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Abstract

Tissue fibrosis is a hallmark of overuse musculoskeletal injuries and contributes to
functional declines. We tested whether inhibition of CCN2 (cellular communication
network factor 2, previously known as connective tissue growth factor, CTGF) using
a specific antibody (termed FG-3019 or pamrevlumab) reduces established overuse-
induced muscle fibrosis in a clinically relevant rodent model of upper extremity overuse
injury. Young adult rats performed a high repetition high force (HRHF) reaching and
lever-pulling task for 18 weeks, after first being shaped for 6 weeks to learn this operant
task. Rats were then euthanized (HRHF-Untreated), or rested and treated for 6 weeks
with FG-3019 (HRHF-Rest/FG-3019) or a human IgG as a vehicle control (HRHF-Rest/
IgG). HRHF-Untreated and HRHF-Rest/IgG rats had higher muscle levels of several fi-
brosis-related proteins (TGFf1, CCN2, collagen types I and III, and FGF2), and higher
muscle numbers of alpha SMA and pERK immunopositive cells, compared to control
rats. Each of these fibrogenic changes was restored to control levels by the blocking of
CCN?2 signaling in HRHF-Rest/FG-3019 rats, as were HRHF task-induced increases
in serum CCN2 and pro-collagen I intact N-terminal protein. Levels of cleaved CCN3,
an antifibrotic protein, were lowered in HRHF-Untreated and HRHF-Rest/IgG rats,
compared to control rats, yet elevated back to control levels in HRHF-Rest/FG-3019
rats. Significant grip strength declines observed in HRHF-Untreated and HRHF-Rest/
IgG rats, were restored to control levels in HRHF-Rest/FG-3019 rats. These results are
highly encouraging for use of FG-3019 for therapeutic treatment of persistent skeletal

muscle fibrosis, such as those induced with chronic overuse.
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1 | INTRODUCTION
Overuse-induced musculoskeletal disorders are widely un-
derstood to be injuries and disorders affecting the musculo-
skeletal system.' Tissue fibrosis is a pathological hallmark of
overuse-induced muscle injuries and is considered to play key
roles in associated motor dysfunction. Such fibrosis is thought
to distort dynamic properties of tissue and contribute to func-
tional declines due to adherence of adjacent structures.”* We
have shown that inflammation is a key driver of further fibrosis,
and that early use of anti-inflammatory drugs, ergonomic task
reduction and manual therapy treatments are able to prevent
their development.5'10 However, treatments aimed at reducing
established muscle and other tissue fibrosis have proved to be
more difficult,“‘14 because once deposited and cross-linked,
the extracellular matrix becomes resistant to degradation.15
There is even evidence from studies examining fibrotic kid-
neys that fibroblasts collected from these fibrotic kidneys have
undergone epigenetic alterations that render these cells chron-
ically activated.'® However, blocking CCN2 (cellular com-
munication network factor 2; previously known as connective
tissue growth factor, CTGE'™18) signaling has shown promise
for many fibrotic disorders,19 as explained further below.
CCN2 is a secreted matricellular protein with four modular
domains that independently interact with different molecules,
such as collagen and proteoglycans in the extracellular ma-
trix. % CCNI1/Cyr61 (also known as Cysteine-rich angiogenic
inducer 61) and CCN3/NOV (also known as nephroblastoma
overexpressed) are two family members that can have sim-
ilar or opposing functions in fibrogenic processes as CCN2,
respectively.zl'23 Downregulation of CCN2 by antisense or
siRNA treatment reduces liver fibrosis and limits hypertrophic
scarring without affecting wound healing.g.zzl’25 Mdx mice (an
animal model of Duchenne muscular dystrophy) with hemizy-
gous CCN2 deletion, or treatment with a monoclonal antibody
that targets the von Willebrand factor type C (vWC) domain
of CCN2, show reduced muscle fibrosis and improved loco-
motion and muscle strength.ls’26 The anti-CCN2 antibody,
known as FG-3019 or pamrevlumab, inhibits mesothelioma
growth and cell proliferation in three different human mesothe-
lioma cells lines and induces apoptosis in mesothelioma cells
and fibroblasts.”” FG-3019 also mitigates skin fibrosis in con-
junction with a reduction in the numbers of cells expressing
platelet derived growth factor receptor beta (PDGFRp), pro-
collagen, alpha-smooth muscle actin (aSMA), pSmad2, and
fibroblast-specific growth factor 1 (Fspl) in the dermis of a
preclinical mouse model of systemic sclerosis.” This agent suc-
cessfully attenuated the progression of idiopathic pulmonary
fibrosis in phase 2 trials**** (NCT01262001, NCT01890265),
and is currently in phase 3 development for this disorder as
well as for locally advanced, unresectable pancreatic cancer’!
(NCTO03941093). This treatment is also currently in phase 2
trials for Duchenne muscular dystrophy (NCT02606136).
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We recently found that CCN2 is critical to the early pro-
gression of chronic overuse-induced muscle fibrosis and grip
strength declines in rats that performed an operant reaching,
grasping, and lever-pulling task at high repetition high force
(HRHF) levels for three weeks.'? Systemic injections of the
FG-3019 agent reduced this early progression of musculo-
tendinous fibrosis, and improved motor declines. However,
continued performance of the HRHF task for 18 weeks,
untreated, induces even greater muscle fibrosis and motor
declines than at earlier weeks.* Therefore, we examined for
the first time whether inhibition of CCN2 using this antibody
is able to reduce established skeletal muscle fibrosis in our
operant rat model of overuse injury.

2 | METHODS

2.1 | Overview of animals

Experiments were approved by the Temple University
Institutional Animal Care and Use Committee in compliance
with NIH guidelines for the humane care and use of labora-
tory animals. Studies were conducted on 56 young adult to
mature (3 mo of age at onset of the experiments and 10.5 mo
of age at completion), female, Sprague Dawley rats (Charles
Rivers, Wilmington, MA). Thirty-one of these rats were ran-
domly divided into one of four groups: (a) age-matched food
restricted controls (FRC, n = 10); (b) task rats that were shaped
and then performed an HRHF task for 18 weeks (HRHF-
Untreated, n = 10); and (c,d) 18-week task rats that then rested
for 6 weeks with simultaneous treatment with an anti-CCN2
antibody (HRHF-Rest/FG-3019 rats, n = 6); or a human im-
munoglobulin (HRHF-Rest/IgG, n = 5, as a vehicle control)
before euthanasia (Figure 1). The remaining 25 rats were used
to assay serum levels of estradiol, as described further below
under enzyme-linked immunosorbent assays (ELISAS).

