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Abstract

Dystrophic muscle is characterised by chronic wjuand a steady recruitment of
inflammatory Ly6C' monocytes. Recent studies have identified theesplas the
dominant reservoir of these cells during chronitammation. Here we investigated the
hitherto unexplored contribution of splenic LyBGnonocytes to dystrophic muscle
pathology. Using thendx mouse model of muscular dystrophy, we show th&d'y
monocytes accumulate in great numbers in the sgleenthe course of the disease. The
chemokine receptor CCR2 was upregulated on Pyf®nocytes irmdx spleen before
disease onset, thereby enabling their recruitmentlyistrophic muscle. Splenectomy
performed before disease onset significantly redube number of Ly6® monocytes
infiltrating dystrophic limb muscle. Moreover, irhe absence of splenic LyBC
monocytes there was a significant reduction in rystic muscle inflammation and
necrosis, along with improved regeneration duriagyedisease. However, during late
disease, lack of splenic LySGnonocytes adversely affected muscle fiber repaie, to a
delay in the phenotypic shift of pro-inflammatoryt/807/Ly6C"/CD206° to anti-
inflammatory F4/8/Ly6C"°/CD206 macrophages. Overall, we show that the spleen is
an indispensable source of LyB@onocytes in muscular dystrophy, and that splenic

monocytes are critical players in both muscle fibgrry and repair.



I ntroduction

Duchenne muscular dystrophy (DMD) is a genetic aisein which lack of dystrophin
leads to chronic muscle injury and inflammation. (The immune response plays a
critical role in the pathogenesis of DMD, and bttk innate and the adaptive immune
response contribute to the formation of the dys$tropuscle infiltrate (2—5). Monocytes
and macrophages comprise the major part of tharmfiatory cell infiltrate in dystrophic
muscle (2,6). There are two types of monocytes iculation, classical Ly6C
monocytes characterised by the expression of tamokine receptor CCR2, and Ly8C
or patrolling monocytes, which lack expression d@R2 but express the fractalkine
receptor C¥CR1 (7). The classical Ly8Cmonocytes also known as inflammatory
monocytes are among the first innate immune celldd mobilised from the bone
marrow into the circulation and recruited to thee sif tissue injury (8). Once inside the
tissue, and depending on the cytokine milleu, tm rise to both inflammatory and
anti-inflammatory macrophages (7,8). On the othamch Ly6C° monocytes patrol the
vasculature under steady state, and participataarresolution of inflammation (7-9).
We recently described the kinetics of the earlfaminatory cell infiltrate in lower limb
muscle in themdx mouse model of muscular dystrophy and showed ty&C"
monocytes begin to infiltrate muscle early durihg pre-necrotic stage of the disease, at
2 weeks of age (6). They reach a peak during thetie phase at 4 weeks and gradually
decline by 12 weeks of age when anti-inflammatogcraphages begin to predominate.
In spite of their important role in dystrophic mlespathology, little is known about the
origin of Ly6C" monocytes in dystrophic muscle. Although the bonarrow has

traditionally been considered as the major soufaaanocytes, there is now compelling



evidence suggesting that the spleen is also anrtamoreservoir of Ly6& monocytes,
and that the bone marrow likely outsources theadpction to the spleen in diverse
disease settings (10). Thus, splenic monocytes ¥eened to contribute to miocardial
healing following ischemia, the formation of athssterotic lesions and to disease
progression in ALS (10-12). However, the contribatiof splenic monocytes to
dystrophic muscle pathology remains to be elucitlate

In this study we used thedx mouse model of muscular dystrophy to investigdtetiver
splenic Ly6¢' monocytes participate in muscle injury, inflamroatiand regeneration.
We show for the first time that Ly8Cmonocytes accumulate in significant numbers in
the spleen ofmdx mice and are recruited to dystrophic muscle whieeg contribute to

both muscle fiber injury and repair.



Results

Ly6C™ monocytes accumulate in the spleen of mdx mice over the course of the disease.

