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APPLIED SCIENCES AND ENGINEERING

Anti-inflammatory nanoparticles significantly improve
muscle function in a murine model of advanced

muscular dystrophy

Theresa M. Raimondo"? and David J. Mooney**

Chronic inflammation contributes to the pathogenesis of all muscular dystrophies. Inflammatory T cells damage
muscle, while regulatory T cells (T,egs) promote regeneration. We hypothesized that providing anti-inflammatory
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cytokines in dystrophic muscle would promote proregenerative immune phenotypes and improve function. Pri-
mary T cells from dystrophic (mdx) mice responded appropriately to inflammatory or suppressive cytokines. Sub-
sequently, interleukin-4 (IL-4)- or IL-10-conjugated gold nanoparticles (PA4, PA10) were injected into chronically
injured, aged, mdx muscle. PA4 and PA10 increased T cell recruitment, with PA4 doubling CD4*/CD8™ T cells versus
controls. Further, 50% of CD4*/CD8™ T cells were immunosuppressive Tregs following PA4, versus 20% in controls.
Concomitant with T,eq recruitment, muscles exhibited increased fiber area and fourfold increases in contraction
force and velocity versus controls. The ability of PA4 to shift immune responses, and improve dystrophic muscle
function, suggests that immunomodulatory treatment may benefit many genetically diverse muscular dystro-

phies, all of which share inflammatory pathology.

INTRODUCTION

Inflammation is a cause of disease progression and chronic tissue
degeneration (I). Increasing evidence suggests that inflammation
plays a pathogenic role in several prevalent diseases including car-
diovascular, metabolic, and neurodegenerative (2), as well as in
genetic disease (3, 4). Historically, medical treatments focused on
pathogenic factors other than inflammation have failed to cure any
of the major, noninfectious, inflammation-associated diseases (I).
To effectively cure these conditions, it will be imperative to control
the inflammatory response. The biological complexity of chronic
inflammation, with multiple cell types, such as macrophages and
T cells, and cytokines, such as tumor necrosis factor (TNF), playing
divergent context-dependent roles, however, has rendered the de-
velopment of anti-inflammatory therapies that promote functional
tissue regeneration difficult. Most broad anti-inflammatory thera-
pies increase the risk of infection and have potentially serious toxicities
(1, 5). No anti-inflammatory therapy cures a majority of patients
with a disease in which inflammation plays a major role, such as
arthritis (I). Therefore, the development of therapeutics that can
control chronic inflammation with minimal side effects is of sub-
stantial interest.

Muscular dystrophy is one of the many conditions in which the
inflammatory response plays a central role in disease progression.
Although formally a genetic disease caused by mutations in dys-
trophin, the resultant structural instability of myofibers causes
contraction-induced myofiber damage, chronic stimulation of the
immune system, age-related replacement of muscle by fibrofatty tis-
sue, progressive muscle weakness, and, ultimately, death (6). Chronic
inflammation contributes substantially to muscle damage and the
progression of muscle weakness (3, 4), so much so that the adoptive
transfer of immune cells and muscle extracts from a dystrophic
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mouse to healthy recipients results in muscle pathology (7). Specifically,
an imbalance between inflammatory and anti-inflammatory im-
mune cells has been shown to promote muscle damage. Ablation of
interleukin-10 (IL-10), a cytokine involved in both anti-inflammatory
(M2) macrophage polarization and regulatory T cell (Ti,) activation
in dystrophic mice, increases muscle damage and reduces strength
(8). Depletion of CD4" helper or CD8" cytotoxic T cells and, con-
versely, an increase in Tregs both improve muscle histology in dystrophic
mice (7, 9). Further, murine models with macrophage polarization
skewed toward the M2 phenotype show improvements in muscle
histology and strength (10). Together, existing data suggest that
promoting an appropriate balance of anti-inflammatory macro-
phages and T cells in dystrophic muscle is critical to ultimately re-
storing muscle strength and function.

Gene therapy has made substantial advancements in the treat-
ment of muscular dystrophy through both ex vivo editing (11-13)
and in vivo strategies. Transplantation of ex vivo edited stem cells
has the potential to generate new healthy myofibers, while in vivo
gene therapy, although most effective before extensive loss of mus-
cle mass, has demonstrated the most dramatic and widespread ef-
fects in animal models (6). Multiple in vivo gene therapy human
clinical trials are currently underway (14). In vivo CRISPR-Cas9-
mediated exon skipping, to ultimately yield truncated yet functional
dystrophin, ameliorated pathology in both mouse and canine mod-
els of Duchenne muscular dystrophy (DMD) (12, 15-18). Although
dystrophin protein expression was sustained for 1 year in mice
[2 months in dogs (18)], the adeno-associated virus (AAV) CRISPR
delivery vector was immunogenic when administered to adult mice
(19). Recently developed lipid nanoparticles (LNPs) that deliver the
Cas9 ribonucleoprotein complex have shown exon skipping and
dystrophin protein expression to 4.2% of normal after repeated in-
tramuscular (IM) injections of the LNPs (20), and such lipid deliv-
ery vectors may provide significant advantages over AAV vectors.
Gold nanoparticles (AuNPs) delivering the ribonucleoprotein com-
plex, along with a DNA template to repair the dystrophin mutation,
have shown gene correction in <1% of the dystrophin transcripts in
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adult mice after IM injection. Nevertheless, muscle function in a
four-limb hanging test was significantly improved in mice treated
with the AuNPs, yet was still significantly less than wild-type mice
(21). To date, the only drug approved by the U.S. Food and Drug
Administration (FDA) for DMD is based on exon skipping by anti-
sense oligonucleotides (eteplirsen) and allows restoration of <1% of
the normal level of dystrophin protein after extended systemic ad-
ministration (22). Together, the data suggest that IM injection of
gene editing therapeutics holds great potential for the treatment of
muscular dystrophy, yet also serves to highlight the challenge of complete
gene correction, and therefore the complete resolution of chronic
inflammation likely required to halt disease progression. Toxicities
associated with long-term treatment with antisense oligonucleotides
(23, 24) and immunogenicity of CRISPR delivery vectors further
underscore the major unmet medical need for new strategies to
treat muscular dystrophy and the interplay between such treat-
ments, disease progression, and inflammation. The most successful
strategies will likely use gene editing in combination with immuno-
modulation to create a tissue microenvironment that both promotes
tolerance to de novo dystrophin expression (25, 26) and fosters func-
tional muscle regeneration (6). Modulating the inflammatory re-
sponse such that it promotes muscle regeneration may substantially
improve the use of gene therapy in patients already demonstrating
loss of muscle mass.

