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Abstract

Complement (C) system is a double edge sword acting as the first line of defense on the one

hand and causing aggravation of disease on the other. C activation when unregulated affects
different organs including muscle regeneration. However, the effect of factor H (FH), a critical
regulator of the alternative C pathway in muscle remains to be studied. FH deficiency results in
excessive C activation and generates proinflammatory fragments C5a and C3a as byproducts. C3a
and C5a signal through their respective receptors, C5aR and C3aR. In this study, we investigated
the role of FH and downstream C5a/C5aR signaling in muscle architecture and function. Using
the FH knockout (fh—/-) and fh—/-/C5aR~-/double knockout mice we explored the role of C,
specifically the alternative C pathway in muscle dysfunction. Substantial C3 and C9 deposits
occur along the walls of the fh—/— muscle fibers indicative of unrestricted C activation. Physical
performance assessments of the fh—/— mice show reduced grip endurance (76 %), grip strength
(14 %) and rotarod balance (36 %) compared to controls. Histological analysis revealed a shift

in muscle fiber populations indicated by an increase in glycolytic MHC I1B fibers and reduction
in oxidative MHC IIA fibers. Consistent with this finding, mitochondrial DNA (mtDNA) and
citrate synthase (CS) expression were both reduced indicating possible reduction in mitochondrial
biomass. In addition, our results showed a significant increase in TGFf expression and altered
TGFp localization in this setting. The architecture of cytoskeletal proteins actin and vimentin in
the fh—/— muscle was changed that could lead to contractile weakness and loss of skeletal muscle
elasticity. The muscle pathology in fh—/— mice was reduced in fh—/-/C5aR-/- double knockout
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(DKO) mice, highlighting partial C5aR dependence. Our results for the first time demonstrate an
important role of FH in physical performance and skeletal muscle health.

Keywords

Complement; Factor H; Muscle; Inflammation; Extracellular matrix

1. Introduction

The complement (C) system is an important component of muscle inflammation that occur
in settings such as in autoimmune disease, and modified muscle use (Sewry et al., 1987;
Spuler and Engel, 1998; Walport, 20014, b; Zipfel and Skerka, 2009). C proteins (Wang et
al., 2017) participate in functions such as inhibition and restoration of muscle regeneration
(Naito et al., 2012; Zhang et al., 2017) and in recruitment of macrophages (Wang et al.,
2017). However, the role of complement factor H (FH) in muscle health and disease remains
unknown. FH (FH) is an important C regulator generated mostly by the liver (Pangburn,
1988) and also by other organs, including muscle (Alexander and Quigg, 2007; Ferreira

et al., 2010). (Legoedec et al., 1995). FH is traditionally involved in innate host defense,
but also participates in noncanonical roles such as immune-evasion, regulation of B-cell
differentiation and platelet activation (Alexander and Quigg, 2007; Ferreira et al., 2010). In
addition to FH, the role of other complement proteins such as C3, C3a and C5a in muscle
health is just beginning to emerge (Puri and Quigg, 2007; Sorgenfrei et al., 1982). (Behan
and Behan, 1977). C causes lysis of muscle membranes in myasthenia gravis (Ashizawa
and Appel, 1985) and C3 and C9 deposition in necrotic fibers (Cornelio and Dones, 1984;
Morgan et al., 1984). C5b-9 can lead to a loss in membrane integrity and necrosis of the
targeted cells (Mathey et al., 1994; Schafer et al., 1986). However, the exact underlying
mechanism/s by which C activation causes alteration in muscle needs to be explored.

Muscle function is closely related to the fiber population and quantity of connective tissues
between fibers (Richmonds and Kaminski, 2001). Skeletal muscle is composed of a mosaic
of muscle fiber types (type I, type 1A, type 1B, and type 11X), which have different
amounts of myosin heavy chain (MHC) proteins, mitochondria, and capillary density, and
different susceptibility to loss of strength and fatigue. Based on the MHC isoforms skeletal
muscle is characterized as both oxidative slow twitch fibers with a higher mitochondrial
density (type I and type I1A) (Buckingham et al., 1986; Schiaffino et al., 1989; Staron et
al., 1990) and glycolytic fast twitch fibers more reliant on glycolysis to metabolize glucose
(types l1b) that differentially impact muscle metabolism (Clarke et al., 1975; Gulick et al.,
1997; Moncman et al., 1993). The maximum velocity of contraction (Vmax) for fibers
composed of a single MHC increases in the order type I, 1A, 11X, 11B (Bottinelli et al.,
1991; Galler, 1994). Intermediate hybrid fibers, containing type I and I1A, can be observed
in normal muscles. Muscle is a dynamic organ in which fiber type shifts take place, either
in response to exercise or electrical stimulation or during muscle wasting associated with
atrophying conditions. The optimal functioning of the different fibers are based on the
energy demands being met, which is maintained by fine tuning of the mitochondrial density
and function (Zong et al., 2002). ATP generation in muscle occurs by both glycolysis
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and mitochondrial function (Rangaraju et al., 2014). Since both fiber composition and
metabolic properties affect function, it is interesting to know the extent to which they
co-vary. Muscle cytoarchitecture is another important aspect underlying muscle integrity and
function. Cellular cytoskeleton network can induce protein conformational change (Sawada
et al., 2006) leading to disruption of intermediate filaments resulting in a number of diseases
(Traub and Shoeman, 1994). The actin cytoskeleton undergoes dynamic assembly and
disassembly during cell migration and adhesion (Tang and Gerlach, 2017) and therefore

