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Abstract

Leukemia inhibitory factor (LIF) can influence development by increasing cell proliferation and inhibiting differentiation.
Because of its potency for expanding stem cell populations, delivery of exogenous LIF to diseased tissue could have
therapeutic value. However, systemic elevations of LIF can have negative, off-target effects. We tested whether
inflammatory cells expressing a LIF transgene under control of a leukocyte-specific, CD11b promoter provide a strategy to
target LIF to sites of damage in the mdx mouse model of Duchenne muscular dystrophy, leading to increased numbers of
muscle stem cells and improved muscle regeneration. However, transgene expression in inflammatory cells did not increase
muscle growth or increase numbers of stem cells required for regeneration. Instead, transgene expression disrupted the
normal dispersion of macrophages in dystrophic muscles, leading to transient increases in muscle damage in foci where
macrophages were highly concentrated during early stages of pathology. The defect in inflammatory cell dispersion
reflected impaired chemotaxis of macrophages to C-C motif chemokine ligand-2 and local increases of LIF production that
produced large aggregations of cytolytic macrophages. Transgene expression also induced a shift in macrophage phenotype
away from a CD206+, M2-biased phenotype that supports regeneration. However, at later stages of the disease when
macrophage numbers declined, they dispersed in the muscle, leading to reductions in muscle fiber damage, compared to
non-transgenic mdx mice. Together, the findings show that macrophage-mediated delivery of transgenic LIF exerts
differential effects on macrophage dispersion and muscle damage depending on the stage of dystrophic pathology.

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://academic.oup.com/
https://doi.org/10.1093/hmg/ddab230


190 Human Molecular Genetics, 2022, Vol. 31, No. 2

Introduction
A recently developed strategy for targeting therapeutic molecules
to dystrophic muscle exploits inflammatory cells as natural
vectors to selectively express and deliver potentially beneficial
proteins to diseased muscle (1). Because inflammatory cells
rapidly invade dystrophic muscle specifically at the times
and locations where pathology is active, and afterwards they
naturally reduce in numbers and activity when pathology
attenuates, they provide a rapidly responsive, intrinsic system to
target disease. This targeting approach is especially valuable in
diseases such as Duchenne muscular dystrophy (DMD) which is
unpredictably ‘asynchronous’ (2), in which different muscles and
even different groups of muscle fibers in the same muscle occur
at different stages of injury and repair. As a consequence, foci of
muscle damage and necrosis can exist hundreds of micrometers
from sites where muscle fibers are experiencing regeneration or
hundreds of micrometers from sites where muscle fibers have
not experienced damage.

Leukemia inhibitory factor (LIF) has long been expected to
have potential therapeutic benefits in treating muscular dys-
trophy, attributable to its numerous influences on myogenesis.
For example, LIF stimulates myoblast proliferation in vitro (3–5),
which is mediated through the Jak2-Stat3 pathway (6) and may
also expand their numbers in vitro by reducing their frequency of
apoptosis (7). In addition, LIF can inhibit the formation of post-
mitotic, multinucleated myotubes in vitro by inhibiting myoblast
differentiation, which may also lead to expansion of myoblast
numbers (7). LIF can also affect growth of myotubes at later
stages of myogenesis in vitro by increasing their protein synthe-
sis via an Akt-mediated mechanism (8). These pro-myogenic,
anabolic influences of LIF on muscle cells in vitro are reflected
in the responses of muscle to changes in LIF expression or
delivery following muscle injury or in muscle disease. Elevations
of systemic LIF levels in mice experiencing acute muscle injury
or denervation cause faster growth of regenerative muscles (9,10)
and muscle regeneration following acute injury is slower in LIF-
null mutant mice (11). Similarly, increased delivery of LIF to
diaphragm muscles in the mdx mouse model of DMD produced
larger muscle fibers (12).

Although those in vitro and in vivo effects of LIF on myo-
genesis support its potentially beneficial role in the treatment
of injured and diseased muscle, increased delivery of LIF can
also cause negative, off-target effects. For example, prolonged,
systemic elevations of LIF in cancer can significantly increase
wasting of non-diseased muscle fibers (13–15), emphasizing the
importance of targeting LIF specifically to sites of active muscle
pathology, to enhance myogenesis at those sites. We previously
addressed this obstacle to targeting LIF specifically to sites of
pathological muscle damage by transplanting transgenic bone
marrow cells (BMCs) that expressed a LIF transgene under con-
trol of the leukocyte-specific, CD11b promoter (CD11b/LIF trans-
gene) (1). Because the transplanted cells subsequently differen-
tiated into inflammatory cells in which the LIF transgene was
expressed at high levels at sites of muscle damage, the system
provided a targeted delivery of LIF to sites of pathology. The
primary beneficial outcome of that therapeutic intervention was
a reduction in fibrosis, which is a debilitating feature of muscular
dystrophy (1).

Expression of the CD11b/LIF transgene in mdx mice also
produced a significant increase in the number of regenerating
fibers in dystrophic muscle, which could represent either a ben-
eficial or a detrimental effect of targeted delivery of LIF. On one
hand, the outcome could reflect improved muscle regeneration,

which would be consistent with many of the influences of LIF
on muscle cells in vitro. Alternatively, the increase in muscle
regeneration could also result from amplification of muscle fiber
damage, which would lead to more repair. In either scenario,
the LIF-induced changes in the extent of regeneration of dys-
trophic muscle could be caused by perturbations of the immune
response to muscular dystrophy, because LIF can modulate the
inflammatory response to injury or disease (16,17) and perturba-
tions of the immune response to muscular dystrophy can either
worsen muscle damage (18–21) or improve repair (1,21–26).

In the present investigation, we test whether expression of
the CD11b/LIF transgene in inflammatory cells leads to changes
in the function of inflammatory cells that can influence injury or
growth of dystrophic muscles. In particular, we assess whether
the CD11b/LIF transgene influences the numbers, distribution
or phenotype of innate immune cells or specific macrophage
subpopulations in dystrophic, mdx muscle and whether their
cytotoxicity or chemotactic response is affected. We also test
whether expression of the transgene amplifies muscle fiber
damage in vivo or influences the regeneration or growth of dys-
trophic muscles over the course of mdx dystrophy. Together, the
findings will contribute to the assessment of whether targeted
delivery of the CD11b/LIF transgene to dystrophic muscle has
promising therapeutic potential.

Results
We confirmed that LIF expression was elevated in macrophages
located in muscles of LIF/mdx mice by isolating macrophages
from pooled limb muscles obtained from LIF/mdx and WT/mdx
mice and assaying for LIF expression by QPCR (Fig. 1A). We next
investigated whether LIF protein occurred at elevated levels
where macrophages accumulated in transgenic muscles. Label-
ing of adjacent muscle cross-sections for CD68+ macrophages
(Fig. 1B), LIF protein (Fig. 1C) and CD206+ macrophages (Fig. 1D)
showed that LIF protein content was increased at sites enriched
with CD68+ macrophages but with fewer CD206+ macrophages.
Our previous findings demonstrated that LIF protein content
was greater in inflammatory lesions of LIF/mdx muscles com-
pared to WT/mdx muscles (1). We also assayed whether there
were higher levels of LIF protein in muscle fibers of LIF/mdx
mice compared to fibers in WT/mdx mice, which would indicate
ectopic expression of the gene in muscle, but found no sig-
nificant difference between the two genotypes (Supplementary
Material, Fig. S1). These data validate that the overexpression of
LIF in whole muscles of LIF/mdx mice results from LIF expression
by transgenic macrophages.

