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Abstract

examining their skeletal muscles.

muscle tissue of hSOD1%734

Background: The terminal pathway of the innate immune complement system is implicated in the pathogenesis
of amyotrophic lateral sclerosis (ALS). Terminal complement activation leads to generation of C5a, which through its
receptor, C5aR1, drives immune cell recruitment and activation. Importantly, genetic or pharmacological blockage
of C5aR1 improves motor performance and reduces disease pathology in hSOD1°%** rodent models of ALS. In this
study, we aimed to explore the potential mechanisms of C5aR1-mediated pathology in hSOD

Results: We found elevated levels of C1gB, C4, fB, C3, C5a, and C5aR1 in tibialis anterior muscles of hsOD19%3A
mice, which increased with disease progression. Macrophage cell numbers also progressively increased in
hSOD19%* muscles in line with disease progression. Immuno-localisation demonstrated that C5aR1 was
expressed predominantly on macrophages within hSOD1%?** skeletal muscles. Notably, hSOD1°%** x C5aR1”
mice showed markedly decreased numbers of infiltrating macrophages, along with reduced neuromuscular
denervation and improved grip strength in hind limb skeletal muscles, when compared to hSOD1°%** mice.

Conclusion: These results indicate that terminal complement activation and C5a production occur in skeletal
mice, and that C5a-C5aR1 signalling contributes to the recruitment of
macrophages that may accelerate muscle denervation in these ALS mice.
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Background

Amyotrophic lateral sclerosis (ALS) is a late-onset fatal
neurodegenerative disease that is characterized by mus-
cular weakness and paralysis, ultimately leading to death
typically within 2 to 5 years. The disease involves the
progressive degeneration of motor neurons in the central
nervous system (CNS) and denervation of neuromuscular
synapses in the peripheral nervous system. The precise
underlying causes and pathogenesis of ALS are still
unknown. However, accumulating evidence indicates
that there is a significant contribution of immune and
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inflammatory responses that accompany motor neuron
degeneration [1]. These include the activation of as-
trocytes and microglia, and T cell and monocyte infil-
tration in the CNS and skeletal muscles of ALS
patients and animal models [2-6].

The complement system is a key component of the
immune system, and has long been implicated in the
pathogenesis of ALS. Numerous clinical and animal
studies have demonstrated strong up-regulation of acti-
vation fragments of complement components Clq, C3,
and C4 in the serum, cerebrospinal fluid and neuro-
logical tissue (including spinal cord and motor cortex) of
ALS patients and animal models of ALS [7-9]. Despite
this strong evidence of early complement factor upregu-
lation in ALS, specific genetic deletion of Clq, C3, and
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C4 in hSOD1 transgenic mouse models does not confer
any beneficial effects on disease progression [9, 10].
These results contrast with our prior work demonstrating
that genetic deletion, or pharmacological inhibition, of
C5aR1, is neuroprotective in hSOD1 transgenic rodent
models of ALS [11-13]. This suggests that activation of
complement at the downstream step of C5 (ie., the ter-
minal pathway which generates C5a) may be the key point
at which complement-mediated neurotoxicity occurs in
these ALS models [8, 13]. The precise mechanisms by
which complement activation and C5a-C5aR1 signalling
are driving neurodegeneration in ALS mice is still
unknown.

In addition to CNS activation of complement, there is
evidence of complement activation within the peripheral
nervous system of ALS. It is well established that the de-
generation of motor axons in the periphery is an early
and significant pathological feature in ALS patients and
hSOD1 transgenic mice [14, 15]. Complement compo-
nents are expressed within the peripheral nervous system
[16] and C3 activation products, Clq and C4, are depos-
ited on the denervated and degenerated neuromuscular
junctions in hSOD1%%*4 mice [10, 17]. However, to date,
there is no information regarding the expression of ter-
minal complement components in hSOD1%%*# mice.

In the present study, we therefore examined the expres-
sion of major complement factors, and of C5a and its re-
ceptor C5aR1, in tibialis anterior (TA) muscles of wild-type
(WT) and hSOD1%%** mice at defined disease stages. We
found that C5a and C5aR1 were up-regulated, and that
C5aR1 was expressed by infiltrating CD11b" macrophages.
Interestingly, hSOD1%%** mice lacking C5aR1 showed dra-
matic reductions in infiltrating macrophages in TA mus-
cles, along with reduced neuromuscluar denervation and
improved muscle strength. These results demonstrate that
activation of complement, specifically C5a-C5aR1 signal-
ling, may be involved in the disease progression of
hSOD1%%** mice, through limiting infiltration of peripheral
macrophages into degenerating muscles.

