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Abstract

Following injury to different tissues, macrophages can contribute to both regenerative and fibrotic
healing. These seemingly contradictory roles of macrophages may be related to the markedly
different phenotypes that macrophages can assume upon exposure to different stimuli. We
hypothesized that fibrotic healing after traumatic muscle injury would be dominated by a pro-
fibrotic M2a macrophage phenotype, with M1 activation limited to the very early stages of repair.
We found that macrophages accumulated in lacerated mouse muscle for at least 21 days,
accompanied by limited myofiber regeneration and persistent collagen deposition. However,
muscle macrophages did not exhibit either of the canonical M1 or M2a phenotypes, but instead
upregulated both M1- and M2a-associated genes early after injury, followed by downregulation of
most markers examined. Particularly, IL-10 mRNA and protein were markedly elevated in
macrophages from 3 day injured muscle. Additionally, though flow cytometry identified distinct
subpopulations of macrophages based on high or low expression of TNFa., these subpopulations
did not clearly correspond to M1 or M2a phenotypes. Importantly, cell therapy with exogenous
M1 macrophages but not non-activated macrophages reduced fibrosis and enhanced muscle fiber
regeneration in lacerated muscles. These data indicate that manipulation of macrophage function
has potential to improve healing following traumatic injury.

Keywords
Macrophage; tissue repair; inflammation; skeletal muscle; injury

Introduction

Skeletal muscle injuries are among the most common injuries suffered during sporting
activities, military combat, and accidents of daily life. Repair of the muscle after traumatic
or exercise-induced injury is prolonged and incomplete. Return to pre-injury activity often

To whom correspondence should be addressed: Timothy J. Koh, PhD Department of Kinesiology and Nutrition University of lllinois
at Chicago 1919 W. Taylor St. (m/c 994, Rm 529), Chicago, 11 60612, USA tjkoh@uic.edu Tel: 312-413-9771, Fax: 312-413-0319.

The authors declare that no conflicts of interest exist and that the manuscript is original work and not currently being considered by
another publication.

Author Contributions TK and MN designed the experiments, interpreted data, and wrote the paper. MN carried out the experiments,
analyzed data, and generated the figures. EWH carried out the experiments and analyzed data.

Online Supporting Information 1. Supplemental Materials and Methods contains additional experimental detail.
2. Supplemental Figure 1 presents gene expression data normalized by the 2~ACT method.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Novak et al.

Page 2

takes months, while injured muscle tissue is replaced by fibrotic scar tissue, which persists
indefinitely [1]. Muscle force production is decreased due to the non-contractile nature of
the scar, and the scar site is highly susceptible to re-injury [1]. In order to develop improved
treatments for traumatic muscle injuries, a better understanding of the mechanisms
underlying muscle regeneration and fibrosis is necessary.

Numerous studies have demonstrated that macrophages are essential for skeletal muscle
regeneration [2—4]; however macrophages have also been implicated in fibrosis of numerous
tissues [5-8]. The diverse functions of macrophages in tissue repair may be explained in part
by the remarkable plasticity of these cells, which exhibit diverse and often opposing
phenotypes when exposed to different environmental stimuli. Inflammatory stimuli such as
bacterial components or IFN<y produce a “classically activated” macrophage phenotype, also
called “M1”, characterized by production of reactive oxygen and nitrogen species and pro-
inflammatory cytokines [9]. Additionally, M1 macrophages promote myoblast proliferation
and reduce fibroblast collagen production in culture [2,10-12]. Macrophages also exhibit a
spectrum of non-inflammatory, “alternatively activated” phenotypes, also referred to as
“M2” activation [9,13]. One of the most well described M2 phenotypes, “M2a”, results from
stimulation with IL-4 or IL-13, which increases macrophage expression of the mannose
receptor CD206 and the scavenger receptor CD36 [14-17]. Additionally, because M2a
macrophages express high levels of TGFp and arginase in vitro [12,18], these cells are
frequently termed “wound healing” macrophages [13,19-21] and have been implicated in
fibrosis of numerous tissues [5,22—25]. In culture, M2a macrophages promote myoblast
differentiation and fusion, but also increase collagen production by fibroblasts [2,12].
However, current knowledge of macrophage phenotype is largely derived from in vitro
studies, and an M1 or M2a phenotype of macrophages in vivo is frequently extrapolated
based solely on expression of a small set of phenotypic “markers” [26—30]. Due to the
remarkable responsiveness of macrophages to their environment, in vitro-defined
phenotypes rarely have precise in vivo counterparts [13,31], and convincing evidence that
macrophages of a strictly M1 or M2a phenotype are present during tissue repair in vivo is
lacking.