Rats were weighed twice per week, provided regular rat
chow daily in addition to food reward pellets (banana and
chocolate pellets, Bio-Serv, Flemington, NJ), and allowed
to gain weight over the course of the 30-week experiment.19
FRC rats received similar amounts of rat chow and food
reward pellets as HRHF rats. One animal in the HRHF-Rest/
IgG group died from unknown reasons in task week 12 (this
group was originally n = 6; thereby reducing to final number
to n = 5 for this group). Further rat care details are as previ-
ously described."”

2.2 | HRHF task

Custom-designed operant behavioral chambers were used
in which rats performed an operant reaching and lever
pulling task, as previously described.>* As an overview,
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FIGURE 1

Design of experiment. Young adult female Sprague Dawley rats were randomly divided into one of four groups: age- and weight-

matched food-restricted controls (FRC); task rats that were handled for 1 wk and then shaped for 6 wk, before going on to perform a HRHF task for
18 wk (HRHF-Untreated); and task rats that performed the HRHF task for 18 wk before cessation of the task for 6 wk with simultaneous systemic
treatment with a human immunoglobulin (HRHF-Rest/IgG) or with an anti-CCN2 antibody called FG-3019 or pamrevlumab (HRHF-Rest/
FG-3019, hereafter), before euthanasia. Additional animals were used for serum estradiol assays, as delineated in Figure S3

task rats were shaped for 6 weeks to learn a reaching and
lever-pulling task at high force loads. Rats then performed
an HRHF reaching and lever-pulling task for 18 weeks for
a food reward. For this, rats reached through a shoulder
height portal and pulled on a vertical 1.5-mm metal bar,
positioned 2.5 cm outside of the chamber wall that was at-
tached to a load cell (Futek Advanced Sensor Technology,
Irvine, CA). The load cell was interfaced with custom
written Force Lever software that allowed us to choose a
required force level for provision of a food reward (Med
Associates, St. Albans, VT). Auditory indicators (Med
Associates) cued the animal to attempt a reach every
15 seconds. Task rats had to grasp the force lever and exert
an isometric pull toward the chamber wall with a graded
force effort of 48% + 5% of their maximum voluntary pull-
ing force (~144 grams force (gf)). The rats' mean peak
maximum pulling force was determined on the last day of
shaping by requiring the rat to pull at increasing levels for a
food reward until their maximum level was reached. They
also had to reach and pull on the lever bar at a reach rate
of 4 reaches/min, for 2 h/d, in 30-min intervals (with 1.5-h
break between session), for 3 d/wk. If the animal reached
and pulled on the lever bar at the correct force level and
held it for at least 90 ms, within the 500-ms sound-cued pe-
riod, a light signal signified that a 45-mg food pellet reward
was dispensed into a trough located at floor height for the
animal to lick up.

We have previously shown that the animals develop dis-
comfort from the task and switch limbs or use both limbs
simultaneously to pull on the lever bar in their attempt to
garner a food reward pellet, beginning in task weeks 2 and
3.49.10 Therefore, limbs used to reach were recorded by indi-
viduals observing the rats during each task session. Bilateral
pulling of the lever bar was recorded upon occurrence, as was

incidence of a rat switching the forearm used to pull on the
lever bar from their original “preferred” reach limb (deter-
mined during the shaping period) to the contralateral limb.
Incidence of bilateral pulling or switching the limb used to
pull the lever increased significantly across the weeks of task
performance, beginning around task weeks 2-3, as previously
reported.4’9’10 We found that before week 18 that all of the
18-week HRHF animals utilized either forearm, or both, to
pull the lever bar interchangeably across the weeks.

2.3 | Pharmacological treatments
The 6 HRHF-Rest/FG-3019 rats performed the HRHF task
for 18 weeks, before resting for 6 weeks while being treated
2x/wk with a human anti-CCN2 monoclonal antibody
(FG-3019, FibroGen, Inc, San Francisco, CA; 40 mg/kg body
wt, i.p.). The FG-3019 drug was provided by the company in
small amounts, in sealed glass vials, at the appropriate con-
centration of the projected weights of the rats at the time of
the injections (weight projections were based on our prior
experience with similar aged rats*). All rats were weighed
immediately prior to injections, and the FG-3019 dose ad-
justed as needed to provide 40 mg/kg body wt, i.p. The five
HRHF-Rest/IgG rats performed the HRHF task for 18 weeks,
before resting for 6 weeks while being treated 2x/wk for
6 weeks with a human immunoglobulin (IgG; FibroGen; 50
microl/injection, i.p.) as the vehicle control. Effects of FG-
3019 and IgG in control rats have been reported (no negative
side effects were observed).lg’35

The FG-3019 antibody used here has been previously
characterized and targets domain II of CCN2, the vWC
domain, located within the amino-terminal half of the full
length protein.”*® This domain is thought to stimulate
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collagen synthesis and bind proteoglycans in the extracellular
matrix (other specific associations are being clarified).”® We
previously examined using western blot if FG-3019 treatment
affected the ability to immunochemically detect CCN2, using
tissues from control rats since CCN2 levels should be simi-
lar."” No differences in CCN2 levels were seen in tendons and
serum of FRC versus FRC + FG-3019 rats."

2.4 | Grip strength assays

All HRHF and control rats were assayed for reflexive grip
strength. Reflexive grip strength of both forelimbs was
measured individually using a 1027SR-D58, Columbus
Instruments, Columbus, Ohio with a standard pull bar and
sensor ranges from 0 to 5 kg to best assay rat grip strength.
The test was repeated 3-5 times/limb, with peak force re-
corded by the manufacturer software. Grip strength is re-
ported from assays performed the day prior to euthanasia.
Mean maximum grip strength is reported per trial.