Methods

Mice

Transgenic hSOD1%* mice were obtained from Jackson
Laboratory (Bar Harbor, ME, USA) and were bred on
C57BL/6] background to produce hSOD1%%** mice and
WT control mice. These hSOD1%%** mice carry a high
copy number of the mutated allele of the human SOD1
gene [18]. Homozygous C5aR1 deficient mice (C5aR1™")
were kindly provided by Dr. Rick Wetsel and described
previously [19]. To generate hSOD1°%** mice lacking
C5aR1 (hSOD19%** x C5aR17"), transgenic heterozygous
hSOD19%4 male were first cross-bred with C5aR1”" fe-
males to generate F1 progeny (hSOD19%*4 x C5aR1"").
hSOD19%4 x C5aR1"" males were then cross bred with
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C5aR1”" females to obtain F2 progeny (hSOD1%4 x
C5aR17"). Female WT, hSOD1%”**, C5aR1”" and
hSOD1%%** x C5aR1”" mice at three pre-defined stages
were used in this study, as described previously [8].

Real-time quantitative PCR

Total RNA was isolated from TA muscle of WT and
hSOD1%** mice using RNeasy Lipid Tissue extraction kit
(QIAGEN Inc., Alameda, CA, USA) per the manufac-
turer’s protocol. The total RNA was purified from gen-
omic DNA contamination using Turbo DNAse treatment
(Ambion, Life Technologies, Carlsbad, CA, USA) then
converted to cDNA by means of a reverse transcription
kit (Agilent Technologies Inc., Santa Clara, CA, USA) per
the manufacturer’s protocol. Commercially available gene-
specific Tagman probes (Applied Biosystems, Life Tech-
nologies, Carlsbad, CA, USA) were used to amplify target
gene of interest as described previously [8]. Relative target
gene expression to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was determined using this formula: 2
ACT where ACt = (Ct target gene — Ct GAPDH) [20]. Final
measures are presented as relative levels of gene expres-
sion in hSOD1%** mice compared with expression in
WT controls.

Western Blot analysis

TA and soleus (SOL) muscle homogenates from WT and
hSOD1%%** mice at different disease stages were resolved
on a 10% SDS-PAGE gel and transferred to nitrocellulose
membranes (Pall Corporation, Cheltenham, VIC, Australia).
Membranes were blocked with 2.5% skim milk in Tris-
buffered saline-Tween (TBST) solution (containing 1x TBS
and 0.1% Tween 20) for 1 h at room temperature and
were subsequently incubated with anti-C5aR1 antibody
overnight at 4 °C (1:2,500 dilution in 2.5% SM-TBST;
BMA Biomedical, Augst, Switzerland). Membranes were
washed 3 x 10 min with TBST and then incubated with the
goat anti-chicken horseradish peroxidase (HRP; 1:15,000 di-
lution in 2.5% SM-TBST, GE Healthcare, Pittsburgh, PA,
USA) for 1 h at room temperature. After a final wash with
TBST for 6 x 5 min, signals were detected using the ECL
system (GE Healthcare, Pittsburgh, PA, USA). Blots were
then stripped and reprobed with anti-GAPDH (1:15,000;
Millipore, Billerica, MA, USA) and then detected with
sheep anti-mouse HRP (1:4,000; GE Healthcare, Pittsburgh,
PA, USA) as loading control. Semi-quantitative densitomet-
ric analysis of these immunoreactive bands was carried out
to determine differences in C5aR1l expression levels be-
tween WT and hSOD19%** TA and SOL muscle samples at
different disease stages as described previously [8].