After toxin-induced muscle injuries that result in good regenerative outcomes, invading
macrophages transition from a pro-inflammatory to an anti-inflammatory phenotype, then
disappear from the muscle as healing progresses [2,3]. However, whether macrophages
during the different stages of muscle healing correspond to in vitro-defined M1 and M2
phenotypes remains to be determined. Additionally, little is known about the contribution of
macrophages to repair of exercise- or trauma-induced muscle injuries, which are more
representative of common human injuries and result in persistent fibrous scars.

We hypothesized that fibrosis after traumatic skeletal muscle injury would be accompanied
by prolonged macrophage accumulation, and that macrophages would be biased toward the
pro-fibrotic M2a phenotype, especially during later stages of repair. We also hypothesized
that cell therapy with exogenously activated M1 macrophages would enhance regeneration
and reduce fibrosis. However, while persistent macrophage accumulation was observed after
laceration, macrophages did not exhibit either of the canonical in vitro-defined phenotypes.
Instead, macrophages upregulated both M1 and M2a markers early after injury, followed by
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an apparent deactivation. Although flow cytometry identified distinct subpopulations of
macrophages at day 3 based on high or low expression of TNFa, these did not clearly
correspond to M1 or M2a phenotypes. In contrast to the common view that M1 macrophages
exacerbate tissue damage [13,20,32], treatment of injured muscles with exogenous M1
macrophages reduced fibrosis and enhanced muscle regeneration.

Materials and Methods

An expanded Materials and Methods is available as supplemental material.

Muscle Injury

Bilateral laceration of the gastrocnemius muscles of C57BL/6 mice was adapted from a
previously described protocol [33]. Briefly, mice were anesthetized, a longitudinal incision
was made on the posterior hindlimb, and a scalpel was used to lacerate the muscle
transversely at its widest point through the entire thickness of the lateral half of the muscle,
taking care to preserve the central neurovascular complex. The skin was closed, and the
procedure was repeated on the contralateral leg.

Ethical Aspects

Histology

The Animal Care Committee at the University of Illinois at Chicago approved all
experimental procedures.

Cryosections from the center of the injury site were stained by hematoxylin and eosin,
Masson's trichrome, or immunohistochemistry. Regeneration was quantified in hematoxylin
and eosin-stained sections, with normal or regenerating fibers identified by peripherally or
centrally located nuclei, respectively, without evidence of damage; damaged area was
defined as area not occupied by either normal or regenerating muscle fibers. Collagen
accumulation was quantified as percent blue area in cryosections stained by Masson's
trichrome. Macrophage or neutrophil accumulation was quantified as percent F4/80 or
Ly6G-stained area, respectively, by standard immunohistochemical methods.

Muscle macrophage isolation by MACS

Lateral heads of the gastrocnemius muscles were enzymatically digested; cell suspensions
were depleted of neutrophils, T-cells, and B-cells by MACS negative selection with anti-
Ly6G, anti-CD3, and anti-CD19 (Biolegend and Miltenyi Biotec); and macrophages were
isolated by MACS positive selection with anti-CD11b (Miltenyi Biotec). Thus, macrophages
were obtained as the CD11b-positive, Ly6G/CD3/CD19-negative fraction.

Culture and activation of bone marrow-derived macrophages

Bone marrow derived macrophages were cultured as previously described [3], and day 6
cultures were treated with 10ng/ml each IFN+y and TNFa, or 10ng/ml 1L-4, or 10ng/ml
IL-10 to obtain M1, M2a, and M2c macrophages, respectively. After 24h of cytokine
exposure, macrophages were harvested for RNA isolation or macrophage cell therapy.
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RNA isolation and real-time PCR

Total RNA was isolated from muscle-derived macrophages and bone marrow derived
macrophages using the RNeasy kit (Qiagen) and reverse-transcribed using the Thermoscript
RT-PCR system (Invitrogen). Real-time PCR was performed using TagMan Gene
Expression Assays (Applied Biosystems) for mouse IL-1p, TNFa., inducible nitric oxide
synthase (iNOS), IDO1, CXCL10, CD36, CD206, TGFp, Retnla (Ym1), IL-10, and
GAPDH. Relative expression was determined using the 2724CT method [34]. Supplemental
Figure 1 presents data from the same set of experiments, normalized as 272€T,

IL-10 secretion

Muscle-derived macrophages were cultured for 20 hours, conditioned media were collected
and centrifuged, and the supernatant was analyzed for IL-10 using the Mouse IL-10 ELISA
Ready-SET-Go kit (eBioscience).