We previously showed that Ly6Gnonocytes begin to infiltratedx limb muscle before
the onset of overt disease at 2 weeks of age, eaxchra peak at 4 weeks of age when
necrosis becomes evident (6). We therefore hypzbetghat if the spleen represents an
important source of Ly6& monocytes in the context of dystrophic muscleripjuhen
we should be able to detect changes in their nuraberor phenotype. To examine this
hypothesis we analysed the number of LY&8onocytes in the spleen ofdx and WT
mice at 1, 2, 4 and 12 weeks of age. L%ﬁbnocytes were identified by flow cytometry
as CD11B/F4/80°/Ly6g°/CCRZ/LYy6C" cells (Figure 1A). Interestingly, while there
were no differences at 1 week of age, as one negpect, we observed a striking
increase in the number of LyB@nonocytes at 2 weeks of agenidx spleen compared to
WT, and this significant increase was sustainetl\aeeks of age, gradually declining by
12 weeks of age when their numbers were compartabM/T (Figure 1B). We also
noticed an increase in LyBqeutrophils in the spleen afdx mice, and this will be the
subject of future investigations. In support ofshalata, we found a significant increase
in the frequency and number of LyB@nonocytes positive for the proliferation marker
Ki-67 (Figure 1C-E), and an increase in the expoeskevel of myeloid cell cytokines
IL-18 and GM-CSF mRNA inmdx spleen at 2 weeks of age (Figure S1B and C). Of
note, we observed increased frequency and numberyefoid progenitor cells imdx
spleen (Figure S2A-C), which likely give rise to 8F" monocytes as previously
described (12,13). Furthermore, a flow cytometrialgsis of splenic Ly6& monocytes

in mdx mice at 2 weeks of age, revealed an upregulatpdession of the chemokine



receptor CCR2 (Figure 1F, G), suggesting an a@i/atatus, and a preparedness to be
recruited and extravasate from circulation intoghe of tissue injury.

These results show that there is a marked expamsitime splenic reservoir of Ly8C
monocytes inmdx mice before the onset of disease, suggesting ailp@srole in

dystrophic muscle inflammation.

Slenectomy reduces the number of Ly6C™ monocytes'macrophages infiltrating
dystrophic muscle. In order to investigate the contribution of theespt reservoir of
Ly6C™ monocytes to dystrophic muscle inflammation weespttomisedndx mice at 2
weeks of age, which is the time when Ly6@onocytes begin to infiltrate muscle (6),
and performed analyses 2 weeks later, at 4 weelkgy®f when typically mdx muscle
inflammation and damage peak, 8 weeks of age whiggmmation begins to subside,
and 12 weeks of age when inflammation is minimal(fBgure 2A). Upon recruitment,
Ly6C" monocytes give rise to pro-inflammatory FAIBICRZ/Ly6C" macrophages (or
recently recruited monocytes/macrophages (Mo/MRyhich over time lose the
expression of Ly6C and CCR2 and differentiate imnti-inflammatory or pro-
regenerative F4/80CCR2/Ly6C° macrophages (Figure 2B) (6,7,14). Splenectomy
significantly reduced the number of Ly8®o/MP in mdx limb muscle at 4 (Figure 2C,
F) and 8 weeks of age (Figure 2D, F). No significdifferences were observed at 12
weeks of age (Figure 2E, F). While there was néedihce in the kinetics of Ly6C
Mo/MP in dystrophic muscle at 4, 8 and 12 weeks,rthmber of Ly6€ monocytes was
consistently lower in splenectomiseatix mice compared to control (Figure 2F). The

expression of CCR2 by the recently recruited FA/86C™ Mo/MP in muscle ofmdx



control and splenectomised mice at 4 weeks of aagesimilar (Figure 2G). Concomitant
with the reduction in the number of inflammatory Mi®, the ligand for the CCR2
chemokine receptor, CCL2, which drives the recraittnof monocytes into the site of
tissue injury (8), and the GM-CSF cytokine, whigives the expansion and activation of
monocytes (15) were significantly reduced in limbhstle of splenectomised mdx mice
compared to control (Figure H, 1).

Overall, these data suggest that the spleen sas/ése dominant reservoir of LyBC

monocytes during the acute phase of dystrophic lausitammation.

In the absence of the spleen the bone marrow increases the production of Ly6C"
monocytes. Our and previous findings suggest that the bonerowaroutsources the
supply of inflammatory monocytes to the spleen myirchronic inflammation (12,13).
Therefore, we reasoned that in the absence ofleers the bone marrow (BM) might
compensate by increasing the production of LY&Bonocytes. Indeed, 2 weeks after
splenectomy, at 4 weeks of age, the number of [y@@nocytes in the BM of
splenectomisedndx mice was significantly increased compared to adr(ffigure 3A).
Intriguingly, the number of Ly6® monocytes was also increased in the BM of
splenectomised WT mice compared to control, sugggshat the spleen might be a
source of monocytes also in the steady state (Ei§&). The expression of CCR2 on
bone marrow Ly6& monocytes was slightly increased in both splemeisted mdx and
WT mice compared to control (Figure 3C). On theeothand there was a modest
increase in the number of circulating Lyb@onocytes in splenectomised compared to

control mdx mice (Figure 3D) and a significant increase irespttomised compared to



control WT mice (Figure 3E). Similar to BM, therasva small increase in the expression
of CCR2 by Ly6C¢ monocytes in splenectomised compared to contch! mice (Figure
3F). These results show that the bone marrow isesedhe production of Ly8C
monocytes following splenectomy, but as shown guFe 2, fails to fully compensate for

the absence of splenic LyB@onocytes.