The hypothesis underlying this study is that AuNPs can deliver
anti-inflammatory cytokines, specifically IL-4 and IL-10, in dystro-
phic skeletal muscle, thereby promoting a proregenerative immune
response and enhancing the regeneration of functional muscle tis-
sue in aged mdx mice. Mdx mice carry a nonsense mutation in the
Dmd gene encoding dystrophin, analogous to mutations found in
DMD patients (27). Anti-inflammatory, or type 2, immune responses
characterized by M2 macrophages and Ty promote muscle repair
(6, 9, 27). Conversely, inflammation, the type 1 response, causes
muscle damage and is counter-regulated by anti-inflammatory cy-
tokines such as IL-4 and IL-10. IL-4 is an anti-inflammatory cyto-
kine that can induce a type 2 immune response by stimulating both
M2 macrophage polarization and a CD4" helper T cell phenotype.
IL-4 has been used as a potential therapeutic in various inflamma-
tory disease models, including autoimmune demyelinating disease,
arthritis, and psoriasis (28-30). IL-10 is produced by Ty and
suppresses inflammation, in part, by activating an M2 macrophage
phenotype, which can subsequently promote angiogenesis, muscle
repair, and remodeling (4). Although cytokine therapy has been
widely explored, its use is often limited by unfavorable pharmacoki-
netic profiles, requiring repeated infusions with systemic side ef-
fects (31). Further, the pleiotropic nature of cytokines, with both
context-dependent beneficial and detrimental effects, often requires
localized or well-targeted delivery strategies, and this has also limited
the use of such treatments (31). Here, we use NPs for IL-4 and IL-10
delivery, as they are injectable and allow localized distribution
throughout the target muscle. AuNPs were specifically used be-
cause they show minimal toxic or immunogenic activity in humans
(32, 33). Previously, we have shown that IL-4-conjugated AuNPs
(PA4s) can control the innate immune response in healthy mice
after acute muscle injury and ultimately increase muscle strength
(34). In the present work, the ability of these NPs to control inflam-
mation and T cell phenotype and improve functional muscle regen-
eration in the context of a chronic inflammatory, muscle-wasting
disease, muscular dystrophy, is explored.
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RESULTS

Primary T cells from mdx mice readily adopt Ty1, Ty2,

and T,.4 phenotypes ex vivo

To ensure that T cells from mdx mice could appropriately adopt
muscle regenerative phenotypes, we explored the ability of T cells
isolated from mdx mice aged 14 weeks to adopt the immunosup-
pressive regulatory (Trg) phenotype in addition to the inflammato-
ry effector T helper cell phenotypes type 1 (Ty1) and type 2 (Ty2).
Splenic T cells were isolated and cultured with IL-12 to induce Tyl
differentiation, IL-4 for Ty2 differentiation, and transforming growth
factor B1 (TGF1) for T differentiation, along with supplemental
antibodies required for T cell culture, as previously described (35).
As expected, T cells treated with IL-12 up-regulated expression of
the inflammatory transcription factor T-bet, T cells treated with
IL-4 up-regulated expression of the Ty2 transcription factor GATA-3
and secreted IL-4, and T cells treated with TGFB1 up-regulated the
regulatory T cell transcription factor FoxP3 (Fig. 1), suggesting that
T cells in mdx mice can respond to cytokines to adopt both inflam-
matory and proregenerative phenotypes.
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Fig. 1. Primary mdx T cells readily adopt Ty1, Th2, and T,eq phenotypes.
(A) Splenic naive CD4" T cells were isolated from mdx mice and stimulated ex vivo
to induce Ty1, T2, or Treq phenotypes. Representative plots show expression of
transcription factors associated with the Ty1 (T-bet), Th2 (GATA-3), and Treq (FoxP3)
phenotypes. (B) Median fluorescent intensity (MFI) of cells expressing each tran-
scription factor after ex vivo stimulation to induce the Ty1, Ty2, or Teg phenotypes.
(C) The secretion of IL-4 into cell culture medium, 22-hour culture at 10° cells/ml,
was quantified with an enzyme-linked immunosorbent assay (ELISA). All data are
means + SEM; n=4 mice (2 male, 2 female). ANOVA, with Tukey’s post hoc test:
*P<0.05, **P<0.01, ***P < 0.001.
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Generation of NPs presenting the anti-inflammatory
cytokines IL-10 and IL-4