Flow cytometry

Total cells present in muscle following laceration injury were isolated via enzymatic digest.
Fcy receptors were blocked with anti-mouse CD16/CD32 (BD Biosciences), and
extracellular antigens were labeled with FITC-, Alexa488-, or PE-conjugated antibodies
against F4/80 (Biolegend), CD206, or CD36 (Serotec), or with non-specific isotype controls.
Cells were then fixed and permeabilized, and intracellular antigens were labeled with PE-,
PerCP-Cy5.5-, or APC-conjugated antibodies against TGFB, TNFa (Biolegend), or IL-10
(eBioscience), or with non-specific isotype controls.

Macrophage cell therapy

Results

Gastrocnemius muscles were lacerated and bone marrow macrophages were grown as
described above. Injection of M1 macrophages, non-activated macrophages, or PBS vehicle
was performed at 7 days post-laceration. After an additional 7 or 14 days (i.e. 14 or 21 days
post-injury), muscles were collected for histological analysis of regeneration and fibrosis.

Muscle laceration heals by both regeneration and fibrosis

Consistent with previous studies [35,36], lacerated gastrocnemius muscle healed by a
combination of regeneration and fibrosis. At 3 days post-laceration, the injured site was
largely comprised of loose granulation tissue and degenerating myofibers (Figure 1A & E).
By 7 days post-injury, centrally nucleated regenerating myofibers began to appear. The
percent of total muscle area occupied by regenerating myofibers increased from 7 to 14 days
post-injury, with a corresponding decrease in damaged, non-regenerated area. Subsequently,
at 21 and 28 days post-injury, there was a gradual increase in percent area composed of
mature, peripherally nucleated myofibers and a corresponding decrease in regenerating area.
However, the percent damaged, non-regenerated area did not significantly decrease below
~40% after 14 days post-injury, indicating incomplete regeneration (Figure 1A). This
contrasts with healing after toxin-induced muscle injury, which results in complete
regeneration [3,37,38]. Furthermore, after 14 days, injured muscles contained a larger total
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number of myofibers versus uninjured (Figure 1B). However, the average cross sectional
area of individual myofibers failed to increase with time (Figure 1C), remaining at ~30% of
the average uninjured myofiber size. Additionally, collagen accumulation was evident by 14
days post-injury, and this fibrosis persisted for at least 28 days (Figure 1D & E).

Muscle laceration results in persistent macrophage accumulation, but these macrophages
are not of M1 or M2a phenotype

Macrophage accumulation was elevated by 3 days post-injury, peaked around 7 days, and
subsequently declined (Figure 2A). However, macrophage accumulation remained elevated
over uninjured levels for at least 21 days post-injury. In contrast, neutrophil accumulation
peaked around 1-3 days post-injury, then rapidly returned to uninjured levels (Figure 2B).
To determine whether macrophages transition from an early M1-like to a prolonged M2a-
like phenotype, we isolated macrophages from injured and uninjured muscles by magnetic
separation and examined expression of M1 and M2a-associated genes. Compared to resident
macrophages isolated from non-injured muscle, expression of the M1-associated cytokines
IL-1B and TNFa were elevated in muscle macrophages at 1 and 3 days post-injury and
subsequently declined towards uninjured levels (Figure 3A&B). Macrophage expression of
both of these cytokines at 1 and 3 days post-injury was comparable to that of in vitro
activated M1 macrophages. In contrast, message levels of iNOS and IDO1 were low or
undetectable in muscle macrophages at all time points, despite robust expression in cultured
M1 macrophages (Figure 3C&D). Additionally, the M1-associated chemokine CXCL10
exhibited a trend for increased expression in muscle macrophages after injury (Figure 3E;
ANOVA on ranks p=0.054 for time effect), but remained low in comparison to in vitro
activated M1 macrophages. Contrary to expectations of an M1-to-M2a transition, expression
of the M2a marker CD206 was not elevated over resident macrophage expression at any
time point after injury, and was expressed at low levels by muscle macrophages compared to
in vitro M2a positive controls (Figure 3F). Furthermore, macrophage expression of the M2-
associated genes CD36, TGFB, and IL-10 peaked relatively early at 3 days post-injury
(Figure 3G, H, & J). Ym1 expression in resident macrophages was comparable to that of in
vitro activated M2a macrophages (Figure 31); after injury, muscle macrophage expression of
Ym1 was significantly decreased for at least 14 days relative to resident macrophage
expression, with the most pronounced reduction occurring at 1-3 days after injury (Figure
3l).