Enzyme-linked immunosorbent assay
Ninety-six well-plate (Greiner Bio-One, Frickenhausen,
Germany) was pre-coated with monoclonal rat anti-mouse
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Cba capture antibody (Clone 152 — 1486; BD Pharmingen,
San Diego, CA, USA) diluted in coating buffer (100uM,
NaHCO3;, 34pM Na,COs3, pH 9.5) overnight at 4 °C in a
sealed humidified container. This capture antibody is spe-
cific for a neo-epitope exposed only in mouse C5a/C5a
desArg and does not cross-react with C5 [8]. Following the
plate being blocked for 1 h at room temperature with assay
diluent (10% FCS/PBS), Cb5a standard and TA muscle ho-
mogenates was incubated for 2 h at room temperature. The
plates were subsequently incubated with biotinylated rat
anti-mouse Cb5a detection antibody (clone 152-278; BD
Pharmingen, San Diego, CA, USA) for 1 h at room
temperature, and then incubated with Streptavidin-HRP
conjugate for 30 min at room temperature. Tetramethyl-
benzidine (Sigma-Aldrich, Saint Louis, MO, USA) substrate
was used as the chromogen and the plate was read at
450 nm. Levels of C5a in TA muscle samples were adjusted
to micrograms per protein and expressed as nanograms of
C5a per microgram of protein.

Immunohistochemistry

Transverse cryosections (10 pm) from the TA muscles of
WT, hSOD19”*4, C5aR1”" and hSOD1%”** x C5aR1"
mice were stained to localise the expression of C5aR1
with specific cell-type markers for neuromuscular junc-
tions (alpha-Bungaratoxin («BTX), 1:5000, Invitrogen,
Eugene, OR, USA), Schwann cells (rabbit S100p, 1:1000,
DAKO, Osaka, Japan), and macrophages (rat CD11b,
1:250, Abcam, Cambridge, MA, USA). Briefly, the sections
were blocked in phosphate-buffer saline (PBS) containing
2% normal goat serum (Sigma-Aldrich, Saint Louis, MO,
USA) and 0.2% Triton X-100 (Sigma-Aldrich, Saint Louis,
MO, USA) at room temperature for 35 min and incubated
with primary antibodies at 4 °C overnight. After incuba-
tion, the sections were washed in PBS and then incubated
with an appropriate Alexa conjugated secondary cocktail
at room temperature for 2 h: Alexa 555 donkey anti-rat
(1:1000), Alexa 488 donkey anti-rat (1:600), and Alexa 488
goat anti-rabbit (1:600, Invitrogen, Life Technologies,
Mulgrave, VIC, Australia). All the primary and secondary
antibodies were diluted in PBS with 2% bovine serum al-
bumin and 0.2% Triton X-100. All sections were incubated
with 4,6-diamidino-2-phenylindole (DAPI; Invitrogen, Life
Technologies, Mulgrave, VIC, Australia) for 5 min at room
temperature prior to being mounted with Prolong Gold
Anti-Fade medium (Invitrogen, Life Technologies, Mul-
grave, VIC, Australia). Fluorescent signals were observed
using a Zeiss LSM Meta 510 upright confocal microscope
with a Plan-Apochromat 63x oil objective (Carl Zeiss Inc.,
Oberkochen, Germany).

For the neuromuscular junction (NM]J) denervation
analysis, transverse cryosections (10 pm) from TA mus-
cles of WT, hSOD19%**, C5aR1”" and hSOD1%%** x
C5aR1”" mice at mid-symptomatic stage were also stained
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to determine denervation status of these animals. In brief,
sections were blocked with 2% bovine serum albumin, 2%
normal goat serum and 0.1% Triton X-100 for 30 min
followed by incubation with primary antibody (rabbit anti-
Synaptophysin (SNP, 1:250, Sigma Aldrich, Saint Louis,
MO, USA) overnight at 4 °C. After incubation with pri-
mary antibody, sections were incubated in combination of
secondary antibody of Alexa 488 goat anti-rabbit (1:1000)
and Alexa 555 aBTX (1:5000, Invitrogen, Life Technologies,
Mulgrave, VIC, Australia) for 2 h at room temperature. All
the primary and secondary antibodies were diluted in PBS
with 2% bovine serum albumin and 0.1% Triton X-100.
Sections were then washed with PBS prior to being
mounted with Prolong Gold Anti-Fade medium (Invitro-
gen, Life Technologies, Mulgrave, VIC, Australia). Sections
were imaged with an Olympus Fluoview FV1000 confocal
laser scanning microscope using a 40x/0.95 NA Uplan-
Apochromat objective.