Lack of splenic Ly6C™ monocytes is associated with a reduction in inflammation and
early muscle fiber necrosis. Inflammatory Mo/MP contribute to early inflammation
mediated muscle damage and facilitate the recruitroé other inflammatory cells (2).
Thus, removal of the splenic reservoir of Ly6@onocytes was associated with a
significant reduction of the inflammatory infilteatin muscle of splenectomisenbix
mice compared to control (Figure 4A, B). The tetaiber of mononuclear cells isolated
from limb muscle was significantly reduced in sgetomisedmdx mice compared to
control at all ages analysed (Figure S3A-C). Initamit, the number of CD45cells was
significantly reduced at 4 and 8 weeks of age (fegtC, D). There was no significant
difference in the number of infiltrating CD4%ells at 12 weeks of age, when muscle
inflammation is minimal (Figure 4E). Although tha&tics of CD45 cell infiltration of
dystrophic muscle did not change, the number wasistently lower in splenectomised
versus contromdx mice (Figure 4F). In addition, the number of nephils was also
significantly reduced at 4 and 8 weeks of age Iersgrtomisedndx muscle (Figure 4G
and H), most likely because of the reduced locallpction of GM-CSF as shown in
Figure 2I. There was no significant difference e thumber of T cells recruited to

dystrophic muscle at 4 and 8 weeks of age in sptem@sed compared to contnoix



mice (Figure 4l and J), suggesting that in the atsef the spleen T cells are recruited
from regional lymph nodes. Finally, lack of LyBCmonocytes ameliorated early
dystrophic muscle necrosis at 4 weeks (Figure 4K, L

These findings suggest that splenic L{6@onocytes contribute to dystrophic muscle

inflammation and early muscle fiber damage.

Removal of the splenic reservoir of Ly6C™ monocytes improves early regeneration but
hinders later stage muscle fiber repair. Monocytes recruited to sites of tissue injury
perform diverse effector functions, ranging fronoqomflammatory cytokine production
and amplification of the immune response, to cleegaof dead cells and stimulating
angiogenesis and regeneration (7,14). We therefammdered whether the absence of
splenic Ly6C' monocytes might affect the ability of dystrophicisnle to regenerate. In
themdx mouse model, the acute inflammatory phase in hmiscle begins at 2 weeks of
age and is characterised by a peak in inflammatichweeks, after which inflammation
subsides and returns to almost basal level by Eksvef age (4,6). Throughout this time,
regeneration is ongoing and reaches a peak asnimiéion begins to wane. We found
that the frequency of embryonic myosin heavy clf@MHC) positive regenerating fibers
in limb muscle of splenectomiseddx mice was significantly increased compared to
control at 4 weeks of age (Figure 5A, B). At thigge, there was no difference in the size
(Figure 5C) or mean cross sectional area (CSAegémerating fibers (FigureS5E). In
support of these data, the cytokine typically asded with regeneration, IL10 was
significantly increased in limb muscle from spletmasised mdx mice compared to

control at 4 weeks of age (Figure S4E). These tesulggest that in the absence of



splenic Ly6C' monocytes regeneration is augmented in dystrophiscle during the
early phase of the pathology, at 4 weeks. Thisegme in regeneration was not due to
increased damage since muscle necrosis and inflaonmavere reduced in
splenectomiseandx mice (Figure 4K and L). Another possible reasontf@ boost in
early regeneration following splenectomy could heréased activation of satellite cells.
However, we found no significant difference in theel of myogenic markers including
Pax7, MyoD and myogenin mRNA in muscle from conamotl splenectomisaddx mice
(S6A). While the regenerating area remained shgimtreased at 8 weeks compared to
control (Figure S5C), the number of small regenegdibers (CSA < 50@m) remained
high in limb muscle of splenectomiseaix mice, whereas the number of bigger fibers
(CSA 1000-2000m) was reduced compared to control (Figure 5D).r&@h&as no
significant difference in the average CSA of regatieg fibers between splenectomised
and control mdx mice at 8 weeks (Figure S5F). During the latersghaf the disease at
12 weeks of age, regeneration was reduced (FigbBd,Sand the size of regenerating
fibers remained smaller in muscle of splenectomiseld mice compared to control
(Figure 5E). Interestingly, the impaired musclesfilgrowth and regeneration at 8 and 12
weeks of age was accompanied by increased ne¢Fagise S5A and B). These findings
suggest that splenic Ly8@nonocytes are necessary for efficient muscle ragépa in
muscular dystrophy. Impaired muscle regeneratienbdeen associated with a reduction
in angiogenesis and increased fibrosis (16). Indéednumber of CD31capillaries per
fiber was reduced in the absence of splenic [{/6flonocytes (Figure 5F and G).
Furthermore, although a histological analysisalfagen deposition in muscle following

splenectomy revealed a modest increase in fibiosgplenectomisedndx mice at 12
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weeks of age, the expression level of the fibrazagker Collagen 1A was significantly
increased in muscle of splenectomisedix mice compared to control (Figure S7 A-C).
Finally, muscle function in splenectomisedx mice was compromised as evidenced by

a significant reduction in muscle strength (Figbk.