In contrast to the relatively modest upregulation of CD36 and TGFp in muscle macrophages
after injury, median macrophage expression of IL-10 at 3 days post-injury was elevated
approximately 11- and 40-fold over in vitro M2c and M2a positive controls, respectively,
and 40-fold versus resident muscle macrophage expression (Figure 3J). To determine
whether this powerfully anti-inflammatory cytokine was also upregulated at the protein
level, we isolated macrophages from injured and uninjured muscles and measured cytokine
secretion. Resident macrophages from uninjured muscle did not secrete detectable amounts
of IL-10. However, IL-10 secretion was markedly elevated in macrophages from 3 day
injured muscle, and declined by 7 days post-injury (Figure 3K). Interestingly, in vitro-
activated M2a and M2c bone marrow-derived macrophages did not secrete detectable
amounts of IL-10 (not shown).
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Though the absence of iINOS and IDO1 and low levels of CD206 and Ym1 mRNA
expression indicate that canonical M1 and M2a macrophages are not present in lacerated
muscle, these mMRNA data do not preclude the presence of separate M1-like and M2-like
populations, which could result in the observed simultaneous expression of M1- and M2a-
associated genes at 3 days post-injury. Alternatively, mixed gene expression at day 3 may
reflect a homogeneous macrophage population that exhibits both M1-like and M2-like
characteristics. To distinguish between these possibilities, we analyzed intracellular cytokine
content and cell surface activation markers by flow cytometry. At 3 days post-injury, muscle
macrophages (gated as F4/80+ cells (Figure 4A&C)) were separable into distinct TNFa.-
high and —low subpopulations (Figure 4E). Both TNFa-high and -low macrophages
exhibited similar levels of TGF and IL-10 expression (Figure 4E&F). CD206 was barely
detectable over isotype control labeling (not shown), consistent with low levels of mMRNA
expression. CD36 exhibited a wide range of expression; however, CD36-high and -low
macrophages exhibited similar levels of IL-10 and IL-1p (Figure 4G&H). There was also no
clear correlation, negative or otherwise, between expression of CD36 and expression of
TNFa. While a distinct population of TNFa-high, CD36-mid macrophages was observed,
macrophages at all levels of CD36 expression exhibited a wide range of TNFa expression
(Figure 4l). Taken together, these data indicated that muscle macrophages at 3 days post-
injury do not clearly correspond to M1 and M2a phenotypes, which would be expected to be
TNFa-high//1L-1B-high/CD36-low/IL-10-low and TNFa-low/IL-1B-low/CD36-high/IL-10-
high, respectively. Nonetheless, day 3 macrophages can be partitioned based on high or low
TNFa expression, which may correspond to more general pro- and non-/anti-inflammatory
phenotypes.

Cell therapy with M1 macrophages reduces muscle fibrosis and enhances myofiber
regeneration after traumatic injury

While canonical M1 and M2a macrophages do not appear to be present in lacerated muscle,
in vitro studies have demonstrated that M1 macrophages can enhance myoblast proliferation
and decrease fibroblast collagen production [2,12]. Therefore, we hypothesized that cell
therapy with exogenous M1 macrophages would improve muscle healing after laceration.
Bone marrow-derived macrophages were cultured and activated to an M1 phenotype, then
injected into lacerated gastrocnemius muscles at 7 days post-injury. Preliminary experiments
showed that injected M1 macrophages remained within the muscle for only a few days, as
CFSE-labeled donor macrophages were detected within the muscle at 1 day post-injection
but not at 3 days (Figure 5A); similar results were obtained using macrophages from CD45.1
donor mice (not shown). Cell therapy with M1 macrophages caused a dose-dependent
reduction in fibrosis at 14 days post injury; 2x108 M1 macrophages produced a significant
reduction in collagen accumulation, while lower doses produced a non-significant trend or
had no effect (Figure 5B&C). Therefore, a dose of 2x10% M1 macrophages was used for all
subsequent experiments. M1 macrophage cell therapy significantly reduced collagen
accumulation in lacerated muscles at 14 and 21 days post-injury (Figure 6A&B) and also
reduced percent damaged area at 21 days post-injury (Figure 6C). This reduction in
damaged area was due to an increase in myofiber cross-sectional area (Figure 6D); myofiber
number was unaffected by M1 macrophage therapy (Figure 6E). Importantly, M1 activation
was required for macrophage cell therapy to be effective, since injection of 2x10° non-