We next designed polyethylene glycol (PEG)-stabilized NPs pre-
senting murine IL-10 or IL-4 (Fig. 2) to determine if promoting
type 2 immune responses in aged mdx muscle could enhance mus-
cle function. Monodisperse AuNPs were synthesized by hydroqui-
none reduction of Au onto citrate-stabilized seed particles (36) and
stabilized by partial surface PEGylation with 5-kDa PEG thiol
(Fig. 2A). Partial PEGylation allowed the subsequent conjugation of
murine IL-10 or IL-4 to the remaining Au surface (Fig. 2B). Conju-
gation of both murine IL-10 and IL-4 likely occurred directly through
thiol-Au bonds to the remaining Au surface and electrostatic inter-
actions. Dynamic light scattering (DLS) showed monodisperse [polydis-
persity index (PDI) < 0.1] AuNPs with a core diameter of ~30 nm
and a final diameter, after IL-10 or IL-4 conjugation, of ~50 nm
(Table 1). A slight right shift in size distribution after PEGylation
and protein conjugation confirmed the expected surface modifica-
tions (Fig. 2, C and D). { potential was also used to track surface
modifications. As expected, the { potential became increasingly less
negative after PEGylation and IL-10 or IL-4 conjugation (Table 1).

IL-10 or IL-4 loading onto the AuNPs was next approximated on
the basis of sphere packing, modeling IL-10 and IL-4 as spheres
with diameters given by their radii of gyration, packed onto a spher-
ical AuNP core (fig. S1). The experimentally determined conjuga-
tion efficiencies of IL-10 and IL-4 were consistent and represented
63 and 57% of the theoretical maximum, respectively (Table 2).
Conjugation efficiencies less than 100% were expected, as the AuNP
surface was partially PEGylated.

The stability of the PEGylated, IL-4-conjugated particles has
been previously assessed (34). Only 3% of murine IL-4 was released
into RPMI medium containing 10% heat-inactivated fetal bovine
serum (FBS) after 61 days in cell culture conditions (37°C, 5% CO,),
and a similar release profile was observed for human IL-4 (34). This
slow release suggests that thiol-gold bonds play an important role
in the conjugation. Given the isoelectric points of IL-4 and IL-10,
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however, electrostatic interactions with the AuNPs cannot be ruled
out (fig. S1B). Given the structural and electrostatic similarities be-
tween IL-4 and IL-10 as well as the similar packing efficiencies on
AuNPs (Table 2), IL-10 conjugation and release is likely similar
to IL-4.

To assess the bioactivity of PEG-stabilized NPs IL-10 (PA10)
and IL-4 (PA4), the particles were used to polarize macrophages
in vitro. NP-conjugated IL-10 and IL-4 up-regulated both CD163
and CD206 to the same extent as equivalent doses of soluble IL-10
and IL-4, suggesting that both cytokines retained bioactivity after
conjugation (fig. S1C). PEGylated particles lacking cytokines neither
are inflammatory (fig. S1D) nor promote type 2 immune responses,
as indicated by macrophage CD206 expression (fig. SIE) (34).

Development of chronic muscle damage in aged mdx mice
to model DMD

Although mdx mice have a point mutation in the dystrophin gene,
their relative muscle degeneration is substantially slower than that
observed in humans. DMD patients typically die within their first
two decades of life, while mdx mice have a nearly normal murine
lifespan. Mdx mice continue to gain skeletal muscle mass and show
no significant loss in strength through at least 3 months of age (fig.
S2, A and B). Further, mdx mice only present with minimal fibrotic
lesions at very advanced ages (>18 months), while in humans fibro-
sis is observed at an early age and correlates with loss of ambulation.
Likely due to mild clinical disease in mdx mice, treatment of 1.5- to
2.5-month-old uninjured mdx mice with PA4 did not result in any
improvement in muscle force or contraction velocity (fig. S2, C and
D). To more closely mimic human DMD and promote murine dis-
ease progression, microinjuries were performed in the tibialis ante-
rior (TA) muscles of mdx mice aged 10.5 to 11 months old (37). To
determine the most appropriate chronic DMD model, daily mi-
crodamage was compared to a single IM injection of Notexin Np
into the TA muscle. Muscles were analyzed approximately 3 weeks
after termination of the microdamage protocol or Notexin Np
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Fig. 2. Murine IL-4 and IL-10 conjugation to AuNPs. (A and B) Schematic showing partial PEGylation and subsequent IL-4 conjugation to AuNPs. IL-10 conjugation
followed an identical protocol. (C) DLS size distribution of 30-nm AuNP core particles (gray) after PEGylation (light pink) and IL-10 conjugation (dark pink). (D) DLS size
distribution of 30-nm AuNP core particles (gray) after PEGylation (light pink) and IL-4 conjugation (dark pink). Data are from representative syntheses.

Raimondo and Mooney, Sci. Adv. 2021; 7 : eabh3693 23 June 2021

30f10



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 1. AuNP size and { potential.

Z average PDI ¢ potential
(d.nm) (mV)

AuNP core 31.8+0.5 -34.6+0.5

AuN 0.5 269+13
PA10 52107 0.097 £0.012 —9.05+0.69
PA4 50.1+0.06 0.073 +£0.006 -1.88+22

injection to allow acute injury and inflammation to subside and en-
sure that the observed effects were due to chronic injury (fig. S2E).
Daily microdamage resulted in a sustained decrease in muscle mass-
normalized force, while Notexin Np injection only resulted in an
acute, self-resolving, injury in mdx mice with TA strength recover-
ing to levels observed in younger uninjured mdx mice (fig. S2F). To
study chronic muscle damage representative of DMD, further in vivo
experiments were performed in mdx mice subjected to repeated
microdamage.