A delay in pro-inflammatory to anti-inflammatory macrophage shift contributes to
impaired regeneration following splenectomy. Soon after reaching dystrophic muscle,
Ly6C™ monocytes differentiate into F4/80y6C™ pro-inflammatory macrophages. As
inflammation progresses, a phenotypic transitiogire to take place whereby pro-
inflammatory F4/80/Ly6C™ macrophages gradually lose the expression of LaGCup-
regulate the expression of CD206, eventually givinge to pro-regenerative
F4/807/Ly6C°/CD206 macrophages (6,7,14). In the absence of spleni6Cly
monocytes we observed a delay in this shifinoik muscle at 12 weeks of age (Figure
6A-C). A comparison of the forward (size) and ssdatter (granularity) characteristics of
F4/807/Ly6C"/CD206° and F4/8t/Ly6C°/CD206 macrophages, revealed that they are
of a similar size but were more granular in mus@iem control compared to
splenectomiseddx mice, suggesting differences in cytoplasmic comiplg€Figure 6D).
Finally, as mentioned above, as Ly6@acrophages lose the expression of Ly6C, they
upregulate the expression of CD206, a marker afiafi@mmatory macrophages. As
illustrated in Figure 6E, while Ly6& macrophages in contrahdx muscle gradually
increased the expression of CD206 over the coursieecdisease, this increase was not
observed in Ly6¢& macrophages in splenectomiseatix muscle (Figure 6E). The

expression level of ILf}, a pro-inflammatory cytokine produced by activaidd/MP,
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was significantly increased in muscle of splenecsechmdx mice compared to control
(Figure S4C), reflecting the delay in the shift nfropro-inflammatory to anti-
inflammatory macrophages. These findings suggestahe of the ways by which lack of
splenic Ly6C' monocytes impedes dystrophic muscle regeneradidny icausing a delay
in the phenotypic shift from pro-inflammatory toopregenerative macrophages, thereby
altering the tissue cytokine environment in wayat tio not support adequate muscle

fiber growth.

Discussion

Inflammatory Ly6C' monocytes are the principal effector cells in dyshic muscle
pathology (2,6,14). The origin of these cells irstdyphic muscle has not been directly
studied before, and the general assumption has the¢rthey originate from the bone
marrow. However, following the identification ofelspleen as an alternative source of
Ly6C™ monocytes by Swirski et al (10), a number of stadiave emphasized the critical
role of the spleen as an emergency reservoir frémewthese cells are deployed to sites
of inflammation, as shown during ischemic myocdrdigury and atherosclerosis
(12,13,17). Here we provide further evidence of spéeen as a dominant reservoir of
Ly6C™ monocytes in the context of chronic muscle injimy muscular dystrophy.
Reminiscent of the kinetics of the inflammatory p@sse in dystrophic muscle (6),
Ly6C™ monocytes in the spleen showed the first signexpiansion early, before the
onset of overt disease, and remained elevated tinatiend of the acute inflammatory
phase. This early expansion was accompanied bycaease in the expression of CCR2,

a chemokine receptor known to be necessary for oyp@@gress. Such an early response
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in the spleen has also been observed in a mouselmbd\LS, where similar to our
findings, Ly6C" monocytes in the spleen upregulated CCR2 expregsior to disease
onset (11). Interestingly, these early events engpleen ofndx mice coincided with an
increase in limb muscle of CCL2, the ligand for R which mediates monocyte
recruitment, and of GM-CSF, a cytokine, which in63) monocytes stimulates
chemotaxis, phagocytosis and induction of gendsdrto inflammasome function (15).
It is possible that GM-CSF produced by activatedcnmghages and fibroblasts in
dystrophic muscle stimulate myelopoiesis in disitds such as the spleen and the bone
marrow, as recently shown in acute myocardial isth€18). Nevertheless, unlike in the
spleen, we found no significant increase in the memof Ly6C" monocytes in the bone
marrow ofmdx mice, and no upregulation of CCR2, suggestingtti@aspleen represents
the dominant supplier of these cells during théyestages of dystrophic muscle injury,
as previously demonstrated during ischemic myoeabrdijury and atherosclerosis
(12,13,17). Thus, splenectomy performed beforeadiseonset, reduced the number of
Ly6C" monocytes infiltrating dystrophic limb muscle by0%, and ameliorated
inflammation and necrosis during the early stagabedisease. Although the number of
Ly6C" monocytes increased in the bone marrow of splemésedmdx mice compared
to control, the bone marrow failed to fully compatesfor the absence of the spleen, most
probably due to the reduced level of the monocybbilising chemokine CCL2 and the
GM-CSF cytokine released from dystrophic muscléfeing splenectomy. The fact that
these cytokines were reduced in dystrophic musttler gplenectomy, suggests that
splenic Ly6C' monocytes contribute to the early muscle fiber agenand amplification