Quantification of peripheral macrophages

TA muscle sections were stained for macrophages (CD11b
and CD68) in WT, hSOD19”**, C5aR1”" and hSOD1%** x
C5aR1”" mice (10 sections spaced 100 pum apart per ani-
mal, n=3). With a 20x objective, five random regions
(874 x 655 x 10 um) from each section were selected with-
out any knowledge of the presence of positive cells by view-
ing only in DAPI channel. Each selected region was imaged
with standardized settings and then saved. All cell profiles
with a clear fluorescently labelled membrane that were
within a single plane of focus were counted, and the aver-
age number of cells of interest from 50 selected regions for
each animal was used for statistical analysis.

Quantification of NMJ denervation

Each image was captured using identical laser power
levels, photomultiplier gain levels, scanning speed, and
pinhole size amongst different slides using the same
antibody. Specific criteria were applied for scoring of in-
nervation status of NMJs across all genotypes. Endplates
were considered innervated when the postsynaptic end-
plates displayed co-localisation with the presynaptic
marker (SNP). Denervated endplates were counted when
no co-localisation of presynaptic marker was observed in
relation to the postsynaptic AChRs.

Hind-limb grip strength test

A digital force gauge (Ugo Basile) was used to measure
maximal hind-limb muscle grip strength as described
previously [8, 11]. In brief, mice were held by their tail
and lowered until their hind limbs grasped the T-bar
connected to the digital force gauge. The tail was then
lowered until the body was horizontal with the apparatus,
and mice pulled away from the T-bar with a smooth
steady motion until both of their hind limbs released the
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bar. The strength of the grip was measured in gram force.
Each mouse was given ten attempts and the maximum
grip strength from these attempts recorded. The mouse
genotypes were not made available to the researcher (JDL)
conducting the hind-limb grip strength test.

Statistical analysis

All measures were performed using GraphPad Prism 7.0
(GraphPad Software Inc., San Diego, CA, USA). For the
results from quantitative real time PCR, western blotting
and enzyme-linked immunosorbent assay, statistical dif-
ferences between WT and hSOD1°”** mice were ana-
lysed using two-tailed Student t-test at each stage of
disease progression. The statistical differences between
WT, hSOD1%**, C5aR1”", and hSOD1%*** x C5aR1”"
mice for peripheral immune cell numbers, NMJ denerv-
ation status and hind-limb grip strength were analysed
using one-way ANOVA with Tukey’s post hoc test for each
stage of disease progression. All data are presented as
mean + SEM and differences were considered significant
when p <0.05.

Results
Dysregulation of complement system in the tibialis
anterior muscle of hSOD1°%** mice
Previous studies, including our own, have shown up-
regulation of major complement components in the
lumbar spinal cord and skeletal muscle of hSOD1%%34
mice. However, there is no comprehensive overview of
which complement pathway is dysregulated in the skeletal
muscle of hSOD19%** mice during disease progression.
To investigate this, we measured the mRNA levels of initi-
ating components of the classical/lectin pathway (ClqB
and C4), alternative pathway (factor B; fB), the central
component to all pathways (C3) and the complement reg-
ulators (CD55 and CD59a) in the TA muscle of WT and
hSOD1%%*A mice, respectively, using quantitative real-
time PCR. The TA muscle of hSODI1®®** mice was
chosen for this study as it consists of fast-twitch muscle fi-
bres that are preferentially affected in these animals when
compared to slow-twitch muscle fibres [21, 22].
Quantitative real-time PCR analysis showed significant
increases in ClgqB and C4 transcripts by 2.4-fold and
3.5-fold at mid-symptomatic stage and 7.4-fold and 17.2-
fold at end-stage of disease when compared to WT mice,
respectively (n =5, *p < 0.05 and **p < 0.01; Fig. 1a, b). In
addition to ClqB, fB also displayed a marked increase in
mRNA levels by 1.8-fold at onset stage, 2.5-fold increase
at mid-symptomatic and 7.7-fold increase at end-stage
of disease (n =5, *p <0.05; Fig. 1c). The central compo-
nent of complement system C3 was also increased in TA
muscle of hSOD1%%** mice. Specifically, we observed
1.8-fold and 6.5-fold increases at mid-symptomatic and
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end stage of disease when compared with WT mice (1 =5,
*p <0.05 and **p < 0.01; Fig. 1d).