We then tested whether the greater co-localization of
LIF with M1-biased macrophages was attributable to greater
expression of LIF mRNA by M1-biased macrophages compared
to M2-biased macrophages. First, we validated that unstimulated
(Th0), bone marrow-derived macrophages (BMDMs) isolated
from LIF/mdx mice (CD11b/LIF+ BMDMs) expressed significantly
higher levels of LIF than BMDMs from WT/mdx mice (CD11b/LIF-
BMDMs) (Fig. 1E). We then assayed whether expression levels
of LIF were affected by whether CD11b/LIF+ BMDMs were
stimulated with Th1 (TNFα and IFNγ ) or Th2 cytokines (IL4 and
IL10). Th1 cytokines are expressed during pro-inflammatory
responses and activate macrophages toward an M1 phenotype
(27–31). Th2 cytokines downregulate inflammation and activate
an M2 phenotype in macrophages (20,21,23,27,29,30,32–35). Our
results show that stimulation of CD11b/LIF+ BMDMs with Th1
cytokines approximately doubled their production of LIF (Fig. 1E).
However, stimulation of CD11b/LIF+ BMDMs with Th2 cytokines
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Figure 1. LIF expression is elevated in intramuscular macrophages of LIF/mdx mice. Histogram of LIF expression in macrophages isolated from the hind limb muscles

of WT/mdx and LIF/mdx mice. (A). ∗ indicates significant difference compared to CD11b/LIF- muscle macrophages (P < 0.05). P-values are based on a two-tailed t-test.

N = 5 for WT/mdx and n = 3 for LIF/mdx mice. Bars = SEM. Immunolabeling of adjacent cross-sections with anti-CD68 (B), anti-LIF (C) and anti-CD206 (D) shows local,

elevated LIF protein content at sites that are most highly enriched with CD68+ macrophages in LIF/mdx muscles. Fibers that are numbered ‘1,’ ‘2’ or ‘3’ are individual

fibers that appear in adjacent sections, to provide reference points in the sections. Scale bars = 50 μm. QPCR analysis of CD11b/LIF- and CD11b/LIF+ BMDMs that were

unstimulated (Th0) or stimulated with Th1 or Th2 cytokines show increased expression of lif in M1-biased BMDMs (E). ∗ indicates significant difference between the

two groups indicated by the ends of the horizontal brackets (P < 0.05). N = 3 for all groups. P-values are based on two-way ANOVA with Tukey’s multiple comparisons

test. Bars = SEM.

did not affect LIF expression relative to Th0 transgenic BMDMs
(Fig. 1E). These findings show that expression of LIF in LIF/mdx
mice is highest in M1-biased macrophages, which indicates
that LIF is delivered to muscles in LIF/mdx mice primarily by
pro-inflammatory macrophages.

CD11b/LIF transgene expression reduces CD206+
macrophage numbers

We assessed the effects of CD11b/LIF transgene expression
on muscle inflammation in mdx mice during the acute
onset of pathology (1-month-old), successful regeneration

(3-months-old) and during the period of progressive degen-
eration (12-months-old) that includes progressive reductions
of satellite cell numbers and function, progressive reductions
in muscle fiber size, progressive increases in fibrosis and
progressive reductions in muscle strength (36–38). Although the
total number of CD11b + innate immune cells in mdx muscle
declined following the acute peak of pathology (Fig. 2 A-F; M),
transgene expression did not affect CD11b + cell numbers at
any stage (Fig. 2M). This negative result resembles the absence
of treatment effect of CD11b/LIF transgene expression on
CD68+ macrophages in mdx muscle (1). However, when we
assayed whether the transgene affected the numbers of CD206+,
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M2-biased macrophages (Fig. 2G-L, N), we observed a transgene-
mediated reduction in the numbers of CD206+ macrophages at
1-month and 3-months of age, although their numbers returned
to non-transgenic mdx levels by 12-months of age (Fig. 2N).
These findings indicate that CD11b/LIF transgene expression
selectively reduces the numbers of CD206+ macrophages in
dystrophic muscles at early stages of the disease.

Macrophage-mediated delivery of transgenic LIF
reduces macrophage dispersion

Although we found no effect of the CD11b/LIF transgene on total
numbers of CD11b + innate immune cells in mdx muscle, the
transgene dramatically influenced the dispersion of immune
cells in muscle. At the 1-month time-point, CD11b + (Fig. 3A),
CD68+ (Fig. 3B) and CD206+ (Fig. 3C) macrophages were broadly
dispersed throughout the muscles of WT/mdx mice. In contrast,
CD11b + (Fig. 3D) and CD68+ (Fig. 3E) showed clumped popula-
tion dispersions in LIF/mdx muscles, despite no effect of the
transgene on the total numbers in muscle of either cell popula-
tion (Fig. 2M) (1). CD206+ macrophages also exhibited a clumped
population dispersion in inflammatory lesions of LIF/mdx mice
(Fig. 3F), although the effect was not as apparent as it was for
CD68+ macrophages. The transgene did not affect macrophage
dispersion at the 3-month (Fig. 3G-L) or 12-month (data not
shown) time-points.

CD11b/LIF+ macrophages have reduced
chemotactic potential

The reduced numbers and dispersion of macrophages in
LIF/mdx muscles suggest that elevated levels of LIF can affect
macrophage chemotaxis within dystrophic muscles. We assayed
whether LIF could affect C-C motif chemokine ligand-2 (CCL2)
production in BMDMs because CCL2 is a potent chemoattractant
that plays a dominant role in recruiting macrophages to injured
tissues, including muscle (39–49). Analysis of the proportion
of F4/80+ macrophages that express CCL2 (F4/80 + CCL2+
cells) showed that macrophages are an in vivo source of CCL2
in LIF/mdx muscles (Fig. 4A–D). We observed a reduction of
more than 20% in the proportion of macrophages expressing
CCL2 in muscles of 1-month-old LIF/mdx mice and observed
a strong trend for the same effect at the 3-month time-point
(Fig. 4E). We confirmed that the reduction in CCL2 expression
was attributable to direct effects of LIF on macrophages by
stimulating BMDMs generated from wild-type C57 mice (WT
BMDMs) with recombinant LIF (rLIF), which reduced CCL2
secretion into the medium, relative to vehicle-stimulated
BMDMs (Fig. 4F). Similarly, BMDMs generated from LIF/mdx mice
(CD11b/LIF+ BMDMs) secreted less CCL2 than BMDMs generated
from WT/mdx mice (CD11b/LIF- BMDMs) in the absence of
rLIF stimulation (Fig. 4G). QPCR analysis confirmed decreased
expression of ccl2 by CD11b/LIF+ BMDMs (Fig. 4H).

In addition to reducing available CCL2, transgene expression
may also reduce the chemotactic response of macrophages to
CCL2. We used a chemotaxis assay to test whether CD11b/LIF
transgene expression could reduce the migration of BMDMs in
response to CCL2 and found that Th0 and M2-biased, CD11b/LIF-
BMDMs were responsive to CCL2 (Fig. 4I). However, expression of
the transgene by BMDMs eliminated their chemotactic response
to CCL2 (Fig. 4I). Collectively, our results show that elevated
expression of LIF by transgenic macrophages reduces their
expression of CCL2 and their chemotactic response to CCL2,
which may contribute to the disruption of normal dispersion of
macrophages in mdx muscles.