of the inflammatory response.
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Previous studies have shown that targeting LY/6@onocytes through CCR2, or
treatment with anti-Ly6C mAb reduces dystrophic obeisdamage. Mojumdar et al.
demonstrated that CCR2 deficiency indx mice reduces the number of LyBC
monocytes recruited to the diaphragm, and ameéisrdtaphragm muscle degeneration
during the early stages of the disease (19). Istegly, the authors found that
splenectomy had no effect on the number of LY6@onocytes recruited to the
diaphragm. The reason for the different outcomewdsen this and our study could be
that the focus was on different tissues (diaphragmsus limb muscle) with different
inflammation kinetics. For example, in our study pexformed splenectomy at 2 weeks
of age because our kinetics data showed that tthéesarliest time when monocytes
begin to infiltrate limb muscle. We sacrificed thaimals 2 weeks later in order to
examine the effect on the peak of inflammation, &nand 10 weeks later in order to
study regeneration. Although much less striking, difference in the number of Ly8C
Mo/MP observed at 4 weeks, was still present ae8ks, but absent at 12 weeks of age.
Mojumdar et al. splenectomised the animals at 3kwves age and examined the
diaphragm 6 weeks later when inflammation likelgibs to subside and any differences
in numbers that might have existed become lesab\{19).

A more recent study, using ntiCCR2-/- mice also showed a beneficial effect on
muscle pathology by reducing the number of infiltrg Ly6C" monocytes. However,
the improvement in diaphragm and limb muscle damege fibrosis observed at 14
weeks was not sustained at 6 months (20). Simdathis study, we found that the
beneficial effect of splenectomy observed durirggearly phase was not sustained during

the later stages of the disease. While lack ofngpl@onocytes reduced inflammation and
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necrosis and ameliorated regeneration early imtie disease phase, a defect in muscle
fiber repair became evident by 8 weeks and wak aparent at 12 weeks. Smaller
regenerating fibers predominated in splenectomms@dmice, and there was a reduced
appearance of bigger fibers, suggesting impairesictadiber growth or maturation. This
compromised repair of muscle fibers, together witte reduced number of CD31
capillaries per fiber, led to a reduction in mussieength, suggesting that in the absence
of splenic Ly6¢' monocytes the dystrophic phenotype worsens. Renutae splenic
reservoir of Ly6¢& monocytes did not affect the ability of satellitells to undergo
activation, and the impairment in muscle fiber gitows likely due to the delay in the
appearance of the pro-regenerative FZI8@C°/CD206 macrophage subset and the
consequent changes in the tissue cytokine envirohth@t do not adequately support
muscle fiber growth, as previously proposed iniows contexts of muscle injury
(14,21,22). On the other hand, the balance of milarnmatory Ly6C¢ to pro-
regenerative Ly6€macrophages in splenectomisedx muscle was not affected during
the early phase of the disease, which, togethdr thig higher level of pro-regenerative
cytokine IL10 and the decrease in inflammation rhighve contributed towards the
increase in early regeneration we observed at 4sweleage.

Given that Mo/MP perform diverse effector functidsth in the context of tissue injury
and regeneration, these findings were not surgyisirhe optimal response to tissue
injury depends on a fine balance between inflammatoonocyte numbers and their
phenotype. Recruitment of too few or too many ielif to create an unfavourable
environment for the resolution of tissue inflammoati and compromise the re-

establishment of tissue homeostasis. Thus, it seeoismble that the 70% reduction in
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the number of Ly6& monocytes in dystrophic muscle following splenenyoprecluded
the effective clearance of necrotic cells and debeventually hindering repair and
worsening fibrosis. It is also possible, that th@een provides a distinct monocyte
subtype or subtypes that differentially participatethe inflammatory and regenerative
phase of dystrophic muscle injury and are recrugedpart of separate waves. Future
studies are needed to test these possibilitiederatien our understanding of the origin
and function of monocytes and macrophages in masdyistrophy.

Finally, we cannot exclude the possibility that exfie of cells other than monocytes,
recruited from the spleen might have contributedhtese outcomes. Nevertheless, we
found no difference in the number of CDBcells recruited to muscle of splenectomised
animals, and although we did not examine regulatocells, we found similar levels of
the immunoregulatory cytokines IL-10 and T@HRA muscle of splenectomised versus
controlmdx mice.