PA4 increases the presence of Tyeys in chronically injured
mdx muscle

To determine if PA4 and/or PA10 could control the inflammatory
response in aged (10.5 to 11 months) mdx mice, the particles were
injected intramuscularly into the TA muscle. Two micrograms of
either IL-4 or IL-10, delivered as PA4 or PA10, or phosphate-buffered
saline (PBS)-only lacking particles as a negative control were ad-
ministered 1 week after termination of the daily microdamage pro-
tocol to allow acute inflammation to subside before treatment (Fig. 3A).
This dose was chosen on the basis of our previous work showing its
ability to shift macrophage polarization and improve muscle func-
tion ~2 weeks after acute muscle injury and a single treatment in
wild-type mice (34). This dose is also on the order of other local-
injection, interleukin treatments used in clinical trials that have been
well tolerated (30). The red/purple hue of AuNPs allows their gross
biodistribution to be assessed visually. Visual inspection upon dis-
section revealed that AuNPs distributed throughout the TA, but not
surrounding tissue, and were retained in the muscle for at least
~2 weeks after injection (Fig. 3B).

Both PA10 and PA4 treatments tended to increase immune cell
recruitment (Fig. 3C). Automated clustering of the flow cytometry
data based on dimensionality reduction [t-distributed stochastic
neighbor embedding (tSNE)] was used to identify unique immune
cell populations in the TA in an unbiased manner (38). The expres-
sion of cell lineage markers was visualized as a heatmap overlaid on
the tSNE clustering, to identify immune cell populations (fig. S3A),
and data from six mice per treatment group overlaid (fig. S3B) to
visually identify differences in immune cell recruitment. Noticeably,
PA10 and PA4 treatments increased T cell recruitment (Fig. 3D). A
majority of the infiltrating immune cells were T cells. PA10 and
PA4 treatments significantly increased both the percentage of cells
in the muscle that were T cells, assessed by CD3 expression (Fig. 3E),
and the percentage of immune cells that were T cells (Fig. 3F). No
significant changes in the recruitment of neutrophils, dendritic cells
(DCs), natural killer (NK) cells, monocytes, or macrophages were
observed after PA10 or PA4 treatment (fig. S4).

To further probe T cell phenotype, automated tSNE clustering of
CD3" T cells was performed on the basis of expression of surface
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]
Table 2. IL-4 and IL-10 conjugation.

IL-4 or IL-1 Ozligands/ % of maximum

nm packing
PA10 0.070 63
PA4 0.084 57

(CD4 and CD8) and intracellular (RORYT, T-bet, GATA-3, and FoxP3)
markers of T cell phenotype (fig. S5A). Merged data from each
treatment group indicated that PA4 treatment resulted in a more
broad range of T cell phenotypes and in a particular increase in
FoxP3* Tregs (fig. S5B). Surface markers (CD4 and CD8) were used
to assess the presence of helper and cytotoxic T cells, respectively.
After treatment with PA4, the percentage of CD4"/CD8™ helper T cells
approximately doubled (Fig. 3G), and there was a concomitant de-
crease in the percentage of double-negative (CD4 /CD8") T cells
(fig. S6A). Although the percentage of CD47/CD8" cytotoxic T cells
tended to increase as well, this change was not statistically signifi-
cant (fig. S6B). Intracellular flow cytometry for transcription factors
revealed that PA4 significantly increased the percentage of CD4"/
CD8" helper T cells that were Thegs, identified by FoxP3 expression
(Fig. 3H). While the percentage of CD4"/CD8" helper T cells ex-
pressing T-bet (identifying Ty1 cells), GATA-3 (identifying Ty2 cells),
and RORYT (identifying Ty17 cells) also tended to increase after PA4
treatment, these changes were not statistically significant (fig. S6, C
to E). Approximately 50% of the CD4"/CD8" helper T cells identi-
fied in TA muscles after PA4 treatment were Treg,, compared to only
~20% after treatment with PA10 or PBS (Fig. 3H).

PA4 improves muscle histology and strength

in aged mdx mice

To determine if the shift in immune cell infiltration toward Treg
after PA4 treatment was sufficient to improve muscle regeneration
and function in aged and chronically injured mdx mice, TA muscles
were assessed ~2 weeks after treatment. No change was observed in
the TA muscle weight, or mouse weight, in any group at this time
point (fig. S7). Histologic immune cell infiltration was observed in
all groups, with no experimental groups demonstrating substantial
fibrosis in the hematoxylin and eosin (H&E) histology (Fig. 4A and
fig. S8). Cross-sectional muscle fiber area, however, was substantial
increased in TA muscles treated with PA4 compared to PBS con-
trols (Fig. 4, A and B). While PA10 treatment increased muscle fiber
area, the increase was not statistically significant.

To determine if the increased muscle fiber area corresponded to
improvements in muscle function, TA muscle contraction force and
velocity were measured ex vivo after tetanic stimulation. TA muscles
treated with PA4 showed fourfold increases in both muscle mass-
normalized TA contraction force and velocity as compared to PBS
treatment (Fig. 4, C and D). This significant increase in the ability of
the TA muscle to generate force and rapidly respond to a tetanic
stimulus are indicative of improved muscle function in mdx mice
after treatment with PA4.