2.5 | Tissue collection

Animals were deeply anesthetized with 5% isoflurane in ox-
ygen, and then euthanized by performing thoracotomy and
cardiac puncture for blood collection using a 23-gauge nee-
dle. Collected blood was placed into uncoated 15-mL tubes
and allowed to clot for 1 hour before being centrifuged at
12 000 rpm for 20 minutes at 4°C. Serum was harvested and
frozen at —80°C until assayed. Flexor digitorum muscles
were collected from the euthanized animals' mid forearm
region from 10 age-matched FRC rats, 10 HRHF-Untreated
rats, 6 HRHF-Rest/FG-3019 rats, and 5 HRHF-Rest/IgG rats,
as shown in Figure 1. Task rats used both limbs to reach;
therefore, muscles from one limb per rat were collected un-
fixed and tested using protein assays (the opposite limb was
used for immunohistochemistry). A randomization schema
was used so that a mix of right and left limbs was collected
for each assay choice. For protein assays, muscles were sepa-
rated from tendons and bones using a scalpel. Muscle samples
were rinsed in sterile saline and flash frozen before storage at
—80°C until use, at which time they were thawed on ice and
homogenized in 100-mL sterile, ice-cold, phosphate-buffered
saline (PBS) containing proteinase inhibitors (ThermoFisher,
Waltham, MA). After centrifugation,19 muscle supernatants
were collected and frozen at —80°C until assayed.

After anesthesia, euthanasia and collection of serum
and muscles from one limb per rat for protein assays, as de-
scribed above, all rats underwent intracardial perfusion with
saline and then buffered 4% paraformaldehyde. After fixa-
tion, a 2.5-mm-thick piece of flexor digitorum muscle was
removed from mid- to proximal forearm for crossectional
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cryosectioning (14 pm) after cryopreservation first in 10%
and then in 30% sucrose in phosphate buffer across 4 days
(48 hours per sucrose solution), and then embedding in OCT
(Fisher Healthcare Tissue-Plus OCT Compound Embedding
medium, FisherScientific) before cyrosectioning. The dis-
tal muscle-nerve mass was also removed, similarly cropre-
served, embedded in OCT, and longitudinally cryosectioned
(14 pm). Sections were placed onto charged slides (Fisher
Scientific, Fair Lawn, NJ), dried overnight at room tempera-
ture, before storage in foil-wrapped slide boxes at —80°C
until use.

2.6 | ELISAs
Serum samples from 10 age-matched FRC, 10 HRHF-
Untreated, 5 HRHF-Rest/IgG, and 6 HRHF-Rest/FC-3019
were batch assayed for CCN2 (USBiological, Salem, MA)
and PINP (pro-collagen I intact N-terminal protein,
MyBiosource, San Diego, CA). ELISAs were conducted
using manufacturers' protocols, in duplicate, and reported
as pg per ml of serum. Estradiol levels were also analyzed
in serum using ELISA (ES180S-100, Calbiotech SKU)
from 7 HRHF-Untreated and 5 HRHF-Rest/IgG (termed
“Shape + Task 18 wk” and “Shape + Task 18 wk + 6 weeks
rest” in Figure S3), as well as from 25 additional rats in order
to examine for potential effects of shaping, task, or rest on
serum estradiol levels. These 25 additional animals were con-
stituted five groups: 5 normal control rats that were 3 months
of age (“NC (=7 wk)”), 5 food-restricted only control rats
that were 3.2 months of age (“FRC (-6 wk)”), 5 food-
restricted animals that were shaped for 6 weeks (“Post shap-
ing (0 wk)”), 4 food-restricted and shaped rats that performed
the HRHF task for 12 weeks (“Shape + Task 12 wk”), and 6
food-restricted only rats that were shaped for 6 weeks before
resting for 24 weeks (“Shape + 24 wk Rest”) (Figure S3).
Muscle homogenate samples from 10 age-matched FRC,
10 HRHF-Untreated, 5 HRHF-Rest/IgG, and 6 HRHF-Rest/
FC-3019 were batch assayed using ELISAs for transforming
growth factor beta 1 (TGFf1, Enzo, New York, NY), CCN2
(USBiological, Salem, MA), collagen types I and III (LSBio,
Seattle, WA), and FGF2 (also called basic fibroblast growth
factor, bFGF, MyBiosource). ELISAs were conducted using
manufacturers' protocols, in duplicate. Data (pg of protein)
were normalized to pg total protein, determined using a bi-
cinchoninic acid (BCA) protein assay kit.

2.7 | Western blot analysis

Electrophoresis and western blot analysis of muscle super-
natants were performed for analysis of CCN1 and CCN3
levels, using described methods." Equal amounts of protein
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were reduced, denatured, and boiled for 5 minutes at 100°C.
Samples were resolved on 10% Tris-Glycine SDS gels.
Gels were immunoblotted onto nitrocellulose membranes.
Membranes were Ponceau S stained, then destained be-
fore blocking for 1 hour in 5% BSA in TBST and then in-
cubating with primary antibodies. Primary antibodies against
CCNI used were: CCNI1 antibody (1:1000 dilution, AF4055,
R&D, Minneapolis, MN), a CCN1 antibody that recognizes
mouse CCNI1 (1:200 dilution, a gift from B Chaqour, SUNY
Downstate Medical Center).”” The antibody used to assay for
CCN3 was raised in goat (1AF1976, R&D), diluted 1:1000
in Can Get Signal (Toyobo, Japan) before incubating with
membranes. After washing, blots were incubated with ap-
propriate secondary antibodies diluted 1:15 000-1:20 000
in the Can Get Signal buffer. Images were taken using a
LI-COR System, and then densitometric analysis was per-
formed using Image J. Ponceau S stained densitometric data
for each individual lane was used to normalize the density
of target protein signal in each individual lane after antibody
staining, as previously described. 19 CCN1 and CCN3 gels were
repeated until 5-6 different samples per group were assayed.
The specificity of the antibody used to detect CCN1 has
been previously described.”” A preabsorption protein block-
ing step was used to verify specificity of the R&D anti-CCN3
antibody used for western blotting using a recombinant CCN3
protein (1640-NV-050, R&D) at 10:1 ratio (rCCN3:anti-
body). Additionally, secondary antibody only incubations of
membrane strips were performed for CCN1 and CCN3.