is regulated by a variety of actin-associated protein and signaling pathways, including the
vimentin network and by members of the TGFB family (Jiu et al., 2017).

In brief, for the first time our study presents evidence that CFH deficiency in mice results
in reduced muscle strength, altered muscle fiber composition and a concomitant reduction
in mitochondrial DNA and citrate synthase activity compared to the wildtype animals. Our
results demonstrate that C activation plays a critical role in muscle pathogenesis in an
inflammatory setting and reveal its potential as a therapeutic target.

2. Material and methods
2.1. Mice

Complement FH knockout (fh—/=) mice obtained from Drs Matthew Pickering and Marina
Botto (Imperial College of London) (Pickering et al., 2002) were backcrossed onto C57BL/6
mice for 20 generations. C5aR™~ mice were provided by Drs Allison Humbles and Craig
Gerard (Harvard Medical School), and backcrossed at least 12 generations onto normal
C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) (Hopken et al., 1997). To generate
fh—/-/C5aR—/- double knockout (DKO) the fh—/— male were crossed with C5aR—/- female.
The heterozygous progeny were bred among themselves to generate progeny that were
DKOs. Genotyping for FH and C5aR alleles was performed using PCR-based approaches.
Age matched wild type (WT) C57BL/6 mice were maintained in the same facility as
controls. Male mice aged 16 and 24 weeks, n = 8 were used for the experiments. Mice were
housed 2-3 per cage and provided ad /ibitum access to both food and water, and facility
lighting was on a standard 12 h light/12 h dark schedule. Body weight was determined using
a digital scale (model CS200; Ohaus, Pine Brook, NJ).

2.1.1. Body composition—Whole body lean and fat mass were determined using
quantitative magnetic resonance with a Bruker LF65 (Bruker, Germany), data from scans
of mice were compared to a standard curve generated from known masses of lean chicken
breast and lard. Determinations of body composition were based on the average of 2 scans
per mouse.

2.1.2. Functional assessments of physical performance—Physical performance
assessments were performed as described in (Seldeen et al.). Investigators were blinded to
the identity of the mice and all assessments were performed by the same experimenter and at
a similar time of day. Performance assessments include:

2.1.3. Grip strength—Grip strength assessment was performed using a digital mouse
grip strength meter (Columbus Instruments, Columbus OH). Mice were scored as the best
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3 of 5 trials to avoid habituation. The mouse was allowed to grip a wire mesh grid with

its front paws and then was gently pulled away by its tail until it released the grid. The
maximum resistance force (mN) generated when the animal is being pulled away from the
instrument and it loses its grip, was recorded by a force transducer attached to the grid, and
mice were given 10 s rest between trials. Increase in grip strength is considered evidence of
increased muscle strength and vice versa, decrease in grip strength is considered a sign of
muscle weakness and fatigue. Multiple trials were done to generate reliable data and obtain
statistics while the trails were limited to 3 to avoid habituation.

2.1.4. Grip endurance—Grip endurance test also known as Kondziella’s inverted
screen test is used to test the overall strength of all four limbs. A grid apparatus was
designed to allow mice to grab the 30cm x 30cm - 1.27 cm? wire mesh and then the grid was
inverted 180 degrees onto a 45 cm tall box to test mouse grip endurance. The time before the
mice dropped off of the grid on to a soft pad below was recorded for each assessment with a
maximum time of 300 s. Mice were scored as the average of the best two of three trials.

2.1.5. Rotarod performance—One month prior to assessment the mice are acclimated
to the device by providing three trials whereby the rotarod device (Med Associates Inc.,
Fairfax, VT) accelerates from 2 to 20 revolutions per minute (RPM) over 5 min. For
assessment, the mice are scored on the best 2 of 3 trials as the device accelerates from 4 to
40 RPM over 5 min.