J Pathol. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Novak et al. Page 7
activated bone marrow-derived macrophages did not alter collagen accumulation or
regeneration at 14 days post-injury (Figure 6F&G). In summary, cell therapy with
exogenous M1 macrophages reduces fibrosis and enhances regeneration in lacerated skeletal
muscle.

Discussion

Macrophages are essential for efficient muscle regeneration but can also contribute to
fibrosis across numerous tissues. These contrasting roles of macrophages during tissue
repair may be due to the ability of macrophages to assume a variety of functional
phenotypes upon exposure to different stimuli. Data from the present study demonstrate
prolonged macrophage accumulation during fibrotic healing after traumatic muscle injury.
However, macrophages in injured muscle exhibited neither a strictly M1 nor M2a
phenotype. Instead, macrophages at early time points after injury expressed a mix of both
M1- and M2a associated markers, followed by a decrease in expression of most markers
examined. In particular, IL-10 mRNA and protein secretion were highly elevated in
macrophages from 3 day injured muscle. Additionally, though pro- and non-inflammatory
macrophage subpopulations were identified based on levels of TNFa, these did not clearly
correspond to M1 or M2a phenotypes. Importantly, cell therapy with M1 macrophages
reduced collagen accumulation and enhanced regeneration in injured muscles. These
findings improve our understanding of macrophage phenotypes during in vivo tissue repair
following traumatic injury, and provide insight into potential macrophage-based therapies to
improve muscle healing.

While macrophages are widely acknowledged to exhibit a broad spectrum of phenotypes
that can only be partially mimicked in culture, the supposition that M2a or M2a-like
macrophages perform tissue repair or wound healing functions in vivo remains remarkably
persistent [13,19-21]. In cell culture, M2a macrophages produce a variety of factors that are
important for tissue repair, including TGFp, arginase, growth factors, and ECM components
[12,13,18]. Invivo, M2a “markers” such as CD206 and arginase are expressed by
macrophages in skin wounds [39,40], dystrophic muscle lesions [24,26], and ischemic
kidneys [28]. However, while M2a macrophages are defined in vitro by IL-4/-13 activation,
neither IL-4 nor its receptor is required for expression of CD206 by wound macrophages
[40]. Additionally, CD206 is expressed at similar levels by wound macrophages with both
high and low expression of the M1-associated cytokine TNFa [40]. These data indicate that
bona fide M2a macrophages are not present in murine skin wounds [41], and caution against
extrapolating a complete macrophage phenotype from a small number of phenotypic
“markers” such as CD206.

The present study assessed a battery of mMRNA and protein markers associated with M1 and
M2a activation, and found that macrophages after muscle laceration injury do not exhibit
either strictly M1 or M2a phenotypes. The muscle macrophage population at 1 day post-
injury bears only a limited resemblance to in vitro M1 macrophages: both types of
macrophages express similarly high levels of IL-1p and TNFa and low levels of CD206;
however, IL-10 is expressed by day 1 muscle macrophages but not M1 macrophages, and
iNOS and IDO1 are expressed in M1 macrophages but low or absent in muscle macrophages
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(Figure 3). Subsequently, at 3 days post-injury both M1 and M2a markers are expressed
simultaneously by muscle macrophages, followed by a decrease in expression of most
markers examined. At 3 days post-injury, muscle-derived macrophages were comparable to
cultured M1 macrophages in expression levels of numerous genes, including IL-1p, TNFa.,
CD206, CD36, and TGFp (Figure 3). However, very high expression of I1L-10, low
expression of CXCL10, and complete absence of iNOS and IDO1 in day 3 muscle
macrophages indicate that these macrophages are not entirely of the M1 phenotype.
Additionally, contrary to our hypothesis of an M1-to-M2a switch, macrophage expression of
the M2a-associated genes CD36 and TGFp decreased after day 3, Ym1 expression was low
at all time points after injury, and CD206 expression was not significantly elevated over
resident macrophage expression at any time point and was very low compared to cultured
M2a macrophages (Figure 3). A limitation of this study is that direct comparisons of gene
expression between cultured macrophages and muscle-derived macrophages are necessarily
complicated by the additional isolation steps needed to obtain macrophages from muscles,
and potential phenotypic changes during digestion and magnetic separation cannot be ruled
out. However, muscle-derived macrophages at all time points underwent identical
processing, and therefore relative gene expression within the in vivo time course should not
be affected by the isolation procedure. In summary, data from the present study indicate that,
during repair of skeletal muscle laceration, the macrophage population transitions from an
early heterogeneous and hybrid phenotype expressing both M1- and M2-associated markers
to an apparently deactivated phenotype during the later stages of repair.