Muscle fiber damage is increased at sites of increased
macrophage accumulation

Prolonged activation of M1-biased macrophages in mdx muscles
can exacerbate fiber damage through muscle membrane lysis
(22,50,51). We assayed whether the localized increase in CD68+
macrophages could affect fiber damage in LIF/mdx muscles.
Labeling of injured (albumin+) fibers (52) in 1-month-old
muscles of WT/mdx (Fig. 5A) and LIF/mdx (Fig. 5B) mice showed
albumin+ fiber clusters that resembled CD68+ macrophage
clusters at the same time-point (Fig. 3). Labeling of adjacent
cross-sections of LIF/mdx muscles for CD68+ macrophages
(Fig. 5C), albumin+ fibers (Fig. 5D) and CD206+ macrophages
(Fig. 5E) confirmed co-localization of injured fibers to areas
enriched with CD68+ macrophages and relatively few CD206+
macrophages. Quantification of albumin+ fibers at each stage
of the pathology showed a transient increase in fiber damage of
LIF/mdx muscles at 1- and 3-months of age (Fig. 5F). However, at
12-months of age when macrophages are broadly dispersed
in muscles, LIF/mdx muscles showed significantly less fiber
damage (Fig. 5F). We also assayed whether transgene expression
affected variance of muscle fiber cross-sectional area, which
is also an indicator of muscle pathology (53,54), and found a
transient increase in fiber area variance at the 1-month time-
point (Fig. 5G). Increased variance occurs when there is increased
damage because there are more injured fibers and each injured
fiber can be at a different stage of repair and growth, which
increases size variance in the population.

In addition to increasing muscle damage by increasing
the numbers of M1-biased macrophages at sites of injury,
the transgene may also increase the cytotoxic potential of
individual macrophages. To test this possibility, we performed a
fluorescence microscopy-based cytotoxicity assay to measure
macrophage-mediated lysis of myoblasts. In this approach,
non-labeled BMDMs were co-cultured with muscle cells that
were pre-labeled with the fluorescent marker, CFSE (488 nm
emission). Following the cytotoxicity period, lysed cells were
labeled using GelRed (594 nm emission), a cell membrane-
impermeable DNA-binding dye. The proportion of lysed muscle
cells (CFSE+GelRed+ cells) out of total muscle cells (CFSE+ cells)
was quantified using fluorescence microscopy (Fig. 6A–F). We
validated the sensitivity of this assay by showing a positive
correlation between numbers of lysed muscle cells and numbers
of wild-type BMDMs present in the co-cultures (Fig. 6G). We used
this approach to test the cytotoxic potential of CD11b/LIF- and
CD11b/LIF+ BMDMs. The BMDMs were polarized to a cytolytic
phenotype using Th1 cytokines or left in an unpolarized state
prior to co-culturing the BMDMs with muscle cells. Although
Th1-stimulated BMDMs of both genotypes showed increased
cytotoxicity compared to genotype-matched, unpolarized
BMDMs, transgene expression had no effect on the cytotoxic
potential of Th1-stimulated or unstimulated BMDMs (Fig. 6H).
Our results indicate that increased muscle damage observed
in LIF/mdx mice is caused by increased, localized accumulation
of M1-biased macrophages at inflammatory lesions and not by
increased cytotoxic potential of CD11b/LIF+ macrophages.

LIF transgenic macrophages accumulate at sites
of mdx muscle growth and repair

Our previous work showed an increase in the numbers of
regenerating, developmental myosin heavy chain-positive
(dMHC+) fibers in LIF/mdx muscles (1), which suggested the
possibility that those sites of repair could be associated with
elevated numbers of transgenic macrophages. We tested
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Figure 2. CD11b/LIF transgene expression does not affect total numbers of leukocytes in dystrophic muscle, but specifically reduces numbers of CD206+ macrophages.

Cross-sections of WT/mdx (A-C, G-I) and LIF/mdx (D-F, J-L) muscles were immunolabeled with anti-CD11b (A–F) and anti-CD206 (G–L) to identify innate immune cells

and M2-biased macrophages, respectively. Muscle sections were labeled at the 1- (A, D G, J), 3- (B, E, H, K) and 12-month (C, F, I, L) time-points. Scale bars = 50 μm.

Numbers of CD11b + (M) and CD206+ (N) cells were normalized to muscle volume in mice of both genotypes along the course of pathology and show a reduction of

CD206+ macrophages in LIF/mdx muscles. ∗ indicates significant difference compared to age-matched, WT/mdx mice (P < 0.05). # and � indicate significant difference

compared to 1- and 3-month mice of the same genotype, respectively. P-values are based on two-tailed t-tests. CD11b + cell data: n = 5 for all groups. CD206+ cell data:

n = 7 for both groups at the 1-month time-point and n = 5 for all groups at the 3- and 12-month time-points. Bars = SEM.

whether high densities of macrophages were associated with
elevated numbers of dMHC+ fibers by labeling adjacent muscle
sections for CD68+ macrophages (Fig. 7A, D), dMHC+ fibers

(Fig. 7B, E) and CD206+ macrophages (Fig. 7C, F), which showed
that regions of muscle regeneration were most-enriched with
CD68+ macrophages. We then assayed whether the proportion
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Figure 3. The LIF/transgene inhibits dispersal of macrophages in dystrophic muscles. Muscle cross-sections of 1- (A–F) and 3-month-old (G–L) TA muscles from WT/mdx

(A-C, G–I) and LIF/mdx (D–F, J–L) mice were immunolabeled for macrophage markers to assess immune cell localization. Labeling with anti-CD11b (A, D, G, J), anti-CD68

(B, E, H, K) and anti-CD206 (C, F, I, L) shows that transgene expression modifies macrophage dispersion in LIF/mdx mice at 1-month, but not at 3-months of age. Scale

bars = 500 μm.

of CD68+ macrophages that were located at sites of muscle
regeneration was greater in LIF/mdx muscles and observed a
nearly 2-fold increase in the density of CD68+ cells at areas
of regeneration in LIF/mdx muscles compared to WT/mdx
muscles and found that CD68+ macrophages in LIF/mdx muscles
were 3.7-fold more concentrated at regenerating areas than
non-regenerating areas (Fig. 7G–K). Thus, CD11b/LIF transgene
expression increased the density of CD68+ macrophages at sites
of muscle regeneration.

CD11b/LIF expression does not affect mdx muscle
growth or repair

The observation that LIF transgenic macrophages were present
at high numbers at sites of dMHC+ fibers suggested two inter-
pretations of the findings. First, the transgenic macrophages
may promote muscle growth and regeneration or the ele-
vated numbers of dMHC+ fibers may occur at sites where
macrophages induced cytolysis, leading to subsequent repair.
We tested whether transgenic macrophages promoted growth of
mdx muscles by assaying for treatment effects on muscle mass or
muscle fiber size. However, LIF/mdx mice showed no significant

differences in muscle mass (Fig. 8A, B), fiber size (Fig. 8C–F) or
number of fibers per muscle (Fig. 8G) at the 1-, 3- and 12-month
time-points. In addition, expression of the transgene did not
affect the numbers of Pax7+, MyoD+ or myogenin+ cells in
mdx muscle (Fig. 9A–D). Our results indicate that macrophage-
mediated delivery of transgenic LIF does not have a significant
effect on muscle growth or regeneration during the course of
mdx dystrophy.