2.1.6. Treadmill assessment—One month prior to the assessment, the mice are
acclimated to the treadmill device (Columbus instruments) whereby the mice are given three
trials where the treadmill increases from 5 to 10 m/min over 5 min. Two weeks prior to the
assessment, the mice are given a single trial where the device increases from 5 to 20 m/min
over 30 min. For assessment, mice are given a single trial with the treadmill belt inclined

at 5° where the mouse is scored for total time on belt before exhaustion as the belt speed
increases from 5 to 35 m/min over 60 min. Exhaustion is defined as the mouse visiting the
shock grid 10 times or receiving 20 total shocks (0.2 mA).

2.2. Histological assessments

2.2.1. NADH staining of muscle—Gastrocnemius muscle was harvested and vertically
mounted on cork plates using OCT compound and liquid nitrogen. Cryosections of 10 pm
thickness were collected and were subjected to NADH-tetrazolium Reductase (NADH-TR)
staining (Zong et al., 2002). Sections were incubated in 0.2 M Tris, pH 7.4, containing 1.5
mM NADH and 1.5 mM nitrotetrazolium blue for 30 min at 37 °C. Sections were placed

in different concentrations of acetone solutions (30, 60, 90, 60, and 30 %) for 2 min each
and mounted with Aquamount (Lerner Labs, Pittsburgh, PA). Type I fibers are primarily
oxidative fibers and stain darkly with this stain. Type I1A fibers are a mix of both oxidative
and glycolytic fibers and Type 1B fibers are primarily glycolytic and thus stain lightly with
this stain (Seldeen et al., 2017). All samples were prepared and processed equally at the
same time, and all images were taken at the same exposure level. The fibers in 2 entire
stained sections from a gastrocnemius mouse muscle (n = 8/group) was analyzed. Each
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gastrocnemius muscle stained by NADH-TR was photographed at 40x magnification for
assessment of fiber-type composition.

2.2.2. Immunostaining—The gastrocnemius (GCN) muscles were isolated from all
mice and rapidly frozen in precooled isopentane. A small amount of fresh embedding
medium (Tissue-Tek O.C.T. (optimal cutting temperautre) compound (Sakura Finetek,
Torrance, CA, USA)) was placed on a chuck (cork) and the base of the muscle was
immersed in it maintaining the cross-sectional orientation. Two 8-um thick sections of the
muscle specimen collected on Superfrost-Plus glass slides were fixed by the addition of
4% paraformaldehyde in ice-cold PBS for 10 min. To immunostain cell-surface antigens,
cells were blocked for 1 h with 1% BSA in PBS and then probed with the relevant primary
antibodies.

All antibody cocktails are prepared in block solution (10 % goat serum in PBS). Antibodies
SC-71 and BF-F3 were obtained from Developmental Studies Hybridoma Bank (University
of lowa), whereas secondary antibodies were purchased from Invitrogen (Bloemberg and
Quadrilatero, 2012). A polyclonal C9 Ab (raised in rabbit) reactive with rat/mouse (provided
by Dr. B. P. Morgan, University of Wales College of Medicine, Cardiff, U.K.) was used to
stain for mouse MAC. FITC-conjugated anti-rabbit 1gG (Sigma-Aldrich) was used as the
secondary Ab. Control stains were performed with normal rabbit serum at concentration
similar to that of primary Ab. Additional controls consisted of staining by omission of the
secondary Ab. Immunofluorescent probes were illuminated by epifluorescence and were
visualized through red (filter set 45 HQ Texas red shift free), green (filter set 44 FITC
special shift free) and blue (filter set 49 DAPI shift free) band-pass filters (Carl Zeiss,
Cambridge, UK) on an AxioPlan microscope (Carl Zeiss; 10x, 20x, 40x objectives with
0.25, 0.75, 0.95 numerical apertures, respectively). To ensure strict comparability, sections
were photographed at identical exposures and in the same microscopy session.

2.2.3. Gene expression and mitochondrial DNA abundance—RNA was
extracted from gastrocnemius (GCN) muscle of the two groups of mice using TRIzol
(Invitrogen, Carlsbad, CA) as described previously (Alexander et al., 2005). The
concentration of mMRNA was measured by Nanodrop ND-2000C (Thermo Scientific). cDNA
was synthesized from 2 pg mRNAs using the QuantiTect RT kit (Qiagen). The mRNA levels
of genes were analyzed by gRT-PCR, which were performed with 2 x SYBR master mix
(Takara, Otsu, Shiga), using BIO-RAD CFX CONNECT system (Bio-Rad). gPCR primers
are given in Table 1. Threshold values using 18S measured contemporaneously from the
same samples served as control. (Ct; gene relative expression = 2[Ct (185)-Ct (target gene)]
Mitochondrial DNA abundance (mtDNA) was quantified by gRT-PCR. In short, DNA was
extracted using the standard phenol extraction method, and the resulting genomic DNA
(gDNA) was used for gPCR using the primers in Table 2. The ratio of mt:nuclear DNA
reflects the tissue concentration of mitochondria per cell. Quantification was performed in a
total reaction volume of 25 pl containing: 2X SYBR Green (12.5 pl), each primer (1.25 pl),
sample DNA (1 ul), and water (9 pul). Annealing temperature was at 49 °C. Samples were
assayed in triplicate. Data analysis was based on measurement of the cycle threshold (Cr),
and the difference in Cy values was used as the measure of relative abundance: Ct(ND1)
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— Ct(mt DNA) or ACy, a quantitative measure of the mitochondrial genome. Results were
expressed as the copy number of mtDNA per cell, provided by 2 x 27ACT,