In conclusion, we show that the spleen is an irefispble source of Ly8Gmonocytes in
muscular dystrophy, and that splenic monocytesritute to dystrophic muscle injury
early in the course of the disease, but are alsessary for effective regeneration during
the later stages of the pathology.

An important question to be addressed in the futarevhether the spleen is just an
extramedullary site to which the bone marrow outses the production of Ly8C
monocytes during chronic inflammation, or whetheraiso represents an important
monocyte training ground.

The present study underscores the complexity ofaryte responses in tissue injury and

highlights the need for a greater understandingp@forigin, time and context dependent
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effector functions of these cells. Only then, wille be able to design novel
pharmaceuticals to target monocytes in musculatralysy in a way that will reduce

damage without compromising regeneration.

M ethods

Mice. C57BL/10ScSn-Dmtf™* and C57BL/10ScSn mice were purchased from The
Jackson laboratory. Only males were used.

Cell isolation and processing. Muscle single cell suspensions were obtained asqugly
described (6). Briefly, mice were perfused with PB&d hind limb musculature (tibialis
anterior, gastrocnemius and quadriceps) was exomeidhed, cut into 1-mm pieces and
digested with 1mg/ml Collagenase type 4 (Worthinytor 1.5h in a pre-warmed (37C)
water bath with agitation. Hind limb muscle fromckamouse was processed
individually. The digested muscle preparation wast fpassed through a @@ cell
strainer (BD Falcon), and then through audOcell strainer, washed in DMEM/10% FBS
and resuspended in FACS buffer (PBS 1%FBS). Siwgless were counted with a
haemocytometer and analysed by flow cytometry.

Splenocytes were obtained by grinding the spleemwdsn the rough edges of two
microscopy slides. Blood was collected by cardiangture. Following the lysis of
RBCs, cells were counted, stained with the releaatibodies and analysed by FACS.
Flenectomy. Splenectomy was performed on zoletil (50/50 mg/amgd rompun (20
mg/ml) anesthetized 2-week-atatlx or WT mice. After opening of the abdominal cavity,

the spleen vessels were cauterized and the splaercavefully excised. Control animals
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underwent anesthesia and opening of the abdomawitycbut without removal of the
spleen. Animals were sacrificed 2, 6 or 10 weeler @plenectomy for analysis.

Flow Cytometry. Prior to staining, single cell suspensions werauliated with anti-
CD16/32 (Biolegend, clone 93ulltest) to block nonspecific binding to Fc receptor
Samples were stained with the relevant antibodstsd in Supplementary Table 1. Cell
viability was assessed with 4',6-diamidino-2-pherdadle, dilactate (DAPI) (Biolegend).
Compensation was set using the ABC compensatiotsbida(Thermo Fisher). Samples
were acquired with a CyAn ADP (DAKO) and acquiredadwere analysed using FlowJo
software version 10.

Histology. Tibialis muscles were embedded in Tissue freeziediom (Leica) and snhap-
frozen in liquid nitrogen-cooled isopentane. Fropauscles were cut into |@n sections
and stored at -20 C until use. For morphologicaeasment, frozen sections were stained
with H&E. The extent of necrosis was determinedstaining with fluorescently labeled
IgG (Sigma, 1:100). Regeneration was assessedlyrgj for embryonic myosin heavy
chain (eMHC) (Hybridoma Bank, clone F1.652, 1:1)e cross sectional area (CSA) of
regenerating fibers was examined using anti-lamamitibody (Sigma, 1:200) to visualise
the fibers and Image J software for calculating #wea of regeneration (23).
Angiogenesis was examined by staining of muscletiser with CD31 antibody
(Biolegend, 1:100) to visualise the capillariespasviously described (23). All analyses
were done in blinded fashion and on 3 muscle sesti@r mouse. Fibrosis was assessed
by staining of muscle sections with sirius red igualise areas of collagen deposition and

guantified using Image J software.
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Hanging-wire test. Each mouse was placed on top of a wire lid fromypacal housing
cage. The lid was then turned upside down withntlbeise hanging by its fore limbs and
the time until fall was recorded. Each mouse wasrgthree attempts to reach the 180 s
limit before releasing its grip and falling, wittD 3 recovery period prior to the next
attempt. The longest suspension time was recorded.

Quantitative real-time PCR. RNA was isolated from muscle single cells usingzdlri
(Sigma) according to the manufacturer's instrustimbNA was synthesised using the
High-Capacity cDNA Reverse Transcription kit (Amdi Biosystems). PCR
amplification was performed using theSensiMix™ SYBERw-ROX Kit, following the
manufacturer’s protocol. Data analysis was perfar&00 Software v2.0.6 provided by
Applied Biosystems. Data are expressed as foldgdan expression levels. Relative
expression levels were normalised ®APDH mRNA. The primer pairs used for

amplification are listed in Supplementary materials

Satistical analysis. All statistical analyses were performed using GRaxh Prism
software version 6. Data are presented as mean M. SHatistical significance was
determined using unpaired 2-tailed Studehtsst with Welch's correction for unequal
variances, or 1-way ANOVA followed by Sidak's catan for multiple comparisons as
appropriate. A value of< 0.05 was considered statistically significant.

