Novak M, Zhang S, Iwata S, Han X, Homma S,
Drosatos K, et al. (2013) Enhanced efferocytosis of apoptotic cardiomyocytes through myeloid-
epithelial-reproductive tyrosine kinase links acute inflammation resolution to cardiac repair after
infarction. Circ Res 113: 1004-12

44. Buckley AF, Kuo CT, Leiden JM (2001) Transcription factor LKLF is sufficient to program T
cell quiescence via a c-Myc-dependent pathway. Nat Immunol 2: 698-704

45. Abram CL, Roberge GL, Hu Y, Lowell CA (2014) Comparative analysis of the efficiency and
specificity of myeloid-Cre deleting strains using ROSA-EYFP reporter mice. J Immunol Methods
408: 89-100

46. Garry GA, Antony ML, Garry DJ (2016) Cardiotoxin Induced Injury and Skeletal Muscle
Regeneration. Methods Mol Biol 1460: 61-71

22


https://doi.org/10.1101/312868
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/312868; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Figure Legends

Figure 1. Loss of KLF2 in myeloid-derived cells enhances the inflammatory
immune response to muscle injury.

A & B. RT-gPCR analy5|s for inflammatory markers in gastrocnemius muscles of WT
(red) and myeKIf2” (blue) mice were taken at day 3 following placebo (solid fill) or CTX
(striped) injury.

C & D. RT-gPCR analy5|s for inflammatory markers in gastrocnemius muscles of WT
(red) and myeKIf2” (blue) mice were taken at day 5 following placebo or CTX injury.
* indicates significant difference at p < 0.05; n = 4.

Figure 2. Injured muscles of myeKIf2” mice recruit greater numbers of circulating
Ly6C" monocytes than WT mice.

A - C. Representative flow cytometrlc analysis showing Ly6C" cells present in injured
muscles of WT (A) and myeKIf2 (B) mice at day 3 following CTX injury. Vertical axis:
Ly6C count. Horizontal axis: number of cells. Results are expressed as the percentage
of mononuclear cells isolated from muscle. The panel 2C is the comparative graph of
Ly6C* expression between WT and myeKIf2” mice at day 3 (n = 6; p<0.05).

D - F. Representative flow cytometrlc analysis showing Ly6C" cells present in injured
muscles of WT (D) and myeKIf2" (E) mice at day 5 following CTX |njury The panel 2F
is the comparatlve graph of Ly6C* expression between WT and myeKIf2” mice at day 5
(n = 6; p<0.05).

Figure 3. Infiltrating Ly6C* monocytes mature earlier into inflammatory
macrophages that are phenotypically Ly6C", CD11b", F4/80".

A — F. Day 3 post injury: Ly6C" and Ly6C cells were gated from regenerating
gastrocnemius muscles of WT (3A to 3C) and myeKIf2”" (3D to 3F) mice, and further
sorted by flow cytometry using antibodies against CD11b (horizontal) and F4/80
(vertical). 3B and 3E, macrophages that are triple positive for Ly6C*, CD11b", and
F4/80" (circled). 3C and 3F, macrophages that are triple positive for Ly6C", CD11b" and
F4/80" (n =6; p<0.05).

G - L. Day 5 post injury: Same sorting strategy. 3G to 3I, WT; 3J to 3L, myeKIlf2™.
Circles indicate the triple positive cells used for counting (n =6; p<0.05).
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Figure 4. Expression of CCR5 and MerTK is enhanced in injured muscles of
myeKIf2” mice.

A. Gastrocnemius muscles were obtained from WT and myeKIf2” mice at days 3 and 5
post CTX injury and stained and sorted by flow cytometry using antibody against CCR5.
The expression of CCR5 was increased in myeKIf2” mice compared to WT on both the
days tested (n=5, p<0.05 for days 3 and 5 post CTX).

B. Same strategy was followed and sorted by flow cytometry using antlbody against
CCR2 but there was no difference in expression between WT and myeKIf2” mice (p =
insignificant).

C. Representative flow cytometry analysis for gastrocnemius muscles that were
obtained from WT and myeKIf2" mice at days 3 and 5 post CTX injury and stained and
sorted usmg antibody against MerTK. The expression of CCR5 was increased in
myeKIf2"~ mice compared to WT on both the days tested (n=5, p<0.01 for days 3 and 5
post CTX).

Figure 5. Markers of satellite cell activation and myogeneS|s appear earlier and
are enhanced in regenerating muscles of myeKlIf2” mice.

A & B. RT-gPCR anaIyS|s for myogenesis markers in gastrocnemius muscles of WT
(red) and myeKIf2”" (blue) mice were taken at day 3 following placebo (solid fill) or CTX
(striped) injury.

C & D. RT- qPCR analysis for myogenesis markers in gastrocnemius muscles of WT
(red) and myeKIf2”" (blue) mice were taken at day 5 following placebo or CTX injury.
* indicates significant difference at p < 0.05; n = 4.

Figure 6. Regeneratlon is accelerated and completed normally in injured muscles
of myeKIf2" mice.

A. Representatlve H&E stained cross sections of gastrocnemius muscles from WT and
myeKIf2" mice. Sections were taken from uninjured and CTX-injured muscles at days 5,
8, 14 and 21 post treatment. Scale bar 100 pm.

B. Laminin labeled sections at days 8 and 14 post CTX treatment. Laminin was used to
visualize fiber perimeters for determining cross-sectional areas.

C. Mean cross-sectional areas and number of central nuclei in fibers of WT and

myeKIf2” mice on day 14 after CTX injury.
* indicates statistically significant difference at p<0.05 and n =5 for each genotype.
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Figure 5:
A.
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Figure 6:
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