2.3. Biochemical assessments

2.3.1. C3 assessment—C3 in the plasma was determined using the mouse C3 ELISA
kit from Molecular Innovations (cat # MC3KT) according to the manufacturer’s instructions.
All reagents and standards are provided with the kit. The ELISA plate was coated

with mouse C3 capture antibody. Plasma and serum samples were diluted 1:100,000 to
1:1,000,000. Mouse C3 bound to the capture antibody coated on the microtiter plate. After
3X washes, HRP labeled anti-mouse C3 primary antibody is incubated with the captured
protein. Following an additional washing step, TMB substrate is used for color development
at 450 nm. Color development is proportional to the concentration of C3 in the samples.

A standard calibration curve is prepared using dilutions of purified C3 and is measured
along with the test samples. All reagents and standards are provided in these ELISA Kkits.

In a similar fashion, plasma C5a content was determined using a sandwich ELISA (DuoSet
ELISA, cat DY2150) from R&D Systems (Minneapolis, MN, USA).

2.3.2. Calcium assay—Calcium levels in serum was assessed using the arsenazo
reagent. Calcium ions (Ca2+) react with Arsenazo I11 (2,2’-[1,8-Dihydroxy-3,6-
disulphonaphthylene-2,7-bisazo]- bis benzene arsonic acid) to form an intense purple
colored complex.2,3 The absorbance of the Ca-Arsenazo 111 complex is measured
bichromatically at 660/700 nm. The resulting increase in absorbance of the reaction mixture
measured using Synchron CX System is directly proportional to the calcium concentration
in the sample.

2.3.3. Measurement of citrate synthase activity—Citrate synthase (CS) activity is
considered a representative enzyme for mitochondrial respiratory capacity (Powers et al.,
1992). CS was determined in GCN muscle extracts spectrophotometrically (Ceddia et al.,
2000). GCN muscles (20 mg) were homogenized on ice in 0.1 M Tris buffer containing 0.1
% Triton X-100, pH 8.35. The assay system contained in a total volume of 200 pL:100 mM
Tris buffer (pH 8.35), 5 mM 5,5- dithiobis(2-nitrobenzoate) (DTNB), 22.5 mM acetyl-CoA,
25 mM oxaloacetate (OAA), and 4 uL of homogenate of muscle. The reaction of acetyl-CoA
with OAA was initiated and linked to the release of free CoA-SH to a colorimetric reagent,
DTNB. The rate change in color was monitored at wavelength of 405 nm by using a

Dynex MRX plate reader (Revelation, Dynatech Laboratories). All measurements were
performed in duplicate. The solubilized protein extracts of the homogenates were quantified
in duplicate by using bicinchoninic acid reagents (Pierce, Rockford, IL) and bovine serum
albumin standards. The CS activity was then normalized to the total protein content and was
reported in as nanomoles per milligram protein per minute.

2.3.4. Statistical analysis—Results were analyzed using the Minitab software and are
expressed as Mean = S.D, n = 8/group. Statistical comparisons between two groups were
evaluated by unpaired Student’s t-test, two-tailed or two way repeated measures ANOVA
followed by Bonferroni post-test. Probability (P) value <0.05 was considered statistically
significant.
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3. Results

3.1. Preliminary workup

Body weight and fat % were assessed in16 week male mice of both wt and fh—/- groups.
Although the increase in body weight and fat% in fh—/- mice compared to controls did not
reach statistical significance, 6 out of 8 fh—/— mice showed an increase in body wt compared
to controls indicating that the absence of FH contributed to the increase in body wt. Since
calcium ions are important in the maintenance of normal muscle contractility, calcium levels
in serum was assessed. Circulating calcium levels (nmol/L) remained unchanged (Table 3).

3.2. Absence of FH increases expression of complement proteins

To determine the expression of complement proteins in muscle in the absence of FH,
gastrocnemius muscle was subjected to real-time PCR with gene specific primers (Fig. 1A).
The expression of FH, the core complement protein C3 and the downstream anaphylatoxin
receptors, C3aR and C5aR were assessed. As expected FH was not expressed in fh—/—
muscle. However, the expression of C3, C3aR and C5aR1 were significantly increased in
fh—/— muscle compared to controls, n = 8 mice/group.