Sudy approval. All mice were bred and housed in our pathogen-fHistology
Department—accredited animal facility. All proceeliinvolving mice were approved by
the Italian Ministry for Health and were conductadcording to the U.S. National

Institutes of Health (NIH) guidelines and Directi2@10/63/EU.
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Figure 1. Expansion of the Ly6® monocyte reservoir imdx spleen. The number and kinetics
of Ly6C" in mdx and WT spleen were analysed by flow cytometry, & # and 12 weeks of age.
(A) Representative flow cytometry plots showing teting strategy for the identification of
Ly6C"  monocytes. Ly6l monocytes in the spleen were identified as
CD45/CD11b/Ly6g°/CCRZ/Ly6C" cells. (B) Quantification and kinetics of LyB@nonocytes

in mdx and WT spleen at 1 (n=8)dx and n=3, WT), 2 (n=6ndx and n=6, WT), 4 (n=9ndx
and n=6, WT) and 12 (n=8&xx and n=6, WT) weeks of age. (C) Representative figtometry
plots of proliferating (Ki67) Ly6C™ monocytes in mdx versus WT spleen at 2 weeks ef @)
Frequency and (E) total number of proliferatinddKLy6C" monocytes inmdx compared to
WT spleen (n=6mdx and n=5, WT) at 2 weeks of age. (F) Represemtdtistogram overlays of
flow cytometric analysis of CCR2 receptor expressig Ly6C" monocytes inmdx spleen at 1, 2,

4, 8 and 12 weeks and WT spleen at 2 weeks of(@eMean fluorescence intensity (MFI) of
CCR2 expression by Ly8@nonocytes inmdx (n=7)and WT (n=5) spleen as determined by flow
cytometric analysis at 2 weeks of age. Data arsgmted as mean * s.e.m. *P<0.05, **P<0.001,
***P<(0.001 by Student'stest.
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Figure 2

Splenectomy
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Figure 2. Splenectomy reduces the number of L{g8onocytes recruited to dystrophic muscle.
(A) Schematic presentation of the experimentalquott Mice were splenectomised at 2 weeks of
age, and allowed to recover for at least 2 weeksréenalysis. Control mice were treated the
same but without removal of the spleen. Followipgsectomy the Ly6®monocyte infiltrate in
hind limb muscle was analysed by flow cytometry 49t 8 and 12 weeks of age. (B)
Representative flow cytometry plots of LyB@onocytes in control (+ spnd splenectomised (-
sp) mdx muscle. LyGC' monocytes in muscle were identified as CBDE@®11b/Ly6g
IF4/801CCRZ/Ly6C" cells. (C) Quantification of Ly6& monocytes in dystrophic muscle of
control and splenectomisaddx mice at 4 weeks of age normalised to muscle mas&2(
control and n=14, splenectomised ), (D) 8 weekagef (n=5 for both groups), and (E) 12 weeks
of age (n=>5 for both groups). (F) Summary graphéhg Ly6C" monocyte kinetics in muscle of
control and splenectomis@atix mice. (G) Expression of the CCR2 chemokine regaptmuscle