Macrophages play a minimal role in the mechanism of PA4
treatment in mdx mice

The significant Ty, infiltration into PA4-treated chronically injured
mdx muscles (Fig. 3, D to H) and minimal macrophage recruitment
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Fig. 3. PA4 increases T,qs in chronically injured aged mdx muscle. (A) Timeline
showing microdamage to induce chronic injury, treatment, and analysis. (B) Repre-
sentative image showing purple hue of AuNPs throughout the TA ~2 weeks after
injection. Black dashed line indicates outline of TA muscle, with the purple PA4 hue
visually isolated within the TA. TA muscles removed from the leg showing PA4
throughout the TA tissue (bottom right) and no treatment (bottom left). (C) Repre-
sentative flow cytometry scatterplots and quantification, showing the expression
of CD45, a marker of immune cells, on cells isolated from the TA muscle. Data are
means + SEM; n=6. (D) Immune cells were clustered based on phenotypic similar-
ities and plotted in dimensionally reduced space using tSNE analysis in FlowJo.
Left: Relative expression of CD3, a T cell marker, is visualized by color (blue, low
expression, to red, high expression). T cell populations are indicated by high CD3
expression (red) and the red arrow. Right: tSNE contour plots from n=6 mice per
treatment group are overlaid to visualize differences in immune cell distribution.
T cell population is indicated by the red arrow. (E) Representative flow cytometry
scatterplots and quantification, showing the expression of CD3 on cells isolated
from the TA muscle. Data are means + SEM; n=6. *P < 0.05. (F) Distribution of
CD45" cells in the TA: T cells (CD3*, pink), lymphoid DCs (CD37/CD11b™/CD11c*,
light gray), myeloid DCs (CD37/CD11b*/CD11c", dark gray), neutrophils (CD37/
CD11b*/CD11c7/Ly6G*, blue), NK cells (CD37/CD11b*/CD11¢™/Ly6G /Ly6C /F4/80",
tan), monocytes (CD37/CD11b*/CD11¢™/Ly6G /Ly6C*/F4/807, black), lineage neg-
ative (CD37/CD11b™/CD11c”, white). (G) Percentage of T cells isolated from TA
muscles that are CD4"/CD8™ helper T cells. Data are means + SEM; n=6. (H) Per-
centage of CD4¥/CD8™ helper T cells isolated from TA muscles that are FoxP3* Tregs-
Data are means + SEM; n=6. *P < 0.05. For all, Dunnett’s comparison versus PBS
control.

(fig. S4F) suggest that T cells play a central role in the mechanism of
PA4 treatment. However, M2 macrophage polarization has previ-
ously been shown to significantly improve muscle function after
acute injury in healthy mice (34). Therefore, to assess the role of
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Fig. 4. PA4 increases muscle fiber area and improves strength in aged mice
with muscular dystrophy. (A) Representative H&E of TA muscles, approximately
3 weeks after termination of daily microdamage and 2 weeks after treatment.
Magnification, x10. Scale bar, 300 um. (B) Percentage of the TA cross section asso-
ciated with muscle fibers. ANOVA with Tukey’s post hoc test; data are means + SEM,
n=3.*P<0.05. (Cand D) Maximum TA muscle contraction force and velocity after
ex vivo stimulation at 250 Hz, 25 V. Force was normalized to TA mass. ANOVA with
Tukey’s post hoc test; data are means + SEM; n=5 to 6. *P < 0.05.

macrophages in mdx muscle function, primary satellite cells iso-
lated from mdx or wild-type mice were cocultured with RAW 264.7
cells, a murine macrophage cell line. While coculture with either
wild-type or mdx-derived satellite cells promoted macrophage acti-
vation, coculture with mdx-derived satellite cells promoted signifi-
cantly less macrophage activation than wild-type satellite cells.
Macrophages cocultured with mdx satellite cells demonstrated lower
levels of CD206 (an M2a polarization marker) (fig. S9, A and B) and
CD80 (an M1 marker) expression (fig. S9, C and D), suggesting that
mdx satellite cells do not inherently promote as much macrophage
activation as wild-type satellite cells.

To assess the ability of primary mdx macrophages to respond to
polarization cytokines, bone marrow-derived macrophages (BMDM:s)
were isolated from mdx or wild-type mice (fig. SI0A) and polarized
ex vivo with IL-4, IL-10, IL-4 + IL-10, or no cytokines as a negative
control. Unlike wild-type macrophages, mdx macrophages neither
down-regulated CD80 (fig. S10B) nor up-regulated CD206 (fig. S10C)
in response to IL-4 and/or IL-10, suggesting that mdx macrophages
are less responsive than wild-type macrophages to polarization cy-
tokines. To assess in vivo macrophage polarization in mdx mice,
PA4 was injected intramuscularly and flow cytometry was used to
assess macrophage phenotype ~2 weeks after treatment, as above.
Consistent with the in vitro results, PA4 treatment did not shift
macrophage polarization as compared to the PBS group. There was
no change in the levels of CD206 (M2a), CD86 (M1), or CD80 (M1)
expression (fig. S11, A to C) or in the percentage of macrophages
adopting the M1 phenotype (fig. S11D). There was a small, yet sig-
nificant, increase in the percentage of M2a macrophages with PA4
treatment (fig. S11E), but the overall macrophage presence in the
mdx TA muscle was still only a small fraction of the immune cells
(~<10%) and macrophage recruitment was not significantly in-
creased by PA4 treatment (fig. S11F). Together, these data suggest
that while NP IL-4 delivery can help promote an anti-inflammatory
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microenvironment in the muscle that supports M2a macrophage
polarization, macrophages likely play a small role in the mechanism
of PA4 treatment in mdx mice.