2.8 | Immunohistochemistry

Muscle cryosections were immunostained in batched sets
by the same individual for CCN2 (sc14939, Santa Cruz
Biotechnology, 1:1000 dilution in PBS), collagen type 1
(ab6308, AbCam, Cambridge, MA, 1:300 dilution in PBS),
alpha smooth muscle actin (aSMA, A2547, dilution 1:500,
Sigma), phosphorylated extracellular signal-regulated ki-
nase (pERK, 4370, 1:200 dilution in PBS, Cell Signaling,
Danvers, MA), or with an anti-human IgG tagged with
Dylight 650 (ab96906, Abcam) to detect the FG-3019 anti-
body, using previously described methods.*!? Sections were
blocked with 5% goat serum and were then incubated with
primary antibodies in moist incubation chambers overnight
at room temperature. Appropriate secondary antibodies were
diluted 1:100 in PBS and incubated on sections for 2 hours
before washing in PBS. DAPI was used as a nuclear stain
before coverslipping with 80% glycerol in PBS.

Specificity of the CCN2 and collagen type I antibodies
used for immuohistochemistry was determined using western
blots to check if the antibodies detected bands at the correct
molecular weights. Membranes were incubated with primary
antibodies overnight at 4°C. For CCN2, gels were made as

described earlier for CCN1 and 3. For collagen type I, 8% gels
were made without SDS in the gel, yet with SDS in sample
and loading buffers, as described.*® The antibodies used de-
tected bands at the correct molecular weights (Figure S1A,B).

Preabsorption antibody-protein blocking steps were also
performed to demonstrate either the CCN2 or collagen type 1
specificity using CCN2 recombinant protein (CXT-687,
Prospec, East Brunswick, NJ) and collagen type 1 rat pro-
tein (C7661, Sigma). A two- to threefold excess of purified
protein, respectively, was preincubated with the matching
antibody overnight at 4°C, the mixture centrifuged, and the
preabsorbed antibody supernatant incubated with the tis-
sues (after pepsin and goat serum treatment) before washing
and incubation with secondary antibodies. No staining was
observed in tissues after this preabsorption (Figure S1C).
Specificity of the anti-aSMA antibody used has been previ-
ously reported.”

Antibody specificity of the anti-human IgG tagged with
Dylight 650 (Abcam) was determined for the anti-human
IgG by staining sections from animals not been injected with
FG-3019.

2.8.1 | Quantification methods

Quantification of staining was performed in batched sets by
individuals blinded to group assignment, using an upright mi-
croscope with both bright field and epifluorescent features
(E800, Nikon, Melville, NY) that was interfaced with a digi-
tal camera (Retiga 4000R QImaging Firewire Camera, Surry,
BC Canada), PC computer, and an image analysis system
(Bioquant Image Analysis Corporation, Nashville, TN). In
flexor digitorum muscles, aSMA immunopositive cells were
counted in mid to proximal regions of the flexor digitorum
muscle (crossections), in three fields per muscle and rat. Size
exclusion limits were imposed with the Bioquant software
so that only aSMA + cells between 2 and 15 pum in diam-
eter were counted. The pERK antibody immunostained both
small cells on the perimeter of myocytes and well as subsets
of myocytes. Therefore, these different cell types were quan-
tified separately in mid- to proximal regions of the flexor
digitorum muscle (crossections). Results are presented as the
number of cells/mm>.

2.9 | Statistical analyses

An a priori power analysis was performed using data from
our prior studies on grip strength.lo’39 We chose the most
conservative sample size needed to detect differences with
an alpha level of .05 and 80% power. This power analysis
indicated the estimated sample size needed was 5 per group.
Therefore, a minimum of 5 per group and per assay were
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utilized. GraphPad Prism version 8.2 was used for the sta-
tistical analyses. ELISA, western blot, serum protein, cell
numbers, and grip strength data were compared using one-
way ANOVAs, followed by Tukey's post hoc tests. Pearson
correlations were used to compare grip strength to fibrogenic
protein levels, and fibrogenic protein levels to each other.
Spearman's rho correlations were used to compare total
reaches across the 18 weeks of task performance and CCN2
levels in serum and muscle. Significance was set at P = .05
and results are reported as mean + SEM.

3 | RESULTS

3.1 | Blocking CCN2 signaling reduced
HRHF-induced increases of CCN2 and
Collagen I immunoexpression in muscles

Since we have previously reported increased CCN2 and colla-
gen type Iin 18-week untreated HRHF rats in the endomysium
around myofibers, myotendinous and scar-like regions within
flexor digitorum muscles,*® we first sought to determine if
those results were replicated. HRHF-Untreated muscles con-
tained areas with dense endomyseal deposition of CCN2 and
collagen type I around myofibers (Figure 2A). These regions
were found in band-like formations (indicated by an asterisk)
and around myofibers (arrows) in flexor digitorum muscles
examined at mid-forearm level in cross-sectional slices. We
next examined the effects of systemic Rest/IgG and Rest/
FG-3019 treatments. Muscles in the HRHF-Rest/IgG group
(Figure 2B) looked similar to those of the HRHF-Untreated
group. In contrast, blocking CCN2 signaling reduced CCN2
and collagen type I deposition around myofibers in HRHF-
Rest/FG-3019 muscles, and in a similar presumed myotendi-
nous origin in the same mid-forearm regions as examined in
the first two groups (Figure 2C). FRC rat muscles in the same
flexor muscle region showed little to no endomyseal CCN2
or collagen type I deposition (Figure 2D).

In order to ascertain if the FG-3019 agent reached the inte-
rior of the flexor digitorum muscle belly, we stained muscles
with an anti-human IgG antibody tagged with Dylight 650
(since the FG-3019 is a human antibody). FG-3019 was de-
tected on the perimeter of myofibers in HRHF-Rest/FG-3019
rat muscles (Figure 3A), as previously reported.19 No staining
was observed in untreated HRHF rat muscles (Figure 3B).