Ablation of FH results in unregulated activation of the alternate pathway and increased
consumption of circulating C3 (Pickering et al., 2002). Indeed, the plasma levels of C3
decreased to one fifth the controls in fh—/= mice while there was a threefold increase

in plasma C5a compared to controls (Fig. 1B). Immunofluorescence staining of muscle
sections for FH (green) and C5aR (red) indicated that these proteins were expressed in the
muscle as shown earlier (Kouser et al., 2013) and were membrane bound (Fig. 1C)

3.3. Absence of CFH increases complement activation in muscle

To determine whether C3 and C9 deposits occurred in muscle of fh—/— mice similar to

that observed in kidneys (Pickering et al., 2002), we stained muscle sections (representative
sections are given) of wt and fh—/- mice with antibody against C3 and C9 (membrane
attack complex (MAC) (Fig. 2). Immunofluorescence analysis of GCN muscles showed C3
deposits (upper panel) was limited in the w# muscle (Fig. 2A), while a more significant
pattern of deposits were observed in 7/~ muscle (Fig. 2B). Similar to that observed in the
kidney, C3 deposits in the fh—/— muscle occurred along the cell walls. C9 deposits that were
nearly nonexistent in wt muscle (Fig. 2D) was evident in the fh—/ muscle (Fig. 2E). Both C3
(Fig. 2C) and C9 (Fig. 2F) expression remained unchanged in the absence of C5aR.

3.4. Ablation of CFH decreases oxidative capacity and increases glycolytic myofibers

To understand whether muscle fiber switching occurred in fh—/— mice, we next determined
the fiber-type composition in GCN muscle using enzyme histochemistry for NADH-
tetrazolium reductase (NADH-TR), a mitochondrial enzyme in complex | (Fig. 3). NADH-
TR staining reveals ATPase activity which correlates with oxidative capacity of the muscle.
The oxidative capacity of muscle fibers follows the pattern type I (dark), l1A, 11X, 1B (light)
(Aigner et al., 1993; Hamalainen and Pette, 1993). This study focused mainly on the Type

Il fibers. Type I1A fibers were significantly reduced with a concomitant increase in 11B
fibers (Fig. 3B) in fh—/— mice compared with those of WT mice (Fig. 3A). These results
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were further substantiated by MHC fiber typing using immunofluorescence. In line with the
NADH-TR staining, fiber type MHC I1A was decreased and MHC 1IB was increased in
fh—/— mice (Fig. 3F) compared to wt controls (Fig. 3E). The unstained areas are a mix of
fiber type MHC | and fiber type 11X. Interestingly, there was a significant increase of MHC
I1A fibers in the fh—/-C5aR~-/- mice (Fig. 3G), while the MHC 1IB fibers were reduced
closer to normal.

3.5. Absence of CFH reduces mitochondrial DNA in muscle

Next we investigated the impact of FH on mitochondrial density in the gastrocnemius
muscle. In line with changes in fiber type, we observed significantly lower mMRNA
expression of mitochondrial encoded genes (COX, UCP and HK) by qRT-PCR in
gastrocnemius muscle (Fig. 4A). The reduction in mitochondrial gene expression was
prevented in the fh—/-~C5aR~/- double knockout mice. Since mtDNA may not always be a
reliable predictor for mitochondrial abundance, we assessed citrate synthase, a mitochondrial
matrix enzyme that is representative of the mitochondrial content and an indicator for
aerobic capacity and mitochondrial abundance in tissues (Cayci et al., 2012). Reduction

of citrate synthase activity further substantiated the reduction of mitochondrial content in
gastrocnemius muscle (Fig. 4B).

Absence of CFH alters expression of TGFp and intermediate filaments proteins, vimentin
and actin in muscle

In the present study absence of FH expression resulted in reorganization of cytoskeletal
proteins. Actin and the intermediate filament vimentin that had a defined localization along
the periphery of the cell in WT mice (Fig. 5A & D) changed to a more disrupted and

less defined localization within the cell in fh—/— mice (Fig. 5B & E). Although there was
little change in the expression of the proteins it was more defined, localized closer to

the periphery wall in the absence of C5a/C5aR signaling (Fig. 5C & F). Since TGF-$
members are involved in organization of cytoskeletal architecture, we assessed transforming
growth factor-p (TGF-p) in the muscle. (Fig. 6). TGF-p was expressed at the sarcoplasmic
membrane in the WT controls (Fig. 6A). (=#) (Ahn et al., 2009). In the absence of FH,
TGFp occurred in the endomysium () Fig. 6B). TGFP expression was on the sarcoplasmic
membrane similar to controls in the absence of C5a/C5aR signaling (Fig. 6C). These
changes were also observed at the transcriptional level (Fig. 6D).