At 3 days post-injury, muscle macrophages exhibited high levels of IL-10 mRNA expression
and protein secretion, which may contribute to the apparent macrophage deactivation
observed at subsequent time points. IL-10 is a powerful anti-inflammatory cytokine that can
suppress M1 activation of macrophages [42—44] and may also inhibit M2a activation [45].

In addition to modulating activation by other cytokines, IL-10 exposure in vitro produces an
“M2c” phenotype [9]; however, the mRNA expression profile of muscle macrophages at 14
days post-injury bore only a partial resemblance to in vitro activated M2c macrophages
(Figure 3). Specifically, while M2c macrophages and 14 day muscle macrophages both
exhibited low expression of pro-inflammatory cytokines and CD36, expression of TGFp and
CD206 was considerably lower in 14 day muscle macrophages versus M2c macrophages.
These data, while limited, suggest that muscle macrophages during the later stages of repair
are not analogous to in vitro activated M2c macrophages, despite the ample production of
IL-10 by muscle macrophages during earlier stages of repair. Future studies will determine
whether IL-10 production by muscle macrophages contributes to their subsequent
deactivation.

While the macrophage populations present after muscle injury do not conform to M1/M2
classification, knowledge of the actual phenotypes present may provide insight into
strategies for improving healing. For example, the apparent deactivated phenotype present
during the later stages of repair suggests that increasing macrophage activation may improve
healing. Exogenous M1 macrophages have previously been shown to improve engraftment
of human myoblasts into injured or dystrophic muscles of immunodeficient mice [46];
however this previous study did not examine regeneration or fibrosis after injury. In the
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present study, donor M1 macrophages reduced collagen accumulation and enhanced
myofiber regeneration in injured muscle, while non-activated macrophages had no effect. A
limitation of this study is that we have not yet characterized potential phenotypic changes of
exogenous M1 macrophages, and have only begun to examine their mechanism of action.
Introduction of M1 macrophages into the muscle may accelerate clearance of necrotic
myofibers, though phagocytosis was not directly measured in this study. In vitro studies
have shown that M1 macrophages promote myoblast proliferation and suppress fibroblast
collagen production [2,12]; these mechanisms may also contribute to improved healing and
reduced fibrosis with M1 macrophage therapy. However, M1 macrophage therapy did not
alter the number of regenerating myofibers but instead increased myofiber cross sectional
area, arguing against increased myoblast proliferation as the mechanism of improved
healing. Instead, accelerated debris clearance and/or reduction of collagen accumulation
with M1 macrophage therapy may allow for myofiber hypertrophy and enhanced
regeneration. Alternately, exogenous M1 macrophages may alter their phenotype, or the
phenotypes of endogenous macrophages, upon delivery to the injured muscle, resulting in
production of factors promoting myoblast differentiation and fusion [2,46]. Future studies
will address potential phenotypic changes of exogenous M1 macrophages, as well as
interactions between exogenous and endogenous macrophages.