3.2 | Blocking CCN2 signaling mitigated
HRHF-induced increases of muscle
fibrosis-related proteins

Levels of CCN2 and collagen type I, as well as several
other fibrosis-related proteins, were quantified in flexor
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digitorum muscles using ELISA. The HRHF-Untreated
and HRHF-Rest/IgG rats had higher muscle levels of
TGFp1, CCN2, collagen types I and III, and FGF2/bFGF,
compared to FRC rat levels (Figure 4A-E). Blocking
CCN?2 signaling reduced levels of each protein to control
rat levels in HRHF-Rest/FG-3019 rat muscles (Figure 4).
HRHF-Rest/FG-3019 rats also showed significantly lower
muscle levels of TGFB1, CCN2, and collagen type I, com-
pared to HRHF-Untreated rats, (Figure 4A-C) and lower
muscle levels of TGFp1, CCN2, collagen type III, and
FGF2/bFGF (Figure 4A,B,D,E), compared to HRHF-Rest/
IgG rats.

3.3 | Blocking CCN2 signaling mitigated
HRHF-induced increases of serum CCN2 and
procollagen

HRHF-Untreated rats showed higher serum levels of TGFf1,
CCNZ2, and PINP, compared to FRC rat levels (Figure SA-C).
Despite the 6 week rest period and treatments, HRHF-
Rest/IgG and HRHF-Rest/FG-3019 rats continued to show
high-serum TGFf1, compared to FRC rats (Figure 5A).
However, the rest period lowered serum CCN2 in both
groups (Figure 5B). Yet only FG-3019 treatment signifi-
cantly lowered serum PINP levels in HRHF-Rest/FG-3019,
compared to HRHF-Untreated rats and HRHF-Rest/IgG rats
(Figure 5C).

3.4 | Blocking CCN2 signaling reduced
HRHF-induced increases in muscle aSMA and
pERK immunopositive cells

Since TGFP1 increases in tissues are often associated with
increases in «SMA immunopositive (+) cells,4 we exam-
ined flexor digitorum muscles for the latter. We observed
increased numbers of small xSMA + cells on the perim-
eter of myofibers in HRHF-Untreated and HRHF-Rest/
IgG rat muscles, compared to FRC muscles (Figure 6A-C;
since the HRHF-Rest/IgG looked similar to HRHF-
Untreated animals, their data is shown only in Figure 6A).
The aSMA immunoexpression co-localized with CCN2 im-
munoexpression in these small perimeter cells (Figure 6B).
Blocking CCN2 signaling significantly lowered the number
of aSMA + cells in HRHF-Rest/FG-3019 muscles, com-
pared to both HRHF-Untreated and HRHF-Rest/IgG mus-
cles (Figure 6A,D).

We also observed increased numbers of small pERK + cells
on the perimeter of myofibers in HRHF-Untreated and HRHF-
Rest/IgG rat muscles, compared to HRHF-Rest/FG-3019
and FRC muscles (Figure 7A-E). Blocking CCN2 signaling
significantly lowered the number of small pERK + cells in
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(A) HRHF-Untreated

*

(B) HRHF-Rest/IgG

*

(C) HRHF-Rest/
FG-3019

FIGURE 2 Representative CCN2 (red) and collagen type I (green) immunoexpression in the flexor digitorum muscles of each group.
Representative images of mid-forearm cross sections are shown. A and B, HRHF-Untreated and HRHF-Rest/IgG muscles showing areas with dense
endomyseal deposition of CCN2 and collagen type I around individual myofibers and in band-like formations. Asterisks indicate the band-like
formations. Arrows indicate examples of myofibers surrounded by endomyseal CCN2 or collagen type I. C, HRHF-Rest/FG-3019 muscles in the
same flexor muscle region showed clear reductions in CCN2 and collagen type I deposition. D, FRC rat muscles in the same flexor muscle region
showed little to no endomyseal CCN2 or collagen type I deposition. M = muscle. Scale bar = 50 microns
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FIGURE 3 Anti-human IgG detection 0
of the FG-3019 agent in flexor digitorum ©
muscles. A, FG-3019 was detected around 2
individual myofibers of HRHF-FG-3019 8 o
rats using an anti-human IgG antibody (red). (_'I) g
B, This staining was not detected in HRHF- L_‘\]_" >
untreated rat muscles. DAPI (blue) was $ %
used as nuclear counter stain (right images % 2
of both A and B). Similar results were seen LIL &)
in five animals per group. Scale bar = 50 [0
microns L

(B)

HRHFuntreated rats
Flexor Muscle

HRHF-Rest/FG-3019 muscles, compared to both HRHF-
Untreated and HRHF-Rest/IgG muscles (Figure 6A,D). The
number of myofibers with cytoplasmic pERK immunostaining
in HRHF-Untreated and HRHF-Rest/IgG rat muscles was also
higher than in FRC muscles (Figure 7).

3.5 | Blocking CCN2 signaling rescued
HRHF-induced declines in muscle CCN3

We next examined the effects of task and treatment on two
other CCN family members: CCN3 (Figure 8) and CCNI1
(Figure S2). The anti-CCN3 detected at ~39 kDa, ~38, and
~30 kDa (two representative blots are show in Figure 8A,B).
The ~39-kDa band did not alter across groups. However, the
~38- and ~30-kDa bands were lower in HRHF-Untreated
and HRHF-Rest/IgG rat muscles, relative to FRC and
HRHF-Rest/FG-3019 rat muscles (Figure 4A). Densitometry
confirmed these results (Figure 8C). Incubation of the anti-
CCN3 antibody used with a recombinant CCN3 protein
blocked all staining in western blots (Figure 8D), confirming
its specificity.