3.6. Absence of FH affects skeletal muscle performance

To test the role of FH in muscle performance, we performed four different tests.
Interestingly, absence of FH in 16 week old mice caused significant reduction (p < 0.05)
in motor coordination, muscle strength, and grip endurance. The alteration in muscle
performance was revealed in the rotarod latency to fall (204 + 31 s vs 128 + 25 s), grip
meter strength (93 + 8 vs 80 + 11) and grid hang latency to fall (61.3£8.5svs 15+

7.8 s) (Fig. 7) tests, respectively. In addition, fh—/— mice demonstrate a trend for lower
treadmill endurance (285 £ 63 m vs 236 + 49 m, p = 0.06) results not shown. The decrease
in muscle strength was significantly aggravated by age. At 24 weeks grid hang (7.3 £ 5.7),
rotarod (115 * 28) and grip meter tests (62 £ 10). Treadmill (214 + 43) tests also revealed
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reduced activity, compared to mice at 16 weeks. However, since these mice potentially
develop kidney disease when they reach 24-32 weeks of age (Pickering et al., 2002), all
other assessments were made in 16-week-old mice with these compounding factors absent.

4. Discussion

Our recent studies showed that FH altered bone health and architecture (Alexander et al.,
2018). The most important and novel finding of this study is that in the absence of FH,

C activation alters muscle architecture and fiber composition that leads to reduced muscle
strength and function, which worsened with age. Our results show increased deposits of C3
and C9 in the muscle indicating that complement activation occurred through the alternative
pathway resulting in the formation of C9 or membrane attack complex (MAC). Furthermore,
the decreased abilities in noninvasive tests such as grip meter, grid hang indicate muscle
weakness and increased fatigue, while the reduced time in the rotarod test indicates reduced
motor coordination.

C activation in the absence of FH leads to the generation of proinflammatory anaphylatoxins
C3a and C5a, which signal through their G-protein coupled receptors C3aR and C5aR
respectively. Elegant studies by Zhang et al. (Zhang et al., 2017) recently showed that the C
cascade has a key role in macrophage recruitment and subsequent muscle regeneration after
injury and that it proceeded through C3a-C3aR signaling. Our studies give further insight
and show that C activation per se in the absence of any compounding injury alters muscle
strength and function, such as the marked decline in muscle mass and function in skeletal
muscle with age. In addition, our results show that the effects of FH depletion is partially
dependent on C5a/C5aR signaling.

Muscles occupy 40 % of body mass and the muscles work in coordination with other
muscles. Muscle has the ability to remodel and transform in response to the environmental
demands (Booth et al., 2002; Schiaffino and Reggiani, 2011). Type | “slow twitch” fibers
use oxidative phosphorylation for energy production and support sustained aerobic activity
with increased contraction endurance and lesser strength potential. On the other hand,

type 11B “fast twitch” fibers rely heavily on anaerobic glycolysis for energy production

and have considerable strength and contraction speed, but only for short anaerobic bursts
of activity before the muscles fatigue. An example is in endurance exercise training that
induces a myofiber shift from a fast twitch type 1 fibers to slow twitch type 1 fibers

(Booth et al., 2002). Our studies show that in the setting of C activation the reverse
happens and the muscle fibers switch from slow to fast fiber types. The predominance

of type Il fibers, especially subtype B, indicates that the muscle presents a weak oxidative
metabolism and is prone to fatigue during prolonged work (Bonington et al., 1987; Bredman
et al., 1992). Muscle requires energy for optimum functioning. Our studies showed that
along with the fiber switch, the muscle metabolic profile is altered, along with decrease

in mitochondrial content. This is consistent with the previously established distribution

of mitochondrial content across fiber types in mouse muscles (Shortreed et al., 2009).

In addition this is also in line with increased endurance as measured by a treadmill
endurance test. Since mitochondria are the main source of cellular energy and is critical

in maintaining the functional and structural integrity of tissues such as muscle (Nair, 2005).
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tissues with high-energy turnover such as muscle are particularly vulnerable to changes in
energy metabolism caused by alteration in mitochondrial function thereby leading to tissue
degeneration (Saraste, 1999).