Discussion
The primary finding in our investigation is that expression of a
CD11b/LIF transgene by inflammatory cells in dystrophic mus-
cle amplifies muscle fiber damage during the early peak of
mdx muscle pathology. However, as inflammatory cell numbers
diminished and their dispersal increased during progressive
stages of the pathology, the detrimental effect of the transgene
declined. By 12 months of age, expression of the transgene pro-
duced a significant reduction of fiber damage. The amplification
of fiber damage early in the disease is attributable to high, local
concentrations of CD68+ macrophages, which can lyse mdx mus-
cle fibers through a free-radical-mediated mechanism (22,51).
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Figure 4. The CD11b/LIF transgene reduces CCL2 expression in CD11b/LIF+ macrophages and reduces chemotaxis to CCL2. Cross-sections labeled with anti-F4/80 (A)
and anti-CCL2 (B) show that macrophages are a source of CCL2 in mdx muscles (A–D). The arrows point to F4/80 and CCL2 double-positive cells. Scale bars = 20 μm.

The proportion of F4/80+ macrophages that express CCL2 (F4/80 + CCL2+) is reduced in the muscles of LIF/mdx mice (E). ∗ indicates significant difference compared

to age-matched, WT/mdx mice (P < 0.05). # indicates significant difference compared to 1-month-old mice of the same genotype (P < 0.05). N = 5 for all groups except

WT/mdx muscles at the 3-month time-point (n = 4). ELISA of conditioned media shows reduced secretion of CCL2 from WT BMDMs treated with rLIF (F). ∗ indicates

significant difference compared to vehicle-treated BMDMs (P < 0.05). N = 5 for both groups. ELISA of conditioned media from CD11b/LIF- and CD11b/LIF+ BMDMs shows

reduced secretion of CCL2 mediated by transgene expression (G). ∗ indicates significant difference compared to CD11b/LIF- BMDMs (P < 0.05). N = 5 for both groups.

QPCR analysis of CD11b/LIF- and CD11b/LIF+ BMDMs confirms the reduced secretion of CCL2 shown in (G) is caused by reduced expression of ccl2 in CD11b/LIF+
BMDMs (H). ∗ indicates significant difference compared to CD11b/LIF- BMDMs (P < 0.05). N = 5 for CD11b/LIF- BMDMs and n = 4 for CD11b/LIF+ BMDMs. In vitro analysis

of the chemotactic response of Th0-, Th1- and Th2-stimulated BMDMs shows reduced response to CCL2 from CD11b/LIF+ BMDMs (I). ∗ indicates significant difference

compared to genotype-matched BMDMs receiving the same stimulation (P < 0.05). N = 3 for all groups except CD11b/LIF+ BMDMs with a Th0 and Th2 activation (n = 2).

P-values are based on two-tailed t-test for all data. Bars = SEM.



196 Human Molecular Genetics, 2022, Vol. 31, No. 2

Figure 5. Muscle fiber damage is more extensive in LIF/mdx muscles at sites of macrophage accumulation. Cross-sections from 1-month-old WT/mdx (A) and LIF/mdx

(B) muscles labeled with anti-albumin show injured fiber clusters that resemble CD68+ macrophage dispersion (Fig. 3B and 3E). Scale bars = 500 μm. Immunolabeling

of adjacent cross-sections from LIF/mdx muscles with anti-CD68 (C), anti-albumin (D) and anti-CD206 (E) shows greater co-localization of injured fibers with CD68+
macrophages relative to CD206+ macrophages. Fibers that are numbered ‘1,’ ‘2’ or ‘3’ are individual fibers that appear in adjacent sections, to provide reference points

in the sections. Scale bars = 50 μm. Transgene expression transiently increases the dystrophic pathology, as shown by an increase in the proportion of albumin+ fibers

(F) and muscle fiber CSA variance (G) in LIF/mdx mice. ∗ indicates significant difference compared to age-matched, WT/mdx mice (P < 0.05). # and � indicate significant

difference compared to 1- and 3-month mice of the same genotype, respectively. P-values are based on two-tailed t-tests. Albumin+ fibers: n = 5 for all groups. Fiber

variance: n = 5 for all groups except LIF/mdx samples at the 12-month time-point (n = 4). Bars = SEM.

Although the cytotoxicity of the transgenic macrophages did not
differ from wild-type macrophages, the extent of muscle mem-
brane lysis increased as numbers of macrophages increased in
vitro or in inflammatory lesions in vivo; thus, the defect in CD68+
macrophage dispersal in the muscle produced high densities of
cytolytic cells at foci of muscle fiber damage.

The high, local concentrations of muscle macrophages that
were caused by the CD11b/LIF transgene occurred despite
previous findings which showed that elevated LIF expression
reduced total numbers of F4/80+ monocytes/macrophages
that were recruited to mdx muscles at early stages of the
pathology (1). This inhibitory effect on recruitment of mono-
cytes/macrophages reflects some specificity of the influence
of transgenic LIF on specific leukocyte populations because
we found no effect of transgene expression on the numbers of
CD11b + innate immune cells in mdx muscle. CD11b is expressed
by monocytes and macrophages, but it is also expressed by
basophils, neutrophils, eosinophils and NK cells, all of which are
present in elevated numbers in mdx muscles (55–58). This tells
us that elevated LIF expression does not reduce the aggregate

numbers of innate immune cells in dystrophic muscle, but is
more specifically inhibitory for monocytes/macrophages.

The selective reduction in monocytes/macrophage caused by
elevated LIF is contrary to expectations based on other inves-
tigations. For example, in vivo observations have shown that
the recruitment of macrophages to sites of tissue injury in
the peripheral or central nervous system is reduced in LIF-
null mutant mice (59) and in vitro findings have demonstrated
that LIF is directly chemoattractive to macrophages and other
myeloid cells (59,60). Our findings indicate that the reduction in
macrophage recruitment caused by increased LIF is attributable
to inhibition of powerful chemotactic signaling by CCL2 by ele-
vated LIF expression. CCL2 plays a central role in regulating
the traffic of immune cells to sites of muscle injury (61,62),
intramuscular macrophages that express CCL2 play a major role
in recruiting leukocytes to acutely injured muscles (63) and mdx
muscle cells and inflammatory cells can release CCL2 to pro-
mote inflammation (64). Expression of the CD11b/LIF transgene
reduced the production of CCL2 in macrophages and reduced the
chemotactic response of macrophages to CCL2, both of which



Human Molecular Genetics, 2022, Vol. 31, No. 2 197

Figure 6. Expression of the CD11b/LIF transgene does not affect macrophage cytotoxic potential. Muscle cells were cultured in the absence (A–C) and presence of