The negative regulators of the complement system
CD55 and CD59a were also investigated. CD55 and
CD59a mRNA expression was increased by 1.5-fold and
1.3-fold at onset stage and 1.7-fold and 2.4-fold at end
stage of disease in hSOD1%** mice when compared with
WT mice, respectively (n=5, *p<0.05 and **p<0.01;
Fig. 1e, f). These results suggest widespread complement
system perturbation in the TA muscles of hSOD19%4
mice, which accelerates as the disease worsens.

C5a ligand and its receptor C5aR1 are up-regulated in the
tibialis anterior muscle of hSOD1%%** mice

C5a, the ligand for C5aRl, is an activation fragment of
the terminal complement cascade that is rapidly gener-
ated following complement cascade initiation [23]. We
therefore examined the protein levels of C5a in the TA
muscle of hSOD19?** and WT mice using enzyme-
linked immunosorbent assay, as a biomarker for terminal
complement activation. The results showed increases in
C5a at onset, mid-symptomatic and end-stage of disease
by 1.8-fold, 1.5-fold and 1.7-fold when compared with
WT mice, respectively (n=6, *p<0.05 and ***p<
0.001; Fig. 2a). Previous studies have shown increases in
C5aR1 expression in the CNS of multiple rodent models
of ALS [8, 12, 24]. In this study, C5aR1 mRNA expression
was significantly increased by 2.1-fold at mid-symptomatic
stage and by 5.3-fold at end-stage of disease, respectively,
when compared to WT mice (n=5, *»<0.05 and **p <
0.01; Fig. 2b). This change in mRNA expression was con-
firmed at protein level using western blot analysis, where a
45kDA Cb5aRl immuno-reactive band was observed in
WT and hSOD1%%** mice at all stages (Fig. 2c, top panel).
Semi-quantitative analyses of these bands relative to
GAPDH loading control showed increased C5aR1 protein
levels in the TA muscle of hSOD1%*# mice by 4.6—fold at
mid-symptomatic stage and by 4.9-fold at end-stage of dis-
ease when compared to WT mice (n=6, * p<0.05, ** p<
0.01; Fig. 2c, bottom panel). The expression of C5aR1 pro-
tein level was also slightly increased in SOL muscle of
hSOD1%%*4 mice by 1.6-fold at end-stage of disease when
compared to WT mice (n=6, * p<0.05; Fig. 2¢, bottom
panel). Together, the results above suggest that activation
of downstream factors of complement cascade, C5a and its
receptor C5aR1, occurs in the TA and SOL muscle of
hSOD1%%** mice.

C5aR1 is localised to macrophages but not at end-plates
nor Schwann cells in hSOD1%?** mice

To investigate the cellular localisation of C5aR1 that has
contributed to the increased expression in TA muscle of
hSOD1%** mice, we next performed immunohisto-
chemistry for C5aR1 on TA muscle from hSOD1%%%4
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Fig. 1 Dysregulation of complement components in tibialis anterior muscle (TA) of hSOD1%** mice at three different stages of disease progression.
Panels a to f show the mRNA expression profiles of the following complement components: C1gB (a, classical pathway), C4 (b, classical/lectin
pathway), fB (c, alternative pathway), C3 (d, central component), CD55 (e, regulator), and CD59%a (f, regulator) in TA muscle of hSOD1%%*A mice (SOD1,
black bars) relative to wild-type (WT, white bars) mice during onset (OS; postnatal day 70 (P70)), mid-symptomatic (MS; postnatal day 130 (P130)) and
end-stage of disease (ES; postnatal day 175 (P175)). Data are expressed as means + SEM (n =5 mice/group, * p < 0.05, ** p <001, Student t test 6)

and WT mice. Transverse sections of TA muscles at
end-stage of disease were immuno-stained for C5aR1
with specific cellular markers to identify motor endplate
(aBTX), Schwann cells (anti-S100p), and macrophages
(anti-CD11b).