DISCUSSION

Inflammation is a driver of disease progression for many prevalent
conditions ranging from cardiovascular to genetic disease. DMD is
an incurable genetic disease initiated by a lack of dystrophin and
structural instability in muscle tissue. All 43 genetically divergent
varieties of muscular dystrophy share chronic inflammation (6).
Chronic inflammation contributes substantially to DMD patho-
genesis, and immune cell infiltration into skeletal muscle is strongly
associated with disease severity (39). Here, we show that IL-4-
conjugated AuNPs promote muscle Ty infiltration after IM injection
into chronically injured aged mdx mice, a condition representative
of clinically advanced DMD. PA4-driven Treg accumulation ulti-
mately led to improved mdx muscle fiber regeneration and fourfold
improvements in muscle contraction force and velocity 2 weeks af-
ter treatment.

The findings of these studies demonstrate that T cells from mdx
mice can appropriately adopt both inflammatory and proregenera-
tive phenotypes. In response to inflammatory or immunosuppressive
cytokine stimulation, T cells isolated from mdx spleens up-regulated
transcription factor expression associated with either inflammatory
effector T cell phenotypes, Tu1 and T2, or the proregenerative Treg
phenotype (Fig. 1). Further, both inflammatory and proregenera-
tive T cells were found in mdx TA muscles (Fig. 3, G and H, and fig.
S6). This is in accord with previous reports that show that muscles
in both mdx mice and DMD patients undergo continuous cycles of
injury and myofiber regeneration, concomitant with both inflam-
matory and proregenerative immune cell infiltration, respectively
(6). Further, there is evidence to suggest that both branches of T cell
activation contribute to DMD. Antibody depletion of either CD4"
helper T cells or CD8" cytotoxic T cells from mdx mice significantly
reduced histologically discernible muscle pathology (7). Converse-
ly, in vivo modification of inflammatory pathways that resulted in
an increase in Tregs enhanced muscle strength (40).

This study demonstrates that AuNPs can be used to deliver bio-
active immunomodulatory cytokines murine IL-10 and IL-4 intra-
muscularly in mdx mice. We have previously shown that PEGylated
AuNPs are stable, biologically inert, and nonimmunogenic (34).
Further, we have shown that human and murine IL-4 conjugated to
these partially PEGylated AuNPs is stable, with only ~3% released
after 61 days in medium containing 10% serum proteins, and that
the conjugated IL-4 retains its bioactivity (34). Here, we extend this
cytokine delivery platform to murine IL-10. As expected, the size
distribution of the NPs shifted to the right, and the { potential became
less negative after partial PEGylation and IL-10 or IL-4 conjugation
(Fig. 2 and Tables 1 and 2). Increased recruitment of T cells into the
treated muscles and somewhat improved muscle function after both
PA10 and PA4 treatments indicated that the conjugated cytokines
retained bioactivity after IM injection, as expected (Figs. 3, D to F,
and 4, C and D). Therapeutic efficacy observed 2 weeks after a sin-
gle PA4 injection also provides some indication of the time scale
and in vivo durability of PA4 therapy. Various methods of cytokine
delivery have been explored previously, including continuous intra-
venous infusion (phase 1 clinical trial) in cancer patients (41), con-
jugation to decellularized scaffolds (42), and temporally controlled
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release from hydrogels for muscle delivery (43). However, several of
these approaches have been limited by toxicity and dose limitations
(especially in the case of infusions) and their ability to evenly dis-
tribute cytokine throughout the target tissue. Strategies for muscle
targeting, including adeno-associated viral (AAV) vector delivery
of CRISPR components or other genetic information (19, 44), and
the identification of muscle targeting peptides have also been ex-
plored (45). However, gene transfer efficiency, unfavorable immune
responses to the AAV capsid protein, and peptide ligand-targeted
drug delivery remain challenging (46). Here, IL-10 and IL-4 conju-
gation to AuNPs allowed nonimmunogenic distribution of the cy-
tokines throughout the targeted muscle, providing a model to probe
their ability to control inflammation in the context of chronic
DMD, and the effects of such immunomodulation on muscle func-
tion, with a clinically relevant delivery vector. Formulations of col-
loidal gold have been FDA-approved for the treatment of arthritis,
and AuNP delivery of TNF-a has shown promising results in can-
cer clinical trials (47, 48).

NP delivery allows more potent and sustained immunomodula-
tion than soluble cytokines. Previously, we have shown that PA4
macrophage polarization results in higher and more stable levels of
CD206 expression than soluble IL-4 and that increased IL-4 valency
on the NPs results in increased M2a polarization (34). Here, we show
that AuNP-conjugated IL-10 also retains its bioactivity and ability
to direct macrophage phenotype in vitro (fig. S1IC). AuNPs were
retained in mdx muscle for at least 2 weeks after IM injection and
promoted Tre; accumulation over that time period (Fig. 3). Previ-
ously, we have shown that soluble IL-4 was unable to improve muscle
function after acute injury in healthy mice versus 40% improve-
ment in strength observed after treatment with an equivalent dose
of IL-4 delivered as PA4 (34). This finding suggests that NP delivery
is critical. The more severe, and chronic, inflammatory nature of
DMD suggests that soluble IL-4 would be even less effective at ther-
apeutically shifting the immune response in this context; the ability
of PA4 to provide a sustained polarization cytokine was likely nec-
essary here. PEGylation has also been shown to protect interleukins
from degradation in vivo, thereby improving their therapeutic effi-
cacy (49). AuNP PEGylation likely also provided benefit in the con-
text of acute muscle injury (34) and dystrophy studied here. An
emphasis was placed on IL-4/PA4, as PA4 was found to be the most
promising therapeutic. However, it is worth noting that soluble IL-10
has failed in multiple clinical trials due to its in vivo instability (50).
For these reasons, in addition to the inability of PA10 to improve
muscle function in mdx mice (Fig. 4), soluble IL-10 was excluded
from the current study. Future studies to assess how long PA4 is
retained in the muscle, to understand cellular internalization of the
NPs, and determine the duration of the anti-inflammatory im-
mune response will be important, however, as such parameters will
be necessary to develop dosing regimens required to effectively
treat DMD.