Th1-activated BMDMs (D–F). Images of CFSE+ (A, D) and GelRed+ (B, E) muscle cells show an increase in the number of permeabilized muscle cells (CFSE+GelRed+; C,
F) in the presence of Th1-activated BMDMs. The arrowheads indicate examples of non-permeabilized muscle cells (CFSE+GelRed-). The arrows indicate examples of

permeabilized muscle cells (CFSE+GelRed+). Scale bars = 20 μm. Quantification of permeabilized cells shows an increase in muscle cell permeabilization with increasing

numbers of Th1-stimulated BMDMs present in the co-cultures (G). ∗ indicates significant difference between the two groups indicated by the ends of the horizontal

brackets (P < 0.05). P-values are based on one-way ANOVA with Tukey’s multiple comparisons test. N = 3 for all groups except muscle cells only (n = 2). The proportion of

permeabilized muscle cells is increased in co-cultures with Th1-stimulated BMDMs, but transgene expression does not affect BMDM-mediated permeabilization (H). ∗
indicates significant difference compared to genotype-matched, unstimulated BMDMs (P < 0.05). P-values are based on two-tailed t-tests. N = 3 for all groups. Bars = SEM

for all data graphs.
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Figure 7. Macrophages accumulate at sites of muscle growth and repair in LIF/mdx muscles. Labeling of adjacent cross-sections from 1- (A–C) and 3-month (D–F) LIF/mdx

muscles with anti-CD68 (A, D), anti-dMHC (B, E) and anti-CD206 (C, F) show increased numbers of dMHC+ fibers in areas enriched with CD68+ macrophages. Fibers

that are numbered ‘1,’ ‘2’ or ‘3’ are individual fibers that appear in adjacent sections, to provide reference points in the sections. Scale bars = 50 μm. Cross-sections

immunolabeled with anti-CD68 (G) and anti-dMHC (H) show clumped distributions of CD68+ macrophages at sites containing dMHC+ fibers (G–J). Scale bars = 20 μm.

Histogram showing increased numbers of CD68+ macrophages located at sites of dMHC+ regenerative areas relative to dMHC- areas in muscles of WT/mdx and LIF/mdx

mice (K). ∗ indicates significant difference between the two groups indicated by the ends of the horizontal brackets (P < 0.05). P-values are based on two-tailed t-test

for all groups. N = 5 for all groups. Bars = SEM.

may underlie the reduction in monocyte/macrophage recruit-
ment and dispersion in LIF/mdx muscles.

The reduction in numbers of CD206+ macrophages, an M2-
biased phenotype that can promote muscle fibrosis and regener-
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Figure 8. The transgene has little influence on muscle fiber size or growth. Measurements of body mass (A), TA muscle mass to body mass ratio (B), fiber CSA (C–F) and

fiber numbers (G) show no significant difference between WT/mdx and LIF/mdx mice. ∗ indicates significant difference compared to age-matched, WT/mdx mice at the

same CSA bin (P < 0.05). # and � indicate significant difference compared to 1- and 3-month mice of the same genotype, respectively. P-values are based on two-tailed

t-tests. N = at least 6 for all groups shown in each data graph. Bars = SEM.

ation (18,19,22,65), indicates that elevated expression of LIF may
influence macrophage phenotype, shifting them toward a pro-
inflammatory, cytolytic M1-biased phenotype. That possibility
is supported by previous findings which showed that elevated
expression of LIF in inflammatory cells in mdx muscles reduced
the expression of IL-4 and IL-10 (1), which can be produced by

M2-biased macrophages and promote the M2 phenotype (21–
23,29,30,32,34,35). However, this differs from the role of LIF in
regulating macrophage phenotype in some other diseases. For
example, blockade of LIF signaling in tumors in which LIF is
expressed at high levels produced a reduction in the expression
of M2 phenotypic markers in tumor-associated macrophages,
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Figure 9. CD11b/LIF expression does not affect myogenesis in dystrophic muscle. Numbers of muscle cells expressing Pax7, MyoD or myogenin are unaffected by

transgene expression in the muscles of mdx mice (A) (P < 0.05). P-values are based on two-tailed t-tests. N = 4 for all groups except WT/mdx mice used to quantify

MyoD+ cells (n = 5). Bars = SEM. Representative images of Pax7+ (B), MyoD+ (C) and myogenin+ (D) cells in LIF/mdx muscles. Examples of positively labeled cells are

indicated with arrows. Scale bars = 50 μm.

including CD206 and CD163 (66). In addition, peripheral blood
monocytes from human donors that were directly stimulated
with LIF in vitro exhibited an M2-biased phenotype (17).

Our finding that expression of the CD11b/LIF transgene did
not amplify the number of satellite cells in mdx muscles con-
trasts with previous observations which showed that LIF could
increase numbers of C2C12 myoblasts in vitro by increasing
their proliferation, reducing their apoptosis and delaying their
differentiation into post-mitotic myotubes (3,4,6,7,67). However,
whether elevations in LIF delivery to injured or diseased muscle
affects satellite cell numbers in vivo has not been previously
tested. The lack of effect of CD11b/LIF transgene expression on
satellite cell numbers is therapeutically relevant because reduc-
tions in satellite cell numbers over the course of mdx muscular
dystrophy contribute significantly to the decline of regenerative
potential of dystrophic muscle (68–71). Similarly, expression of
the CD11b/LIF transgene did not affect muscle fiber size in
mdx mice. This differs from the increase in mdx muscle fiber
size that resulted from suturing alginate rods that were infused
with recombinant LIF to dystrophic muscles, allowing LIF to
diffuse into the muscle for 3 months, leading to an increase
in muscle fiber size (12). These differing treatment outcomes
may reflect differences in the concentration, location and timing
of LIF delivery to the mdx muscles, as indicated in investiga-
tions of the effects of LIF administration to acutely injured
muscle. For example, continuous delivery of recombinant LIF
to acutely injured muscle by a mini-osmotic pump increased
muscle fiber growth (9) but systemic elevations of recombinant
LIF using three intraperitoneal injections per week did not affect
the growth of muscle fibers following acute injury (72).

Collectively, our current findings and previous work (1) show
that the therapeutic value of inflammatory cell-mediated deliv-
ery of a CD11b/LIF transgene to dystrophic muscle may result
primarily from its reduction of muscle fibrosis, and not from
improving the growth or regenerative capacity of dystrophic

muscle. Expression of the transgene produced long-term reduc-
tions in the expression and accumulation of connective tissue
proteins in dystrophic muscle (1), which diminished muscle
stiffness, which is a debilitating feature of muscular dystrophy
(73–75). However, the potential for expression of the transgene
to cause transient increases in muscle fiber damage early in the
pathology, while reducing damage at later stages, indicates that
this therapeutic approach would be best administered at later
stages of the pathology, when progressive fibrosis is a prominent
feature of the disease.

Materials and methods
Mice

All experimentation complied with relevant ethical regulations
for animal testing and research, and experimental study
protocols were approved by the Chancellor’s Animal Research
Committee at the University of California, Los Angeles.
C57BL/10ScSn-Dmdmdx/J mice (mdx mice) were purchased from
The Jackson Laboratory (Bar Harbor, ME) and bred in specific
pathogen-free vivaria.