Our studies show that TGFp is upregulated in muscle in the absence of CFH with its
localization moving from the sarcoplasmic membrane to the endomysium (Araujo et al.,
2013). This is also in line with our observations of an altered mitochondrial profile with

C activation since TGFp is known to increase mitochondrial fragmentation (Krick et al.,
2008) and alter mitochondrial metabolism (Pacher et al., 2008; Yoon et al., 2005). In
addition, increases in TGFp cause increases in extracellular matrix proteins, accompanied
by incomplete tissue regeneration that can subsequently lead to fibrosis (Hinz, 2015).
Mechanical properties of muscle is determined by cytoskeletal and intermediate filament
network that are involved in migration, differentiation and signaling. Earlier studies
demonstrate a central role for actin and vimentin in the cells mechanical properties (Charrier
and Janmey, 2016; Eckes et al., 1998; Guo et al., 2013). TGFp targets the cytoskeleton and
intermediate filaments which provides a framework that integrates the components of the
cytoskeleton and organizes the internal structure of the cell. The loss of actin and vimentin
layer integrity in our study, along with all the other changes could lead to muscle weakness
and loss of function observed in the fh—/- mice. The muscle changes that occur in the
absence of FH are reduced in the absence of C5a/C5aR signaling indicating there are other
factors that contribute to the pathology which could include C3a/C3aR signaling that was
described recently. Future studies are required to further detail the signaling mechanisms and
other underlying factors that are involved in causing these changes.

In conclusion, our study demonstrates for the first time an important role for FH in
regulating muscle health and function. With a focus on the GCN muscle, the present study
has found in the absence of FH, there is an alteration in skeletal muscle fiber content,
change in mitochondrial function, increased TGFp expression and changes in intermediate
filaments that are partially dependent on C5a/C5aR signaling. These changes could have
significant impact on the architectural arrangement of the muscle and remodeling of the
extracellular matrix that could compromise muscle function and lead to muscle weakness.
How the aforementioned outcomes are interlinked and whether the response to complement
activation is similar in other muscles such as smooth muscles warrants further investigation.
In addition, the fact that the absence of FH causes these changes underscores its importance
as a potential therapeutic target in the setting of muscle inflammation.

This research is supported by NIH R01 Grant DK111222 to JJA, an endowment from Dr Arthur M. Morris to RJQ
and the Veteran Affairs Rehabilitation Research and Development Grant RX001066 and the Indian Trail Foundation
to BRT.
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TGFp transforming growth factor B
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A. mRNA expression of muscle C3, C3aR and C5aR are increased in the absence of FH.
Gene expression levels of complement proteins FH, C3, C3aR and C5aR were determined
in gastrocnemius muscles (GCN) of fh—/- and wt mice. Real-time quantitative RT-PCR
analyses of the mRNA levels were performed on total RNA samples from the GCN of the
mice. Primer sequences used are shown in Table 1. Data are expressed as Means = SD (7=
8). fh—/— mice vs. WT mice: *P<0.05; **P< 0.01.

B. C3 is decreased and C5a is increased in plasma of fh—/- mice.

C3 and C5a were measured in the plasma of fh—/- (@) and WT (@) mice (n = 8/group) by
ELISA as described in the Methods. C3 is decreased while C5a is increased significantly in
circulation in fh—/- mice compared to controls, p < 0.05.

C. FH and C5aR are expressed in the rodent GCN muscle.

Given are representative immunofluorescence images of FH and C5aR expression in GCN
muscle. 10 um cryo sections were stained using anti-FH (1:250) and anti-C5aR (1:100)
overnight and detected with Alex 488 —anti-goat and Alex 564 anti-rabbit. Green, FH and
red, C5aR. FH and C5aR stain the muscle membranes as indicated by the arrow.

Immunobiology. Author manuscript; available in PMC 2023 January 17.

6- mm Control
=3 FHKO l 800
250
44 _ ° A
E 600 e Y AZOO— :—[—
g 5150— e
g 400+ g
2+ © 5100
© 5004 o o 09
I-F_;:-l |
0- T I B?° T T © T T
FH C3aR C5aR Control FHKO - Control - FHKO
Fig. 1.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Seldeen et al. Page 16

Fh-/-/C5aR-/-

Fig. 2.
FH deletion increases C3 and C9 deposits in muscle.

Representative muscle cryosections (7= 8) from 16 wk fh—/- and control mice reveal
significant increase in C3d (green) and C9 (red) deposits in muscle which remained
unchanged in fh—/-/C5aR—/- double knockouts. A and D are from control mice, B and

E from fh—/— mice and C and F from fh—/-C5aR~-/- mice respectively. A, B and C are
sections stained for FITC labeled C3; D, E and F are sections stained for Alexa 594 labeled
C9. Bar represents 100 pm.
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Fig. 3.
C5aR inhibition protects muscle fiber changes in FH deficient muscle.