Interestingly, we demonstrated that in WT and
hSOD1%%** mice, C5aR1 was not present on either
motor endplate (Fig. 3a—h, and yellow arrows in corre-
sponding merged panels 3d and 3h) or Schwann cells
(Fig. 31 to p, and yellow arrows in corresponding
merged panels 3l and 3p), suggesting that increased
C5aR1 expression was not due to its expression at
the neuromuscular junction. Following this demon-
stration, we then examined whether immune cells in
TA muscle were responsible for the increased expres-
sion of C5aRl. We observed that C5aRl was
expressed predominantly on CD11b-positive macro-
phages in both WT (95.6+22%) and hSOD1%%%4
mice (94.1 £1.9; Fig. 4a—h and, yellow arrows in cor-
responding merged panels 4d and 4h).

hSOD1%?** mice lacking C5aR1 have reduced numbers of
macrophages in the tibialis anterior muscle when
compared to hSOD1%93* mice

Given C5a’s role as a potent macrophage chemoattractant
[25] and the presence of C5aR1-positive macrophages ob-
served in TA muscles of hSOD19%** mice, we next in-
vestigated whether absence of C5aR1 in hSOD1%%34
mice impacted on peripheral macrophages infiltration.
Transverse TA muscle sections of WT, hSOD1%%%4,
C5aR1”,, and hSOD1%** x C5aR1”" mice at onset,
mid-symptomatic and end-stage of disease progression
were stained for markers of macrophages (anti-CD11b
and anti-CD68) and were stereologically quantified by a
blinded examiner.

The number of CD11b* macrophages in TA muscle of
hSOD19%*# mice significantly increased at onset, mid-
symptomatic and end-stage of disease when compared
to WT mice (n=3, * p<0.05 and *** p <0.001; Fig. 5a, ¢
white and black bars). Interestingly the number of
CD11b* macrophages in TA muscle of hSOD1%%** mice
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J

lacking C5aR1 significantly reduced at mid-symptomatic
and end-stage of disease when compared to hSOD1%%*4
mice (n =3, ** p<0.001; Fig. 5a, ¢ black and grey bars).
Similarly, the number of CD68" macrophages in TA
muscle of hSOD19%*# mice significantly increased at
mid-symptomatic and end-stage of disease when com-
pared to WT mice (n=3, * p<0.05; Fig. 5b, d white and
black bars). Again, a significant decrease in the number
of CD68* macrophages in the TA muscle of hSOD1%%%4
mice lacking C5aR1 at mid-symptomatic and end-stage
of disease when compared to hSOD1%%*4 mice (1 =3,
*p <0.05; Fig. 5b, d, black and grey bars). This demon-
strates that C5a-C5aR1 signalling induces the infiltration
of the peripheral monocytes/macrophages in hSOD15%4
mice, which may potentially affect the progression of de-
nervation in these muscles. As a further control, the num-
bers of macrophages were also quantified in healthy
C5aR1-deficient mice in TA muscle at all stages, which
showed no significant difference to WT mice (data not
shown).

hSOD1%?** mice lacking C5aR1 have reduced denervation
of NMJ with improvement in hind-limb grip strength
when compared to hSOD1%%*# mice

In addition to reduction in macrophages in the TA muscle
of hSOD15%** mice lacking C5aR1, we next investigated if
ablation of C5a — C5aR1 signalling could improve motor
function in these animals by measuring denervation status
and hind-limb grip strength at mid-symptomatic stage.
hSOD1%%** mice lacking C5aR1 showed reduced propor-
tion of denervated NMJs when compared to hSOD1%4
mice (hSOD1%%** mice =43.96 + 5.51% (83 NM]Js) vs
hSOD1%%** x C5aR1"" mice = 25.49 + 1.50% (98 NMJs),
n=3,* p<0.05 and ** p<0.01; Fig. 6a—d). To further
support this improvement in muscle denervation,
motor deficits were also assessed in these animals using
hind-limb grip strength, a sensitive marker of neuromotor
performance (Lee et al, 2017). Ablation of C5aRl in
hSOD15** mice counteracted the loss of hind-limb grip
strength at mid-symptomatic age (n=10, * p<0.05 and
** p <0.001; Fig. 6e).
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Fig. 3 C5aR1 is not localised at the neuromuscular junction or Schwann cells in the tibialis anterior (TA) muscle of wild-type (WT) and hSOD
(SOD1) transgenic mice. Panels a to p shows double immuno-labelling of C5aR1 (red) with cellular markers (green) for neuromuscular junction
(aBTX; a to ¢ for WT (detailed in d); e to g for SOD1 mice (detailed in h)) and Schwann cells (S10083; i to k for WT (detailed in I); m to o for
SOD1 mice (detailed in p)) in the TA muscle of WT and SOD1 mice at end-stage of disease. C5aR1 is not localised to neuromuscular junction
(vellow arrows; d and h) and Schwann cells (yellow arrows; | and p) as indicated by lack of co-localisation with aBTX and S1000. Scale bar for