The CD11b/LIF mdx mouse line was generated using the fol-
lowing strategy. The complete Mus musculus LIF cDNA sequence
(611-bp; NM_008501) was amplified by PCR and ligated into a
pGL3-Basic vector (Promega) at the Nco I/Xba I sites. The pGL3-
Basic vector also contained a 550-bp fragment of the human
CD11b promoter at the Hind III site, upstream of the LIF insertion
site. The 1215-bp, hCD11b/LIF fragment was isolated from pGL3-
Basic by restriction endonuclease digestion with Xho I/Xba I and
used for pronuclear injection into CB6F1 eggs to generate trans-
genic mice. Positive founders were identified by PCR screening
for the hCD11b/LIF construct. Founder mice were backcrossed
with C57BL/6 J mice for at least seven generations to generate
hemizygous, transgenic (CD11b/LIF.Tg+) mice.
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CD11b/LIF mdx transgenic mice were produced by crossing
CD11b/LIF.Tg+, hemizygous males with mdx females to gen-
erate CD11b/LIF.Tg + hemizygous, transgenic mice that were
dystrophin-deficient. Dystrophin deficiency was verified by
ARMS PCR screening and presence of the hCD11b/LIF construct
was determined by PCR screening. The CD11b/LIF mdx mice were
backcrossed with wild-type mdx mice for seven generations
to produce hemizygous CD11b/LIF mdx mice. The CD11b/LIF
mdx line is maintained as hemizygous to produce transgenic
(LIF/mdx) mice and wild-type (WT/mdx) littermate controls for
experimentation. We showed in previous work that muscle
tissue from this transgenic mouse line has more than 60%
greater expression of LIF than WT/mdx mice (1).

LIF/mdx and WT/mdx mice were euthanized by inhalation of
32% isoflurane (Zoetis) at 1-, 3- or 12-months of age. Body mass
was recorded prior to tissue collection. Both tibialis anterior (TA)
muscles were dissected from each mouse and the individual
muscle masses were recorded. Investigators collecting data and
performing analysis were aware of animal numbers only and
were blinded to treatment groups.

Immunohistochemistry

The right TA muscle from each male mouse was dissected
and immediately frozen in O.C.T. compound (Tissue-Tek) in
liquid nitrogen-cooled isopentane. Muscle cross-sections were
cut at a thickness of 10 μm at −20◦C and mounted onto glass
slides. Cross-sections were fixed for 10 min in acetone cooled to
−80◦C (for sections to be labeled with anti-CD11b, anti-CD206,
anti-CD68, anti-developmental myosin heavy chain (dMHC) or
anti-MyoD) or 2% paraformaldehyde (PFA) cooled to 4◦C (for
sections to be labeled with anti-LIF) or 4% PFA cooled to 4◦C
(for sections to be labeled with anti-Pax7 or anti-myogenin), or
methanol cooled to 4◦C (for sections to be labeled with anti-
albumin). Endogenous peroxidase activity was quenched using
0.3% H2O2 for 10 min. Sections to be labeled for Pax7, MyoD and
myogenin were immersed in antigen retrieval buffer (10 mM
sodium citrate, 0.05% Tween-20, pH 6) at 95–100◦C for 40 min
prior to the peroxidase quench step. Sections to be labeled with
anti-CD11b, anti-CD206 or anti-CD68 were blocked at room
temperature (RT) in bovine serum albumin (BSA) buffer (3%
BSA, 0.05% Tween-20, 0.2% gelatin, 0.15 M NaCl, 0.05 M Tris–
HCl; 30 min). Sections to be labeled with anti-LIF were blocked
in 3% ovalbumin buffer (3% ovalbumin, 0.05% Tween-20, 0.2%
gelatin, 0.15 M NaCl, 0.05 M Tris–HCl; 30 min). Sections to
be labeled with anti-Pax7, anti-MyoD or anti-myogenin were
blocked with M.O.M. blocking buffer (Vector #PK-2200). Sections
to be labeled with anti-albumin were blocked with 1% gelatin
buffer (1% gelatin, 0.05% Tween-20, 0.15 M NaCl, 0.05 M Tris–
HCl; 45 min). Sections were then incubated with rat anti-CD11b
(1:100; overnight at 4◦C; BioLegend #101202), rat anti-CD68 (1:100;
3 h at RT; AbD Serotec #MCA1957), rat anti-CD206 (1:50; 3 h at
RT; AbD Serotec #MCA2235), goat anti-LIF (1:66; overnight at
4◦C; R&D Systems #AB-449), rabbit anti-albumin (1:20; overnight
at 4◦C; Accurate Chemical #YNRRAALBP), mouse anti-dMHC
(1:100; overnight at 4◦C; Novocastra #NCL-MHCd), mouse anti-
Pax7 (1:300; overnight at 4◦; Developmental Studies Hybridoma
Bank), mouse anti-MyoD (1:50; overnight at 4◦C; BD Pharmingen
#554130) or mouse anti-myogenin (1:50; overnight at 4◦C; BD
Pharmingen #556358). The sections were incubated with an
appropriate biotinylated secondary antibody for 30 min at
RT and then incubated with avidin D-conjugated horseradish
peroxidase (1:1000; 30 min at RT; Vector #A-2004). The blocking
reagent, secondary antibody and peroxidase reagent used for

sections labeled for anti-dMHC, anti-Pax7, anti-MyoD and anti-
myogenin were part of a M.O.M. detection kit (Vector #PK-2200).
Positive signal was visualized in all slides with the peroxidase
substrate, 3-amino-9-ethylcarbazole (AEC, Vector #SK-4200). The
sections were washed in phosphate buffered saline (PBS) after
each step, beginning with the fixation.

Stereology

The number of cells per volume of muscle was determined by
measuring the total volume of each section using a stereological,
point-counting technique to determine section area and then
multiplying that value by the section thickness (10 μm). The
numbers of immunolabeled cells in each section were counted
and expressed as the number of cells per volume of each section
([total cells]/[mm3]). Cell counts were performed on an Olympus
BX50 microscope equipped with Nomarski optics.

Immunofluorescence

Macrophages expressing CCL2 were identified in tissue sections
that were fixed in acetone cooled to −80◦C. The sections were
first blocked in 3% ovalbumin buffer for 30 min. The sections
were then incubated with rat anti-F4/80 (1:50; Affimatrix eBio-
science #14–8011) and goat anti-CCL2 (1:75; R&D Systems #AB-
479-NA) overnight at 4◦C and then incubated with a biotinylated
anti-goat secondary antibody (1:200; Vector BA-9500) for 30 min
at RT. The sections were then incubated with anti-rat fluorescent
secondary antibody (1:200; DyLight 488; Abcam #ab102260) and
DyLight 594 streptavidin (1:300; Vector SA-5594) in PBS for 30 min
at RT before mounting with ProLong Gold mounting medium
with DAPI (ThermoFisher Scientific #P36931). The sections were
washed in PBS after each step, beginning with the fixation. The
data were expressed as the proportion of F4/80+ macrophages
that were also CCL2+ out of the total F4/80+ macrophage pop-
ulation ([F4/80 + CCL2+ cells]/[total F4/80+ cells]). Cell counts
were performed on a Leica DMRXA fluorescence microscope.
Confocal images were acquired on a Leica TCS-SP5 confocal
microscope.