PA4 treatment significantly increased the presence of immuno-
suppressive/proregenerative T cells, Tregs, in chronically injured
mdx muscle. IM PA4 injection increased T cell infiltration into the
muscle and approximately doubled the percentage of CD4"/CD8~
helper T cells (Fig. 3, D, E, and G). Nearly half of the CD4"/CD8~
helper T cells were FoxP3-expressing Treg after PA4 treatment,
compared to only ~20% in the negative control group (Fig. 3H).
This is consistent with previous findings that IL-4 can induce the
formation of Tyeg from naive CD4" T cells (51). IL-4 signaling
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through signal transducer and activator of transcription 6 (STAT6)
is required for expression and maintenance of the T4 transcription
factor FoxP3, Ty proliferation, and survival (52, 53). IL-4 also im-
proves the ability of Tiegs to inhibit inflammatory interferon-y
(IFN-y) production by CD4" T cells in a STAT6-independent manner
(52). Increased numbers of Trees have been observed in the skeletal
muscles of mdx mice compared to wild-type mice (27), suggesting
that the immune environment in dystrophic muscles may promote
Theg infiltration or activation. Treatment of mdx muscles with IL-2
complexes has been shown to increase the frequency of muscle Tregs
by ~10 percentage points (~15% of CD4" T cells are Treg, in negative
control versus ~25% Tregs in the treatment group) and increase mus-
cle IL-10 nearly twofold (9). Here, PA4 treatment resulted in Treg
representing nearly half of total CD4" T cells in the muscle. Elevated
levels of IL-10 have also been observed in mdx muscles (8), and bi-
ological IL-10 saturation may have limited the therapeutic advantage
of further IL-10 delivery by PA10 here. Modulation of the dystro-
phic microenvironment with PA4, however, further increased the
presence of Ty in chronically injured mdx muscles; therefore, PA4
may have a particular ability to direct Ty, recruitment in the con-
text of DMD, perhaps ultimately leading to dampened inflamma-
tion and improved muscle regeneration.

PA4 treatment enhanced mdx muscle regeneration and improved
function. Two weeks after PA4 injection, TA muscles demonstrated
increased muscle fiber area and fourfold increases in both contrac-
tion force and velocity compared to negative controls (Fig. 4). This
is consistent with previous studies showing that IL-4 promotes mus-
cle regeneration both directly, by controlling myoblast fusion and
the maturation of functional myotubes (54), and indirectly via the
promotion of a type 2 immune response. AAV delivery of CRISPR
gene editing components (Cas9 and single-guide RNA) increased
dystrophin expression and increased muscle force twofold in a mu-
rine exon 44 deletion DMD model compared to untreated controls
4 weeks after treatment (12). AuNPs delivering CRISPR compo-
nents along with a DNA template to repair the dystrophin mutation
yielded about twofold increase in wire-hang time 2 weeks after treat-
ment (21). Previously, we have shown that promotion of M2 mac-
rophage polarization by PA4 treatment improved muscle strength
by 40% compared to negative control groups, in wild-type mice,
after acute injury (34). Skewing M2 macrophage polarization in
mdx mice, by ablation of osteopontin, increased hindlimb muscle-
specific force by 1.2- to 1.3-fold (10). Here, we show a fourfold im-
provement in muscle force after PA4 treatment and T g recruitment,
suggesting that T cells may also play a central role in mdx muscle
function.

The increased presence of Tegs in TA muscles after PA4 treatment
likely played a critical role in promoting muscle regeneration and
function. Conversely, the minimal therapeutic effects observed after
PA10 treatment may be partially explained by its inability to increase
muscle Ty infiltration (Fig. 3G, H). Ample evidence supports the
role of Tegs in muscle regeneration, as these cells both modulate
inflammation and directly affect muscle growth. The secretion of
IL-10 by Tieqe dampens muscle-damaging inflammatory processes
(9). IL-10 secretion by Teg, recruited after PA4 treatment may have
contributed to the improved muscle strength observed here, per-
haps providing a similar benefit to combined delivery of both IL-4
and IL-10. Conversely, PA10 treatment provided minimal Ty re-
cruitment and perhaps minimal stimulation of additional regenera-
tive cytokines. Tregs also have a direct effect on muscle progenitors
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and nascent myofibers via amphiregulin (Areg). Whole muscle
transcriptional analysis has shown that T'.; depletion in mdx mice
was associated with a down-regulation of genes associated with mus-
cle homeostasis and function; an increase in serum levels of creatine
kinase, an enzyme associated with muscle damage, was also ob-
served with Ty depletion (27). Further, various treatments that
promote Treg accumulation in mdx muscles have shown promise.
Rapamycin improved mdx muscle phenotype, largely by reducing the
infiltration of effector CD4" and CD8" T cells, while preserving
Thregs (55). IL-2/anti-IL-2 complexes also decreased creatine kinase
and improved muscle histology, concomitant with increasing Tregs
(9). However, these studies did not measure muscle strength or
function. Here, a significant increase in muscle contraction force
and velocity was observed, concomitant with an increase in Tregs,
after PA4 treatment in mdx mice.