3.6 | CCNI1 levels were not altered by
task or treatment

One antibody used to assay anti-CCN1 recognized a ~28-kDa
form of CCNI1 (Figure S2A). A second antibody used
recognized ~80-Da, ~48- and ~38-kDa forms of CCNI
(Figure S2B). No task or treatment induced changes were
observed (Figure S2).
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(A) FG-3019 detection with anti-human IgG

FG-3019 - not detected

3.7 | Blocking CCN2 signaling restored
HRHF-induced declines in grip strength,
which correlated with muscle levels of
fibrogenic proteins

Grip strength was lower in HRHF-Untreated rats and HRHF/
Rest-IgG, compared to FRC rats, and restored to FRC rat
levels in HRHF-Rest/FG-3019 rats (Figure 9A). These de-
clines had moderate to strong negative and significant asso-
ciations with TGFB1 (P = .01), CCN2 (P = .02), collagen
type 1 (P = .005), collagen type III (P = .049), and FGF2/
bFGF (P = .048) (Pearson correlation coefficient r values are
shown in Figure 9B). The various fibrosis-related proteins
also had strong positive and significant associations with
each other (P < .01 each, with r values shown in Figure 9B).

3.8 | Total number of reaches correlates
with CCN2 levels in muscle and serum

The total number of reaches performed by all 3 groups of
HRHEF task rats by the end of task week 18 was 6668 + 810.2
(Mean + SEM). When total reach data from all three groups
of rats was compared to muscle and serum levels of CCN2,
no significant correlations were observed. However, when
data from just the HRHF-Untreated and HRHF-Rest/IgG
rats were included in the correlational statistical model,
the total number of reaches performed by an individual rat
(6324 + 882, Mean + SEM) correlated strongly and posi-
tively with CCN2 levels in the individual reach limb mus-
cles used for ELISA (Spearman's r = .54, P = .03) and with
CCN2 levels in their serum (Spearman's r = .074, P = .002).
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3.9 | Neither Shaping, task

performance, nor rest altered circulating
estradiol levels

We tested estradiol levels in serum collected from several
control, shaped and task groups to ascertain if the task inter-
fered with circulating estradiol levels. No significant changes
in serum estradiol levels are evident between any control
(normal control and FRC) versus several shaping and task
groups (immediately post-shaping which is task week 0, shap-
ing followed by a 24-week rest, task week 12 and task week
18 groups, are included), or between HRHF-Untreated versus

Muscle Collagen Type Il
#

FIGURE 4 Flexor digitorum muscle
levels of fibrosis-related proteins, quantified
using ELISA. A, Muscle levels of TGFf1
(transforming growth factor beta 1). B,

—

*%

Muscle levels of CCN2 (cell communication
network protein 2, CTGF). C and D, Muscle
levels of collagen types I and III. E, Muscle
levels of FGF2/bFGF (basic fibroblast
growth factor). *P < .05 and **P < .01,
compared to FRC rats; #P < .05 and

#p < .01, compared to HRHF-Untreated

or HRHF-Rest/IgG rats as shown. Number/
group: n = 10 FRC, n = 10 HRHF, n =5
HRHF-Rest/IgG, and n = 6 HRHF-Rest/
FG-3019. Mean + SEM shown

HRHF-Rest/IgG-treated groups (these latter groups were
renamed as “Shape + Task weeks 18" and “Shape + Task
18 + 6 weeks Rest,” respectively, for easier comparison to
the other groups tested for circulating estradiol levels), as
shown in Figure S3.

4 | DISCUSSION

We have previously reported progressive muscle fibrosis and
motor declines in rats performing this same arduous high
demand reaching and grasping task for 3-18 weeks.*!"” We
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FIGURE 5 Serum levels of fibrosis-related proteins, tested
using ELISA. A, Serum levels of TGFf1. B, Serum levels of CCN2.
C, Serum levels of PINP (pro-collagen I intact N-terminal protein).
*P < .05 and **P < .01, compared to FRC rats; #p < .01, compared
to HRHF-untreated or HRHF-Rest/IgG rats as shown. Number/group:
n =10 FRC, n = 10 HRHF, n = 5 HRHF-Rest/IgG, and n = 6 HRHF-
Rest/FG-3019. Mean + SEM shown

recently reported that the early use of an anti-CCN2 drug
(FG-3019) prevents the early progression of these changes.19
We extended that work here to examine whether the FG-3019
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agent can reverse established muscle fibrosis and motor dys-
function. We show here for the first time in an operant over-
use injury model that 6 weeks of rest combined with systemic
FG-3019 treatment significantly reduced established skeletal
muscle fibrosis, reduced numbers of aSMA immunopositive
cells, and improved motor function, compared to control rat
levels. We again show that increased muscle fibrosis was
mirrored by increased serum levels of CCN2,+1? adding fur-
ther support to its use as a serum biomarker of underlying
tissue fibrosis occurring with overuse injuries as well as other
diseases associated with enhanced fibrogenic activity.***!

Past findings of tissue fibrosis after prolonged perfor-
mance for 12-18 weeks of this high repetition high force,
HRHEF, task were replicated in this present study, including
increased muscle levels of TGFf1, CCN2, and collagen type
I, as were reductions in grip strength.“’42 We now also report
an increase in muscle levels of FGF2/FGF and serum PINP
levels in 18 week HRHF-Untreated rats. The increase in mus-
cle FGF2/FGF is interesting because selective blocking of the
FGFR1-mediated pathway with a selective FGF receptor 1
tyrosine kinase inhibitor (NP603) has been shown to decrease
hepatic collagen deposition and alpha-SMA expression in an
in vivo rat model of liver fibrosis.*’

We also found that 6 weeks of rest with systemic human
IgG treatment did not effectively reduce muscle fibrosis or
improve motor function in the HRHF-Rest/IgG rats. While
this may appear to be in contrast to another recent study
from our lab in which rest fairly effectively reduced skel-
etal muscle levels of fibrogenic proteins in rats that per-
formed a more moderate low repetition high force task
for 12 weeks,*® rather than the more prolonged (18 week)
and higher demand (high repetition high force) task used
in this present study. Yet, even with that shorter moder-
ate task, rest failed to restore muscle hypercellularity and
grip strength declines to control rat levels.” Instead, nor-
mal tissue histology and function was restored only when
rest was combined with a neurokinin-1 receptor antagonist
(NK1RA) that blocked Substance P signaling (a known in-
ducer of collagen production in a variety of tissue types44).
Our present results are in line with a study reporting that
rest alone was ineffective in reducing collagen and other
noncontractile tissue in skeletal muscles by 6 weeks of
repeated chronic strain injury (50 strains daily, 5 times
weekly for 6 weeks to hyperactive soleus muscles in which
hyperactivity was induced by tetanus toxin).* In that study,
3 months of ambulation only (with no induced strains and
cessation of tetanus induced hyperactivity) did not lower
muscle levels of collagen, which remained 18% above con-
trol levels. Thus, rest alone is not enough to allow recov-
ery from established muscle fibrogenic changes induced in
chronically strained or overloaded muscles.