The distribution of CD68+ macrophages relative to sites in
muscle that were enriched in dMHC+ fiber was assayed in
muscle sections following fixation in acetone cooled to −80◦C.
The sections were blocked in M.O.M. blocking buffer (Vector #PK-
2200) for 1 h at RT. The sections were then incubated in rat
anti-CD68 (1:100; Serotec #MCA 1957) and mouse anti-dMHC
(1:100; Novocastra #NHC-MHCd) overnight at 4◦C in M.O.M. pro-
tein dilute (Vector #PK-2200). The sections were incubated with
anti-rat (1:200; DyLight 488; Abcam #ab102260) and anti-mouse
(1:200; DyLight 594; Vector #DI-2594) fluorescent antibodies for
30 min at RT before mounting with ProLong Gold Mounting
medium with DAPI. The sections were washed in PBS following
each step of their processing. Data were collected by identi-
fying sites containing dMHC+ fibers and then counting the
numbers of CD68+ macrophages in a standardized volume of
289 000 μm3 surrounding the dMHC+ fibers. The volume uti-
lized was calculated using a point-counting technique to cal-
culate the area of the field of view surrounding dMHC+ sites
(28 900 μm2) and multiplying the area by the section thickness
(10 μm). All sites containing dMHC+ fibers in each sample were
used for data collection. An equivalent number of healthy sites
of equal volume were used to quantify the numbers of CD68+
macrophages at sites without dMHC+ fibers in each sample.
The data were expressed as the density of CD68+ cells per mm3

(CD68+ cells/mm3). Cell counts were performed on an Olympus
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Table 1.

Gene Forward Reverse

tpt1 GGAGGGCAAGATGGTCAGTAG CGGTGACTACTGTGCTTTCG
rnps1 AGGCTCACCAGGAATGTGAC CTTGGCCATCAATTTGTCCT
hprt1 GCTGACCTGCTGGATTACATTAAAG CCACCAATAACTTTTATGTCCCC
lif GTCTTGGCCGCAGGGATTG GCACAGGTGGCATTTACAGG
ccl2 GCTCAGCCAGATGCAGTTAAC CTCTCTCTTGAGCTTGGTGAC

BH2 fluorescence microscope. Confocal images were acquired on
a Leica TCS-SP5 confocal microscope.

The relative quantity of LIF in LIF/mdx and WT/mdx muscle
fibers was assayed by determining the mean fluorescence inten-
sity (MFI) of muscle fibers following labeling with anti-LIF and a
fluorescent secondary antibody. Sections were fixed in 2% PFA
cooled to 4◦C. PFA-induced autofluorescence was quenched by
submerging the sections in 0.1 M glycine in PBS for 5 min. The
sections were incubated with goat anti-LIF (1:66; R&D Systems
#AB-449) overnight at 4◦C. The sections were then incubated
with a biotinylated anti-goat secondary antibody (1:200; Vector
#BA-9500) for 30 min at RT. The sections were incubated with a
fluorophore-conjugated streptavidin (1:300; DyLight 594; Vector
#SA-5594) for 30 min at RT before mounting with ProLong Gold
Mounting medium with DAPI. The sections were washed in PBS
after each step. The MFI of 20 randomly selected muscle fibers
in each sample was quantified using ImageJ (National Institutes
of Health). Images used for MFI measurements were acquired
on an Olympus BH2 fluorescence microscope. Confocal images
were acquired on a Leica TCS-SP5 confocal microscope.

Myofiber number quantification
and CSA measurements

Cross-sections from the TA muscle mid-belly were stained with
hematoxylin (Vector #H-3401) for 10 min. Muscle fiber CSA was
quantified using ImageJ (National Institutes of Health). The aver-
age CSA of each sample was calculated from 500 randomly
sampled fibers. The classification for large or small fibers was
determined by setting three standard deviations from the mean
CSA for the control group at each time-point as previously
described (76). Fibers were considered to be small or large in 1-
month TAs if the CSA was less than 796 μm2 or greater than
1785 μm2, respectively. Fibers were considered to be small or
large in 3-month TAs if the CSA was less than 2000 μm2 or
greater than 4414 μm2, respectively. Fibers were considered to be
small or large in 12-month TAs if the CSA was less than 832 μm2

or greater than 3453 μm2, respectively. Fibers were considered
normal if their CSA was between the threshold measurements
for small and large fibers. Images used for CSA measurements
were acquired on an Olympus BH2 microscope equipped with
Nomarski optics.

RNA isolation and quantitative PCR

Cell cultures were washed with Dulbecco’s phosphate-buffered
saline (DPBS, Sigma-Aldrich #5652) cooled to 4◦C and the
RNA was isolated in TRIzol Reagent (Ambion #15596018)
according to the manufacturer’s protocol. The isolated RNA
was further cleaned and concentrated using an RNA Clean
and Concentrator-5 kit (Zymo Research #R1014). The RNA was
quantified, reversed transcribed to cDNA, and used for qPCR as
previously described (18,77). We followed established guidelines

for experimental design, data normalization and data analysis
(78–80). Primer sequences used for qPCR are listed in Table 1.

Muscle macrophage isolation

Skeletal muscles from male and female, 1-month-old mdx mice
were minced in 1.25 mg/ml collagenase types IA and IV (Sigma-
Aldrich #C9891, #C5138) in Dulbecco’s Modified Eagle medium
(Sigma #D1152) and digested at 37◦C for 1 h with gentle tritura-
tion each 15 min. The digestate was diluted with DPBS, filtered
through 70 μm mesh filters and the liberated cells collected
by centrifugation. The cells were resuspended in DPBS, overlaid
on Histopaque-1077 (Sigma-Aldrich #1077-1) and centrifuged at
400 x g for 30 min at RT. Macrophages were collected from the
DPBS-Histopaque interface and RNA isolated from the cells as
described above. QPCR was performed using tpt1 and hprt1 as
house-keeping genes. Muscle macrophages were collected from
five WT/mdx and three LIF/mdx mice.

Preparation of BMDMs for RNA analysis

BMCs were aseptically flushed from femurs and tibiae with DPBS
and treated with ACK lysis buffer (Lonza #10-548E) to lyse red
blood cells. BMCs from three male mice of the same genotype
were pooled together to generate CD11b/LIF- and CD11b/LIF+
BMDMs. Following a wash with DPBS and filtration through a
70 μm mesh filter, the BMCs were plated in 6-cm tissue culture
dishes (1 × 107 cells/dish) in macrophage growth medium
(RPMI-1640 (Sigma #R6504), 20% heat-inactivated fetal bovine
serum (HI-FBS, Omega Scientific #FB-11), 100 U/ml penicillin
+100 μg/ml streptomycin (1% Pen/Strep, Gibco #15140-122),
10 ng/ml macrophage colony-stimulating factor (M-CSF, Cell
Applications Inc. #RP2008)) at 37◦C in 5% CO2 for 6 days. The
macrophage growth medium was replenished on days 3 and
5 post-plating. On day 6, adherent cells were activated to an
M1-biased or M2-biased phenotype in macrophage activation
medium (DMEM (Sigma-Aldrich #D1152), 0.25% HI-FBS, 1%
Pen/Strep, 10 ng/ml M-CSF and either Th1 cytokines (10 ng/ml
IFNγ and 10 ng/ml TNFα; BD Pharmingen #554587 and 554 589) or
Th2 cytokines (25 ng/ml IL-4 and 10 ng/ml IL-10; BD Pharmingen
#550067 and 550 070)) for 48 h. The activation medium was
replenished after the first 24 h of activation. Th0 BMDMs
were generated by culturing the adherent cells in macrophage
activation medium without Th1 or Th2 cytokines. RNA from the
cells was isolated as described above. QPCR was performed using
tpt1 and rnps1 as house-keeping genes.