Macrophage polarization likely played a small role in the mech-
anism of PA4 treatment of mdx muscles. Satellite cells from mdx
mice did not support as much macrophage activation as wild-type
satellite cells (fig. S9), and mdx macrophages were less responsive
than wild-type macrophages to polarization cytokines both in vitro
and in vivo (figs. S10 and S11). Although macrophages have been
shown to play a central role in muscle regeneration and function in
healthy mice (34), the low macrophage numbers in mdx mice ob-
served here, the inability of PA4 treatment to promote macrophage
recruitment (figs. S4F and S11F), and the relative inability of mdx
macrophages to react as potently to IL-4 and IL-10 likely limited
their therapeutic potential in dystrophic muscle. Together, these data
indicate that the mdx mutation limits the ability of dystrophic mus-
cle satellite cells to stimulate macrophage activation and the ability
of mdx macrophages to fully respond to IL-4 and/or IL-10. Direct
comparison of muscle function and PA4 therapeutic efficacy in mdx
versus wild-type mice is challenging, however. Treatment of unin-
jured mdx mice did not result in any improvement in muscle force
(fig. S2, C and D), likely due to mild clinical disease, suggesting that
treating wild-type mice would also not show any change in muscle
function. The microdamage used here to advance disease progres-
sion in mdx mice allowed us to study a severe chronic model of
DMD and observe the therapeutic efficacy of PA4. Such microdam-
age, however, does not result in injury or inflammation in wild-type
mice (56).

The results of these studies indicate that IL-4-conjugated AuNPs
can shift the immune response in chronically inflamed dystrophic
muscle and ultimately promote improved muscle regeneration and
function. While more than 7000 unique genetic mutations have
been identified in DMD patients (59), chronic inflammation plays a
critical role in the pathogenesis of all forms of DMD. This study
suggests that PA4 modulation of the immune response may slow
disease progression and improve muscle function for patients suf-
fering from a broad range of muscular dystrophies.

MATERIALS AND METHODS
For additional methods, see the Supplementary Materials.

Experimental design

The hypothesis of this investigation was that AuNPs delivering anti-
inflammatory cytokines would promote a proregenerative immune
response in dystrophic muscle and ultimately result in improved
muscle regeneration and function. Experiments were designed to
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evaluate the impact of IL-4- and IL-10-conjugated AuNPs com-
pared to PBS controls in chronically injured aged mdx mice to
model clinically advanced dystrophy. Experimental conditions were
chosen on the basis of previous work showing that soluble IL-4 fails
to improve muscle function after acute injury (34), and are built on
the expectation that soluble cytokine delivery would not provide
significant benefit in the context of chronic, advanced muscular
dystrophy. All treatments were administered at least 3 weeks after
initiation of the chronic injury in mdx mice to ensure that acute
injury and inflammation had subsided. In vivo studies were carried
out on male and female mdx mice of the same generation bred at
Harvard University to minimize variances between groups. All ani-
mal work was in compliance with the National Institutes of Health
and institutional guidelines. The number of animals and statistical
parameters are denoted in the figure legends.

T cell culture

Naive CD4" T cells were isolated from the spleens of mdx mice
after euthanasia in compliance with the National Institutes of Health
and institutional guidelines. T cells were isolated by depletion of
off-target cells using magnetic-activated cell sorting and cultured
(35), and medium was supplemented to activate various phenotypes
(table S1).

AuNP synthesis and conjugation

AuNPs were synthesized by the hydroquinone reduction of Au onto
citrate-stabilized seed particles (36). After PEGylation with 5-kDa
PEG-thiol, murine IL-10 or IL-4 was added at a concentration of
0.5 ligands/nm?, with 10% (w/v) trehalose for overnight conjuga-
tion, as previously described (34).

Animal models

All animal work was in compliance with National Institutes of
Health and institutional guidelines, with male and female mdx mice
bred at Harvard University, aged 10.5 to 11 months old. Chronic
muscle injury was induced by daily microdamage (37) and com-
pared to a model of toxin injury induced by IM injection of Notexin
Np (Supplementary Materials). To ensure treatments distributed
throughout the TA, the total dose was administered via two 10-pl
IM injections.

TA force

TA muscles were mounted between two electrodes and connected
to a force transducer (58). Tetanic muscle contraction was evoked
at 250 Hz, 25 V for 1 s. Contraction force was normalized to TA
mass. Contraction velocity was measured as the slope of the force
curve at the time of stimulation (34).

Histology analysis

H&E staining was performed, and 10x images were tiled across the
entire muscle cross section. Color deconvolution in Image] was
used to assess the percentage of the muscle cross-sectional area com-
posed of muscle fibers (pink, eosin) or cell nuclei (blue, hematoxylin).

Statistical analysis

All analyses were performed with GraphPad Prism 5. Analysis
of variance (ANOVA) tests with Tukey’s post hoc test were used
for multiple comparisons throughout. Dunnett’s comparison versus
a control condition was used as noted. Dimensionality reduction
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of high-parameter flow cytometry was performed using the tSNE
algorithm in FlowJo v10.6.2 (TreeStar, USA) (Supplementary
Materials) (38).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/26/eabh3693/DC1

View/request a protocol for this paper from Bio-protocol.
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