CCN2/CTGF has been shown to modulate many signal-
ing pathways leading to extracellular matrix deposition.46 It
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HRHF-Untreated

plays a key role in matrix over-production and is markedly
elevated in fibrotic organs and tissues from animal mod-
els and humans with various fibrotic diseases ranging from
hepatic fibrosis, renal disease with fibrosis, mesothelioma,
idiopathic pulmonary fibrosis, muscle dystrophy, skin fi-
brosis, overuse injury, and more.+?02%47 CCN2 is a down-
stream mediator of TGFB1,48’49
under conditions of overload.> Yet, in the context of this
model of overuse injury, blocking CCN2 signaling also re-
duces TGFP1 production in the muscles. A study examining
retinas of diabetic rats also found that inhibition of CTGF
gene expression inhibited TGF[%Z.51 CCN2 overexpression
mediates the ensuing fibrosis with increased collagen in a
mouse model of dystrophic skeletal muscle, and causes de-
creased muscle isometric force.”® When this CCN2 overex-
pression was blocked, the dystrophy phenotype is reversed
and muscle structure was restored with normalization of
CCN2 levels.?® Matching our results, use of FG-3019 in
a mouse model of Duchenne muscular dystrophy reverses
muscle tissue fibrosis and restores skeletal muscle function,
with few side effects.'” FG-3019 has also been shown to
improve skeletal muscle structure and function in a mu-
rine model of amyotrophic lateral sclerosis.’® In that latter
study, they found that FGF-3019 not only reduced muscle
fibrosis and improved locomotor function, it also reduced
myelin degeneration in the sciatic nerve and appeared to

and increases in tissues

FIGURE 6 Numbers of alpha smooth
muscle actin (SMA) immunopositive
stained cells in flexor digitorum muscle.
Only small cells were between 2 and 15
microns in diameter were quantified.

A, Quantification results for numbers

of alpha SMA immunopositive cells in
cross-sectionally cut flexor digitorum
muscles. B and C, Representative images
of alpha SMA (green) in groups as shown.
Middle and right panels of B also show
co-localization of SMA with CCN2 (red).
Dapi (blue) was used as a nuclear counter
stain. **P < .01, compared to FRC rats;

#P < .05 and P < .01, compared to HRHF-
Untreated or HRHF-Rest/IgG rats as shown.
Mean + SEM shown. Images taken with a
20 x objective

improve cell-cell communication across the neuromuscular
junction.52 That said, although FG-3019 has clear antifi-
brotic effects in several systems, the underlying molecular
basis for the activity of FG-3019 remains uncertain. It is
likely that antibody binding to CTGF interferes with inter-
action of CTGF with some of its putative binding partners.
FG-3019 could also act as a clearance antibody, removing
CTGF from the vicinity of the cells on which it acts. But the
relative contribution of each of these mechanisms remains
to be determined. In addition, by inhibiting CTGF func-
tion through one of these mechanisms, the expression of
CTGEF expression decreases. This effect of CTGF inhibition
on CTGF expression is probably the result of attenuating
feedback loops mediated by CTGF-binding partners and/or
changes in matrix stiffness.”

TGFp1 is known to stimulate differentiation of fibro-
blast into aSMA + myofibroblasts.5 3 The increased alpha
SMA + cells in untreated HRHF rat muscles was prevented
by blocking CCN2 signaling with the FG-3019 treatment,
as was pERK. FG-3019 has also been shown to attenuate
irradiation-induced increases of aSMA-positive myofibro-
blasts in lungs and other TGFpI-induced phenotypes,54
and in animal models of skin fibrosis and peritoneal fi-
brosis.”®*> Combined, these data support a hypothesis
that blocking CCN2 signaling disrupts TGFp1-mediated
fibrogenic responses on myofibroblasts and likely other
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FIGURE 7 Numbers of phosphoylated-ERK (pERK) immunopositive stained cells in flexor digitorum muscle. Both small cells between

2 and 15 microns in diameter and myofibers were quantified individually. A, Quantification results for numbers of pERK immunopositive cells

in cross-sectionally cut flexor digitorum muscles. B-E, Representative images of pERK (green) in groups as shown. Dapi (blue) was used as a

nuclear counter stain. Arrows indicate small fibroblastic like cells that are stained for pERK, while asterisks indicate stained myofibers. **P < .01,
compared to FRC rats; #P < .05 and ™P < .01, compared to HRHF-Untreated or HRHF-Rest/IgG rats as shown. Mean + SEM shown. Images

taken with a 20 x objective

collagen-producing cells in the tissues.”* Note though, as
mentioned earlier, changes in FGF2, which was also low-
ered by FG-3019 treatment, may also be contributing to the
lowered alpha SMA + cell numbers. Activation of the ERK
signaling pathway has been shown as critical for modulat-
ing profibrogenic phenotype responses by liver myofibro-
blasts.’® In vitro elevation of pERK levels is typically quite
transient in response to activation, yet pERK levels were
high in the 18-week HRHF-Untreated rats (in which tissues
were not collected until 36 hours after the last task period)
and remained high even after the 6-week rest period in the
HRHF-Rest/IgG rats. The persistent increases in TGFf1,
FGF2, and CCN2 may be the cause of persistent increase
in pERK in the muscles of HRHF-Untreated and HRHF-
Rest/IgG animals, similar to the earlier mentioned myofi-
broblasts/fibroblasts collected from these fibrotic kidneys
that have become chronically activated.'®