1693/\

Discussion

The major findings of the current study are that in the
TA muscle of hSOD1%%*# mice, the terminal comple-
ment system (C5a and C5aR1) is up-regulated, and the
complement receptor C5aR1 is responsible for the re-
cruitment of peripheral macrophages during ALS disease
progression. It has been well documented that the com-
plement cascade may be involved in the disease progres-
sion of ALS, with evidence from both human patients and
rodent models [7]. The present study adds to this know-
ledge, demonstrating the up-regulation of mRNA expres-
sion in C1gB, C4, factor B, C3, and regulators CD55 and
CD59a, in the TA muscles of hSOD1%%*# mice. These re-
sults mirror our previous demonstration of complement
component up-regulation in the spinal cord of hSOD1%*4
mice [8]. This local terminal complement signalling in the
skeletal muscle might therefore contribute to the

. . G93A
denervation of neuromuscular synapses in hSODI1

mice by promoting infiltration of peripheral macrophages
through C5a-C5aR1 signalling, possibly to phagocytose/re-
pair the degenerating neuromuscular synapses during dis-
ease progression.

The present study provided evidence for the dysregula-
tion of classical (ClgB), lectin (C4), and alternate (factor
B) pathways of the complement system in the TA muscle
of hSOD1%%** mice during ALS disease progression. This
is consistent with numerous studies in mouse models of
ALS where deposition of C3 activation products and Clq
were present in the hSOD1%%** mice motor endplate
[10, 17]. This may suggest that up-regulation of com-
plement components could assist in the removal of de-
generating neuromuscular synapses via phagocytosis,
during disease progression in hSOD1%%** mice [17].
Among the complement activation effector molecules,
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Fig. 4 C5aR1 is localised to infiltrating CD11b* macrophages in the tibialis anterior (TA) muscle of wild-type (WT) and hsOD15%*4 (SOD1) transgenic
mice. Panels a to h show double immuno-labelling of C5aR1 (red) with cellular marker (green) for macrophages (CD11b; a to ¢ for WT (detailed
in d); e to h for SOD1 mice) in the TA muscle of WT and SOD1 mice at end stage disease. C5aR1 was co-localised with CD11b positive macrophages
in WT and SOD1 mice (yellow arrows in d and h). Scale bar =20 um
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Fig. 5 Reduction of CD11b*/CD68" macrophages in tibialis anterior (TA) muscle of hSOD1%%** mice lacking C5aR1 (SOD1 x C5aR1”") when
compared to hSOD1°%*A (SOD1) mice. TA muscle from wild-type (WT), SOD1 and SOD1 x C5aR1”" mice were stained for CD11b and CD68 for
macrophages. a and b Representative images of CD11b and CD68 in WT, SOD1 and SOD1 x C5aR1”" mice at onset, mid-symptomatic and end-stage
of disease. Scale bar =20 um. ¢ More CD11b* macrophages were present in SOD1 mice at onset (OS; P70), mid-symptomatic (MS; P130) and end-stage
of disease (ES; P175) when compared to WT mice, while a reduction in CD11b™ macrophages were present in SOD1 x C5aR1”" mice at MS and ES
when compared with SOD1 mice (n=3; * p < 0.05, *** p <0.001, one-way ANOVA with Tukey’s post hoc test at each stage of disease). d CD68"
macrophages were also increased in SOD1 mice compared to WT mice at MS and ES with a decrease in SOD1 x C5aR1”" at these stages (n =3,