of control and splenectomisedndx mice at 4 weeks of age, analysed by flow cytomatrg
presented as histogram overlays. (H) Expressioaldesf CCL2 and (I) GM-CSF mRNA in
muscle of control and splenectomisedx mice at 4 weeks of age, assessed by quantitatale re
time PCR (n=3, WT; n=1Indx control; n=11mdx splenectomised). Data are presented as mean
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+ s.e.m. *P<0.05, *P<0.01, **P<0.001 by 1-way AN@ (C, F, H and I) and Student's t test
(D).
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Figure 3. Effect of splenectomy on Ly8Cmonocyte numbers in the bone marrow (BM) and
blood. Following splenectomy at 2 weeks of age Ly@nocytes in the BM were analysed by
flow cytometry at 4 weeks of age. (A) Quantificatiof Ly6C" monocytes in the BM (per leg) of
control (+ sp) and splenectomised (- smx (n=9 mdx control; n=12mdx splenectomised) and
(B) WT mice ( n=6, WT control; n=5 WT splenectondsdy flow cytometry. (C) Histogram
overlay of CCR2 expression on Ly?i@nonocytes in the BM of control and splenectomised
mice analysed by flow cytometry. (D) QuantificatiohLy6C" monocytes in the blood of control
and splenectomiseddx (n=13mdx control; n=10mdx splenectomised) and (E) WT mice ( n=6,
WT control; n=5 WT splenectomised) by flow cytonyet{F) Histogram overlay of CCR2
expression by circulating Ly8Cmonocytes analysed by flow cytometry. Data aresgmeed as
mean + s.e.m. *P<0.05, *P<0.01 by Studentisst.
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Figure 4
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Figure 4. Splenectomy reduces dystrophic muscle inflammaton early necrosis. (A)
Representative Haematoxylin and Eosin staining ibialis anterior (TA) muscle sections
showing reduced areas of infiltration (arrow) idesgctomised (- spindx mice compared to
control (+ sp) at 4 weeks of age. Scale bars: 180 (B) A summary graph of histological
analysis showing percent infiltration area (n=idx control; n=8, mdx splenectomised).
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Following splenectomy at 2 weeks of age the inflatory cell infiltrate in hind limb muscle was
analysed by flow cytometry at 4, 8 and 12 weekagsf (C-J). (C) Total number of CD4&ells
normalised to muscle mass in control and splendgstmimdx mice at 4 weeks (n=6, WT; n=12,
mdx control; n=14,mdx splenectomised), (D) 8 weeks (n=5 for all grougrs)l (E) 12 weeks of
age (n=5 for all groups). (F) Summary graph showitme kinetics of CD45cells in muscle of
control and splenectomiseudx mice at 4, 8 and 12 weeks of age. (G) Total nunatbery6g"
neutrophils in muscle of control and splenectonhiseix mice at 4 and (H) 8 weeks of age. (1)
Total number of CD3T cells in muscle of control and splenectomis®bt mice at 4 and (J) 8
weeks of age. (K) Representative TA muscle sectatamed with IgG (red) to reveal necrotic
muscle fibers showing reduced necrosis in musclspténectomisedndx mice compared to
control. Scale bars: 100 um. (L) Quantificationnafcrosis (n=7, control, n=9, splenectomised
mdx mice) at 4 weeks. Data are presented as meannt $R<0.05, **P<0.01 by Studentgest
(B, D, G, Hand L) and 1-way ANOVA (C, F).
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Figure 5. Splenic Ly6C' monocytes are necessary for efficient repair aftrdyphic muscle
fibers. (A) Representative TA muscle sections s@irfior embryonic myosin heavy chain
(eMHC) to visualise regenerating muscle fibers €gjeshowing an increase in eMHC positive
fibers in splenectomised (- sp) compared to corftrap)mdx mice at 4 weeks of age during the
early phase of the pathology. Scale bars: 100 B). Summary graph showing percent
regenerating area (n=@ndx control; n=10mdx splenectomised). (C) Regenerating fiber size
frequency distribution determined by measuring ¢hess sectional area (CSA) of regenerating
fibers in TA muscle from control and splenectordigeice at 4 weeks of age (n=6gx control;
n=10 mdx splenectomised), (D) 8 weeks of age (n=5 for lpthups) and (E) 12 weeks of age
(n=10,mdx control; n=9mdx splenectomised). (F) Representative TA musclé@ecstained for
CD31 to reveal capillaries (green). Scale bars: 460 (G) Number of CD31+ capillaries per
muscle fiber at 8 weeks of age in muscle of cordra splenectomisedndx mice. (H) A graph
showing a reduction in muscle strength in splemaited compared to control mdx mice at 12
weeks of age, measured by a hanging wire test,hndegtermines the time it takes for a mouse to
fall off a metal wire following exhaustion. Dataeapresented as mean + s.e.m. *P<0.05 by
Student's test.
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Figure 6
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Figure 6. Splenectomy delays the phenotypic switch from pftaimmatory Ly6C¢ to pro-
regenerative Ly6€ macrophages in dystrophic limb muscle. (A) Fregqyenf Ly6C" and
Ly6C® macrophages immdx control and splenectomised muscle at 4, (h=12troband n=14,
splenectomised), (B) 8 (n=5 for both groups) anil 1€ (n=5 for both groups) weeks of age
analysed by flow cytometry. (D) Representative dgrend contour flow cytometry plots and
histogram overlays of forward and side scatter ipatars of Ly6¢ and Ly6C° macrophages in
control and splenectomisethdx muscle. (E) Kinetics of CD206 expression on L{6C
macrophages assessed by flow cytometry. Showneisréban fluorescence intensity (MFI) of
CD206 expression, by Ly@macrophages in muscle from control and splenestetnidx mice

at 4 (n=3 for both groups), 8 (h=dAdx control; n=5,mdx splenectomised) and 12 weeks of age
(n=4 for both groups). Data are presented as mese.tn.*P<0.05, ***P<0.001 by Student's
test.
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