ELISA analysis of CCL2 in BMDM conditioned media

CCL2 secretion by BMDMs was measured as previously described
(1). Briefly, BMDMs from wild-type, WT/mdx and LIF/mdx mice
were generated as described above. BMCs from two male mice of
each genotype were pooled to generate the BMDMs. On the sixth
day of culture, the BMDMs were switched to DMEM containing
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0.25% HI-FBS, 1% Pen/Strep and 10 ng/ml M-CSF, with or without
10 ng/ml recombinant mouse LIF (eBioscience #14-8521). After
24 h of stimulation, the conditioned media were collected, briefly
centrifuged to remove particulates, and analyzed for BMDM-
secreted CCL2 (Duoset ELISA, R&D Systems, #DY479) according
to the manufacturer’s instructions.

Cytotoxicity assay

Macrophage-mediated cytotoxicity was assessed using
co-cultures of BMDMs and C2C12 muscle cells. BMDMs from
one female mouse of each genotype (WT/mdx and LIF/mdx) were
generated as described above with the following modifications.
Freshly isolated BMCs were plated at 5 × 106 cells per 10-
cm, low-adherence dish (Eisco #CH0372C) in macrophage
growth medium for 6 days. Adherent cells were activated to
a cytotoxic, M1-biased phenotype using activation medium
containing Th1 cytokines for 24 h. Unstimulated BMDMs were
cultured in activation medium without Th1 cytokines. Following
activation, the BMDMs were washed with DPBS and detached
from the dishes using Cellstripper (Corning #25-056-Cl) for
10 min. The detached BMDMs were centrifuged at 526 x g
for 5 min, resuspended in DPBS, and total cell numbers were
calculated using a hemocytometer. BMDMs were resuspended
in cytotoxicity assay medium (Hank’s balanced salt solution
(HBSS; Sigma-Aldrich #H1387), 0.25% HI-FBS, 400 μM L-arginine).

One day prior to co-culture, 12-well plates were prepared by
adding 8-mm glass coverslips coated with 2% gelatin to each
well. C2C12 muscle cells were plated in the 12-well plates at 5.94
× 104 cells per well in growth medium (DMEM (Sigma-Aldrich
#D1152), 10% FBS, 1% Pen/Strep) for 24 h to allow the cells to
reach 70% confluency and attach to the glass coverslips. The
muscle cells were then washed with DPBS and fluorescently
labeled with CFDA-SE (Accurate Chemical #14456) to allow visual
differentiation from unlabeled BMDMs. The muscle cells were
incubated in labeling medium (HBSS, 0.1% BSA, 5 μM CFDA-SE)
for 10 min at 37◦C in 5% CO2. CFDA-SE is a cell membrane-
permeable dye that does not cause cytotoxicity at the concen-
tration used. Intracellular CFDA-SE is cleaved by endogenous
esterases to form cell membrane-impermeable CFSE. CFSE is a
fluorescent molecule (488 nm emission) that binds intracellular
proteins, permanently labeling cells. The cells were washed with
growth medium to remove residual CFDA-SE from each well. The
cells were then incubated in growth medium for 5 min at 37◦C in
5% CO2 to allow unreacted CFDA-SE to flow out of the cells and
avoid labeling BMDMs. The labeled cells received a final wash
using HBSS to remove residual growth medium.

The BMDMs were added to the muscle cultures at 1.3 × 106

BMDMs/well in cytotoxicity assay medium. Following 6 h of co-
culture at 37◦C in 5% CO2, each co-culture well was washed with
DPBS. GelRed (Biotium #41003-1) diluted in cytotoxicity assay
medium (1:2500 dilution) was added to each well for 10 min at
37◦C in 5% CO2 to label permeabilized muscle cells. GelRed is a
cell membrane-impermeable, fluorescent dye (593 nm emission)
that binds to nucleic acids. Following a final DPBS wash, the
glass coverslips were removed from each well and mounted onto
glass microscope slides using Fluoro-Gel (Electron Microscopy
Sciences #17985-10).

Fluorescence microscopy with an Olympus BH2 microscope
was used to collect cytotoxicity data based on the following
criteria: BMDMs were CFSE-GelRed-, non-permeabilized muscle
cells were CFSE+GelRed- and permeabilized muscle cells were
CFSE+GelRed+. Data were expressed as the proportion of per-
meabilized muscle cells out of total C2C12 cells ([CFSE+GelRed+

cells]/[total CFSE+ cells]) on each coverslip. Three coverslips
were included per group. The proportion of permeabilized mus-
cle cells was quantified from 15 randomly chosen fields per cov-
erslip. The average proportion of permeabilized muscle cells per
coverslip was calculated and used as a single datum to calculate
the mean and SEM for each group. The data were normalized to
a muscle cell-only control group. Data were verified by repeating
the experiment in triplicate.

In a separate experiment, we verified the sensitivity of this
assay by testing the influence of increasing numbers of Th1-
stimulated BMDMs on muscle cell lysis. The experiment was
repeated as described above. The muscle cell cultures were co-
cultured with no BMDMs, low numbers of BMDMs (6.55 × 105

cells), medium numbers of BMDMs (1.30 × 106 cells) or high
numbers of BMDMs (2.60 × 106 cells). Because the wells contain-
ing high numbers of BMDMs prevented accurate counts of total
muscle cells, data were expressed as GelRed+ cells/mm2.

Chemotaxis assay

BMDMs were isolated from two male mice of each genotype
(WT/mdx and LIF/mdx) using the following strategy. BMCs were
aseptically flushed from the femurs and tibiae as described
earlier. The BMCs were plated at 1.0 × 107 cells per 6-cm, ultra-
low attachment dish (Corning #3261) in macrophage growth
medium containing Th1 or Th2 cytokines for 24 h at 37◦C in 5%
CO2. Unpolarized BMDMs were cultured in macrophage growth
medium without additional cytokines. The cells were washed
with DPBS and adherent cells were detached using Cellstripper
as described previously. The cells were collected and BMDMs
were purified using a Histopaque-1077 gradient (Sigma-Aldrich
#10771) according to the manufacturer’s instructions. The
BMDMs were resuspended in chemotaxis medium (RPMI-1640,
1% Pen/Strept, 1% BSA).

We tested the chemotactic ability of the BMDMs in response
to CCL2 using a chemotaxis chamber (Neuro Probe #AP48) follow-
ing the manufacturer’s protocol. We used 10 ng/ml of CCL2 (R&D
Systems #479-JE/CF) in chemotaxis medium to measure chemo-
taxis. Spontaneous migration was measured using chemotaxis
medium without CCL2. Cells in the chemotaxis chamber were
incubated for 2 h at 37◦C in 5% CO2.

Three wells were included in each group. The numbers of
migratory cells were quantified in five randomly chosen fields
per well. The average number of migratory cells per field in each
well was calculated and used as a single datum to calculate the
mean and SEM for each group. Data were verified by repeat-
ing the experiment in triplicate. Data were collected using an
Olympus BX50 microscope equipped with Nomarski optics.

Statistical analysis

All data are presented as mean ± SEM. Statistical significance
was calculated using an unpaired Student’s t-test, one-way anal-
ysis of variance (ANOVA) with Tukey’s multiple comparisons
test, or two-way ANOVA with Tukey’s multiple comparisons test
using Prism 7 (GraphPad). Differences with a P-value < 0.05 were
considered statistically significant.

Supplementary Material
Supplementary Material is available at HMG online.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab230#supplementary-data
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