Macrophage cell therapy has been useful in improving healing of numerous tissues, and
activation to an M1, M2a, or other state may alter their ability to promote repair [6,47-51].
Our present demonstration of the beneficial effects of M1 macrophage therapy after muscle
injury contrast with a previous study of chronic renal inflammatory disease, in which
transfusion of M1 macrophages increased fibrosis and renal injury, treatment with M2a
macrophages reduced fibrosis, and non-activated macrophages had no effect [6]. Prior
macrophage activation may not be necessary to promote repair in all tissues, however, as
naive bone-marrow derived macrophages reduced fibrosis in a mouse model of liver injury
[47]. A variant of macrophage cell therapy has also been used to enhance healing of human
wounds. Hypoosmotically activated blood cell suspensions, which contain monocytes/
macrophages and other leukocytes [52], enhance healing of ulcers in elderly and diabetic
patients [48-50] and also reduce mortality and duration of hospitalization in patients with
infected sternal wounds [51]. Together, these studies in rodents and humans highlight the
promise of macrophage cell therapy for enhancement of tissue repair, but also indicate that
the ideal macrophage phenotype may differ based on the specific needs of the damaged
tissue. Additionally, the well-known plasticity of macrophages may allow for phenotypic
changes of donor cells upon introduction to a tissue repair environment; this may complicate
maintenance of an “ideal” phenotype by the donor cells, but also presents opportunities for
investigation of factors that regulate macrophage phenotype in vivo, or potentially guiding
phenotypic changes of macrophages over the course of healing.

In conclusion, this study demonstrates that macrophages during repair of traumatic skeletal
muscle injuries do not correspond to in vitro-defined M1 or M2a phenotypes. Instead, the
muscle macrophage population exhibits a transition from an early heterogeneous and hybrid
phenotype to a subsequent deactivated state, possibly due to macrophage production of
IL-10. Because the functions of such hybrid macrophages are difficult to predict, we suggest
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that, for future studies, investigation of macrophage functions important for tissue repair,
such as phagocytosis or matrix remodeling, may prove more useful than attempts to match
endogenous tissue repair macrophages to in vitro-defined phenotypic categories that may not
actually exist in vivo. The present study also provides proof-of-concept for in vitro-activated
macrophages as cell therapy, as exogenous M1 macrophages decreased fibrosis and
enhanced regeneration in lacerated muscle. An improved understanding of the reciprocal
regulation of macrophage phenotype and the tissue repair environment may help to develop
and refine macrophage-based therapies to promote healing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lacerated muscle heals by both regeneration and fibrosis
Gastrocnemius muscles were lacerated and collected for histological analysis at the

indicated time-points. For each muscle, sections with the largest percent damaged area were
selected for analysis. Uninjured muscles served as controls. (A) Percent of total cross-
sectional area occupied by centrally nucleated (“Regenerating”) or peripherally nucleated
(“Normal”) fibers was quantified in five 40x fields per muscle in hematoxylin and eosin
stained sections. “Damaged” area was defined as area not occupied by either type of
myofiber. (B) Number of myofibers per mm? in uninjured and injured muscles. (C) Average
cross-sectional area of individual myofibers. (D) Collagen accumulation was quantified as
percent blue pixels in three to six 20x fields per muscle in Masson's trichrome stained
sections. (E) Representative images of trichrome stained sections in uninjured muscle and at
indicated time points post-injury. Data are presented as mean +/= SD. * p<0.05 versus
uninjured. n=2-5 per time point. In (A), * indicates significance for percent damage area.
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Figure 2. Muscle laceration resultsin prolonged accumulation of macrophages but not
neutrophils

Gastrocnemius muscles were lacerated and collected for histological analysis at the
indicated time-points. For each muscle, sections with the largest percent damaged area were
selected for analysis. Uninjured muscles (0d) served as controls. (A) Macrophage
accumulation was quantified as percent F4/80-stained area in three to six 20x fields per
muscle. (B) Neutrophil accumulation was quantified as percent Ly6G-stained area in three
to six 20x fields per muscle. Data are presented as mean +/— SD. * p<0.05 versus uninjured.
n=2-6 per time point. Representative 20x images are shown for F4/80 (A) and Ly6G (B)
labeling in uninjured muscle, at peak macrophage or neutrophil accumulation, and after peak
accumulation. Scale bar =100um.
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Figure 3. Muscle macr ophage phenotype
Macrophages were isolated by magnetic separation from uninjured (0d) or lacerated