Regarding CCN3/NOV, two variants of CCN3 (~38
and ~30 kDa) were reduced in the HRHF-untreated and
HRHEF-Rest/IgG-treated animals, compared to control and

HRHF-Rest/FG-3019-treated animals. These bands are sim-
ilar in molecular weights to previously identified truncated
forms of CCN3 at ~38, ~32, and ~28 kDa.”” Truncated
forms of CCN3 are thought to be the biological active
elements of this protein.5 860 1n mechanically strained fibro-
blasts, CCN3 levels are low during mechanical stress and
increase again after relaxation.” Interestingly, CCN3 has
antifibrogenic roles and antagonizes the fibrogenic effects
of CCN2.2""* Perhaps its inverse expression pattern from
CCN2 and increase with the FG-3019 treatment is one mech-
anism through which the FG-3019 agent is reducing muscle
fibrosis. Since provision of CCN3 or derived peptides has
been shown as a viable anti-fibrotic treatment for renal, skin,
and other organ fibrosis,°" it is possible they could remedy
skeletal muscle fibrosis. Future studies are needed to examine
this possibility.

We also examined flexor digitorum muscles for CCN1
levels. One anti-CCN1 antibody used in western blot as-
says recognized a previously identified truncated form of
CCNI1 at ~28 kDa,*>* while the other anti-CCN1 antibody
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used recognized previously identified ~48- and ~38-kDa
forms of CCN1.°%%° That same latter antibody also recog-
nized an ~80-kDa form of CCNI1 that has not been previ-
ously reported. Perhaps the ~80-kDa band is a nonspecific
band recognized by the antibody, although full knowledge of
CCN1 variants is hindered as many past studies report only
cropped Western blot images. Nevertheless, no changes were
observed in CCN1, matching findings from a recent 3-week
study from our lab."” CCN1 protein levels increase rapidly
and transiently (within hours) after mechanical 10ading.63’66
In our studies, we waited 36 hours after the last task session

FIGURE 8 Anti-CCN3 probed
western blots. A, Left panels show two
different representative western blots after
probing flexor digitorum muscles with

an anti-CCN3. Bands were detected at
~39 kDa; ~38 and ~30 kDa. The ~ 39-kDa
band did not alter across groups. However,
the ~38- and ~30-kDa bands were lower
in HRHF-Untreated and HRHF-Rest/IgG
rat muscles relative to FRC and HRHF-
Rest/FG-3019 rat muscles. The far right
blot shows a membrane probed with the
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secondary antibody only. B, Ponceau S
staining of the same membranes as shown in
panel A. C, Densitometry results in which
CCN3 bands were compared to the total
protein loaded per lane, determined from
Ponceau S-stained membranes (n = 5-6/gp).
D, A preabsorption protein blocking step
was used to verify specificity of the R&D
anti-CCN3 antibody used for western
blotting using a recombinant (r) CCN3
protein. The marker lane is indicated with
an M, and lanes 1-3 are different FRC
flexor digitorum muscle samples. Ponceau S
staining of this same membrane is shown on
the right. *P < .05 and **P < .01, compared
to FRC rats; P < .05, compared to HRHF-
Untreated or HRHF-Rest/IgG rats as

shown. CCN3 gels were repeated until 5-6
different samples per group were assayed.

M 123

Mean + SEM shown in panel C

to collect tissues from the 18-week HRHF-Untreated rats
to avoid acute activity-induced changes in cytokines,67 or
6 weeks in the task + intervention groups. As a consequence,
it is possible we missed any acute changes in CCN1 levels.
Thus, limitations include our inability to examine for rapid
signaling changes in this chronic in vivo model, such as tran-
sient CCN1 changes.

The US Food and Drug Administration (FDA) recently
granted orphan drug designation for FG-3019/pamrevlumab
for the treatment of Duchenne muscular dystrophy patients.
This agent is in clinical trials as a potential treatment for
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FIGURE 9 Forearm grip strength and correlations between
grip strength and fibrosis-related protein levels in flexor digitorum
muscles. A, Grip strength in grams in 10 FRC rats at 30 wk after
onset of experiments, 10 HRHF-Untreated rats at 24 wk after onset
of experiment (ie, after 6 wk of shaping and weeks of HRHF task
performance), and 5 HRHF/Rest-IgG and 6 HRHF-Rest/FG-3019

at 30 wk after onset of experiments (ie, after shaping, task, and then
rest plus treatments). *P < .05 and **P < .01, compared to FRC rats;
P < .05, compared to HRHF-untreated rats. Mean + SEM shown. B,
Correlational matrix showing Pearson correlation coefficient r values
for grip strength versus ELISA-quantified levels of fibrosis-related
proteins (all moderate to strong negative associations, with 0.3-0.49
interpreted as moderate, and 0.5-1 interpreted as strong) and between
the different fibrosis-related proteins (all strong positive associations)

idiopathic pulmonary fibrosis and pancreatic cancer, and as
it has proven beneficial and appears to be well tolerated,®®
it has been placed on fast track development by the FDA
for these fibrotic disorders. The results of this present study
provides proof of principle in a relevant operant rat model
of overuse injuries that blocking CCN2 signaling using FG-
3019/pamrevlumab for 6 weeks also reverses overuse-injury
induced muscle fibrosis. A key strength of our model is that
it is a chronic (rather than acute) operant model in which
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rats develop changes in the same manner as humans involved
in prolonged repetitive and forceful tasks.”” We observed
decreased muscle levels of TGFB1, FGF2, and CCN2 (each
of which drive the production of collagen and other extra-
cellular matrix proteins in a number of cell types), lowered
numbers of alpha SMA and pERK immunopositive cells,
and increased muscle levels of CCN3 (an antifibrogenic
protein). Since CCN2 modulates a number of signaling
pathways, perhaps blocking its signaling alters these down-
stream pathways that when combined allows normal regen-
erative processes to occur, resulting in restoration of muscle
structure and function. Thus, these results support the fea-
sibility of conducting clinical trials in human patients with
overuse-induced fibrosis causing significant declines in
muscle function.
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