To determine the impact of FH deficiency on muscle biology, gastrocnemius muscle (GCN)
sections from 16 week fh—/— (B) and wild type (wt, A) male mice (n = 8) were stained for
NADH (upper panel) The NADH stain of skeletal muscle show a mix of Type 1 (dark), Type
11B (light) and type 1A (medium color) muscle fibers. Type IlA fibers were reduced and

11B fibers were increased in FH deficient mice. The change was reduced in C5aR—/-/fH —/-
DKO (C). The different fiber types were counted in whole sections from each mouse and
calculated as the % of total fibers in the section. The Bar graph (D) gives the % of each fiber
type in the section in WT, fh—/- and fh—-/-/C5aR-/-DKO mice. *, p < 0.05, **, p < 0.01.
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Given are representative gastrocnemius muscle sections (7= 8) from 16wk fh—/- (F),
control (E) and fh—/-/ C5aR—/- mice. To assess muscle fiber-type profile, cryosections
from all mice were incubated with cocktail of primary antibodies MHCIIA (SC-71, green),
and MHCIIB (BF-F3, red), followed by incubation with appropriate fluorescent-conjugated
secondary antibodies as described in Methods. Staining reveals reduction in Type lA fibers
(green) and increase in Type I1B fibers (red) in the absence of FH. The change in muscle
fiber was reduced when C5aR was deleted in FH deficient (G) mice. The sections were
observed using a 20X objective. The unstained regions represent both fiber type 1 and fiber
type 11X. Bar represents 100 pm.
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mtDNA content (A) and citrate synthase (CS) activity (B) are reduced in GCN muscles of
fh—/— mice compared to control mice.

mtDNA expression of Cox2, Ucp2and Hk2were assessed in muscle from wt, fh—/- and
fh—/-/C5aR DKO mice by gRT-PCR (A). Expression of CoxZ2, Ucp2and HkZ mtDNA
were significantly reduced in fh—/- mice. Absence of C5a/C5aR signaling did not alter
the trajectory of Cox2and UcpZbut prevented the decrease in Hk2. Citrate synthase (CS)
activity was measured in muscle lysates from wt, fh—/- and fh—/-/C5aR DKO mice (B).
The activity is normalized to the total protein content of the sample used in the assay.
Normalized data are presented as Means + SD. *P < 0.05.
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Fig. 5.
FH deletion increases expression of cytoskeletal proteins in muscle in C57BL6 mice.

Expression levels of cytoskeletal proteins actin and vimentin were determined in
gastrocnemius muscles (GCN) of th—/- and wt mice. Cryosections of the muscle were
stained with actin (green) and vimentin (pink). Representative images are given. Actin and
vimentin displayed defined pattern along the cell perphery (Fig. 5A & D) which changed to
less defined localization within the cell (Fig. 5B & E). The vimentin and actin localization
was more defined along the periphery in the absence of C5a/C5aR signaling (Fig. 5C & F).
Bar: 100 pm.
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Fig. 6.

Flﬂ deletion increases expression of TGF in muscle in C57BL6 Mice.

Expression level of TGFP was determined in gastrocnemius muscles (GCN) of fh—/- and
fh—/-C5aR-/- mice at both the transcriptional and translational levels. Cryosections of the
muscle were stained with anti-TGFp. Representative images are given. TGF occurs in the
sarcoplasmic membrane in the controls. In the absence of FH, TGFp expression is seen in
the endomysium (Fig. 6B) compared to controls (Fig. 6A) which was reduced in the absence
of C5a/C5aR signaling (Fig. 6C). 40X; bar: 50 um. In line with this observation, TGF RNA
expression was increased in the FHKO by real-time PCR (Fig. 6D). Data are expressed as
means + SE (n7= 8 per group).
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Fig. 7.

A. Absence of FH alters muscle performance.

Muscle performance and strength were assessed at 12 weeks (preclinical) and at 24 weeks
(disease). Results show that the change in rotorod (A) and grid hang (B) occurred at 12
weeks and continued albeit with considerable variability at 24 weeks. Values are expressed
as Mean £ SD. *p < 0.05, **p < 0.01.

B. Absence of C5a/C5aR signaling prevents reduced physical performance in fh—/- muscle.
Given are assessments for muscle performance (motor function, strength and coordination)
in 16 week fh™/~, fh—/-C5aR—/- and wildtype (wt) mice (/7= 8). Reduced performance

is observed in the three assessments (rotarod, grip meter and grid hang) and there was no
change in treadmill assessment (results not shown) in fh—/— mice while C5aR deficiency
prevented the changes. Values are expressed as Mean + SD. *P < 0.05.
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Table 1

List of antibodies used for MHC staining of mouse skeletal muscle.

Species  Primary Antibody Secondary Antibody

Mouse  SC-71 (1:600) IIA  Alexa Fluor 488 1gG1 1:500 (green)
BF-F3 (1:100) 1IB  Alexa Fluor 555 IgM 1:500 (red)
C3 (1:250) FITC coupled antibody
TgFp (1:100) Alexa Fluor 488 1gG1 1:500 (green)
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Table 3

Effect of FH on weight, fat and circulating calcium.

WT fh—/- Pvalue n
Weight (g) 2942 3243.4 0.065 8
Fat% 21+4 28+5 0.06 8
Calcium (nmol/L) 9.8+0.19 9.6+0.15 0.22 8
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