gastrocnemius muscles at the indicated time points. Muscle macrophages were obtained as
the CD11b-positive, Ly6G/CD3/CD19-negative cell fraction. As positive and negative
controls, bone marrow derived macrophages (right side of vertical bar in panels A-J) were
activated with IFNy and TNFa (M1), IL-4 (M2a), or IL-10 (M2c). Total RNA was isolated
and reverse transcribed, and expression of IL-1B (A), TNFa (B), iNOS (C), IDO1 (D),
CXCL10 (E), CD206 (F), CD36 (G), TGFB (H), YmL (1), and IL-10 (J) was analyzed by
real-time PCR. Expression of each gene was determined by the 2722CT method using
GAPDH as endogenous control. M1-associated genes (A—E) were normalized to in vitro
activated M1 macrophages, and M2-associated genes (F-J) were normalized to in vitro
activated M2a macrophages. (K) Macrophages were isolated by magnetic separation from
uninjured or injured muscles, equal numbers of macrophages were incubated for 20 hours,
and IL-10 secretion was measured by ELISA on the conditioned medium. Data did not pass
tests of normality and equal variance, and are presented with center line as median, boxes
representing the 251 and 75™ percentiles, whiskers representing the 10t and 90t
percentiles, and outliers as dots. * p<0.05 versus macrophages from uninjured (0d) muscle.
n=5-10 per time-point. In vitro activated macrophages were not included in statistical
comparisons.
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Figure 4. Macrophages at 3 days after muscle laceration are not separableinto M1 and M2a
subsets

Cells were isolated from gastrocnemius muscles at 3 days post-injury and labeled for flow
cytometry. Macrophages were defined as FITC-F4/80+ cells (A) or PEF4/80+ cells (C), with
lower threshold set based on background FL1 (B) or FL2 (D) fluorescence in unlabeled
cells. Density plots display macrophage expression of TGFP versus TNFa (E), IL-10 versus
TNFa (F), CD36 versus IL-10 (G), CD36 versus IL-1b (H) and CD36 versus TNFa. (1). In
panel G, cells in the upper left quadrant (arrow) likely represent non-specific labeling, as
this population was also seen in IgG control plots (not shown). Data are representative of 5
independent experiments of n=1-2 per experiment.

J Pathol. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Novak et al. Page 17

A

PBS

M1 Mp

Collagen Accumulation

20

PBS 0.5x10° 1x10° 2x10°
M1 Mp

o

% blue stained area

% Damaged Area

(2]

100

soiiii

PBS 05x106 1x108 2x108
M1 Mp

% of total
muscle area

Figure 5. Dose-dependent reduction in collagen accumulation with M 1 macrophage cell ther apy
PBS vehicle or 0.5x10%, 1.0x106, or 2.0x10% M1-activated bone marrow-derived

macrophages were injected into lacerated gastrocnemius muscles at 7 days post-injury. (A)
Donor macrophages were labeled with CFSE (green) prior to injection, muscles were
collected at the indicated time points, and cryosections were mounted with DAPI to label
nuclei (blue). (B) Collagen accumulation at 14 days post-injury (i.e. 7 days post-injection)
was quantified as percent blue pixels in three to six 20x fields per muscle in Masson's
trichrome stained sections. (C) Damaged area (i.e. area not occupied by myofibers) at 14
days post-injury was quantified in five 40x fields per muscle in hematoxylin and eosin
stained sections. Data are presented as mean +/— SD. * p<0.05 versus PBS control. n=4-8
muscles per time point and treatment condition.
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Figure 6. Cell therapy with M 1 macr ophages reduces collagen accumulation and enhances
muscle regeneration
(A-E) M1-activated bone marrow-derived macrophages or PBS vehicle were injected into

lacerated gastrocnemius muscles at 7 days post-injury and analyzed at 14 or 21 days post-
injury. (A) Representative trichrome stained images of lacerated muscles treated with PBS
(left) or 2 x108 M1 macrophages (right) at 14 (top) or 21 (bottom) days post-injury. Scale
bar = 100um. (B) Collagen accumulation was quantified as percent blue pixels in three to six
20x fields per muscle in Masson's trichrome stained sections from muscles injected with
PBS vehicle or 2 x106 M1 macrophages. (C) Damaged area (i.e. area not occupied by
myofibers) was quantified in five 40x fields per muscle in hematoxylin and eosin stained
sections. (D) Average cross-sectional area of individual myofibers in hematoxylin and eosin
stained sections. (E) Number of myofibers per mm? in hematoxylin and eosin stained
sections. (F&G) 2 x106 non-activated bone marrow-derived macrophages or PBS vehicle
were injected into lacerated gastrocnemius muscles at 7 days post-injury and analyzed at 14
days post-injury. (F) Collagen accumulation was quantified as percent blue pixels in
trichrome stained sections. (G) Damaged area (i.e. area not occupied by myofibers) was
guantified in hematoxylin and eosin stained sections. Data are presented as mean +/- SD. *
p<0.05 versus PBS control at same time point; # p<0.05 versus 14d time point within same
treatment group. n=4-7 per time point and treatment condition.
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