* p <0.05, one-way ANOVA with Tukey's post hoc test at each stage of disease). Data in ¢ and d are expressed as means + SEM
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Fig. 6 Ablation of C5a-C5aR1 signalling in hSOD19%** (SOD1) mice
reduces neuromuscular (NMJ) denervation and improves hind-limb
grip strength. Panels a to ¢ shows double immuno-labelling of
neuromuscular junction (aBTX; red) with pre-synaptic marker
(SNP; green) for WT (a), SOD1 (b) and SOD1 x C5aR1”" (c) mice at
mid-symptomatic stage of disease. d SOD1 x C5aR1”" mice showed
reduction in NMJ denervation when compared to SOD1 mice at
mid-symptomatic stage of disease (n=3, * p < 0.05 and ** p < 0.01,
one-way ANOVA with Tukey's post hoc test). e This was further
supported by hind-limb grip strength, where SOD1 x C5aR17 mice
showed improvement in motor deficits when compared to SOD1
mice at mid-symptomatic stage of disease (n =10, * p <0.05 and
*** p <0.001, one-way ANOVA with Tukey's post hoc test). Data in
d and e are expressed as means + SEM. Scale bar =20 um
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Cb5a is considered the most potent peptide, and it con-
tains a broad range of biological functions that may
contribute to its deleterious effects during pathology
[26]. Cha exerts its major effects through its predomin-
antly expressed receptor, C5aR1 [7]. Previous studies
have demonstrated up-regulation of C5aR1 within the
CNS of hSOD19%* rats and mice, as well as in human
ALS patients, suggesting that heightened Cb5a-C5aR1
signalling plays a role in the ALS pathology [8, 11, 12].
In the present study, we demonstrated that the expres-
sion of C5aR1 in hSOD1%%** TA muscle is elevated at
both mRNA and protein levels. In addition, Cb5a, the
ligand of C5aRl, is also increased, confirming terminal
pathway complement activation in these muscles. This
suggests that enhanced C5a — Cb5aRl1 signalling may
affect the disease progression of ALS, in part through
actions within the skeletal muscle.

To further investigate the role of C5aR1, we examined
the cellular localisation of C5aR1 in skeletal muscle at
motor endplates and macrophages. We found no evi-
dence for expression of C5aRl at motor endplate or
Schwann cells. This was intriguing as this was not con-
sistent with previous study which showed evidence of
membrane attack complex (MAC) part of the terminal
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pathway in the neuromuscular junction of hSOD1%%34

mice [27]. However, as the function of C5aR1 and MAC
is physiologically different [28], it is plausible to suggest
that they could induce neuromuscular junction denerv-
ation through different pathways; namely C5b could as-
sociate with other component of MAC at degenerating
NMyJs directly, while C5a would act as a chemoatrractant
and work via C5aRl at sites close to the NMJ in the
skeletal muscle of hSOD1%%** mice.

In support of this, we identified C5aR1 expression on
macrophages within both WT and hSOD19%*4 TA
muscles. Skeletal muscle macrophages are cells that are
primarily involved in muscle regeneration and repair
during skeletal muscle injury, also termed as tissue
healing macrophages, however chronic accumulation of
macrophages can switch them to classical inflammatory
macrophages, which can exacerbate damage to the
skeletal muscle [29]. Macrophages are known to ex-
press C5aR1 [30], and our findings in TA muscles sup-
port this. In addition, macrophages are also known to
infiltrate and accumulate in hSOD1%** mice muscles
[10]. In concordance with this, the present study found
a high degree of macrophage infiltration in TA muscles
of hSOD1%?*# mice, beginning from disease onset age.
Remarkably, this infiltration was almost completely atten-
uated in hSOD19%** mice lacking C5aR1, demonstrating
that C5a is the predominant skeletal muscle recruiter of
these immune cells in hSOD1°%*# mice. This may suggest
that absence of C5a-C5aR1 signalling could slow ALS dis-
ease progression [11-13] by reducing the number of pro-
inflammatory macrophages infiltrating the TA muscle in
hSOD1%%** mice, ultimately reducing the self-damage to
neuromuscular junctions. However, as this study utilised
full knockout of C5aR1 in all tissues, future investigation
using conditional knockout mice [30] or bone-marrow
chimeras [31] to delete C5aR1 either peripherally or cen-
trally, could help us and fellow researchers determine if
C5a-C5aR1 signalling in the CNS or TA muscle (or both)
affects ALS disease progression.

Conclusion

In summary, this study presents evidence that the ter-
minal innate immune complement system is activated in
skeletal muscles of hSOD1%%** mice, and may contrib-
ute to motor deficits through the recruitment of acti-
vated macrophages. This improved understanding of the
mechanisms by which C5aR1 contributes to ALS dis-
ease, may help guide future therapeutic interventions
targeting complement signalling.
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