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Systemic administration of monovalent
follistatin-like 3-Fc-fusion protein
increases muscle mass in mice

Takayuki Ozawa,1 Masato Morikawa,1,5,* Yasuyuki Morishita,1 Kazuki Ogikubo,1 Fumiko Itoh,2 Daizo Koinuma,1

Per-Åke Nygren,3,4 and Kohei Miyazono1,*
SUMMARY

Targeting the signaling pathway of growth differentiation factor 8 (GDF8), also
known as myostatin, has been regarded as a promising strategy to increase mus-
cle mass in the elderly and in patients. Accumulating evidence in animal models
and clinical trials has indicated that a rational approach is to inhibit a limited num-
ber of transforming growth factor b (TGF-b) family ligands, including GDF8 and
activin A, without affecting other members. Here, we focused on one of the
endogenous antagonists against TGF-b family ligands, follistatin-like 3 (FSTL3),
which mainly binds and neutralizes activins, GDF8, and GDF11. Although bivalent
human FSTL3 Fc-fusion protein was rapidly cleared frommouse circulation similar
to follistatin (FST)-Fc, monovalent FSTL3-Fc (mono-FSTL3-Fc) generated with the
knobs-into-holes technology exhibited longer serum half-life. Systemic adminis-
tration ofmono-FSTL3-Fc inmice inducedmuscle fiber hypertrophy and increased
muscle mass in vivo. Our results indicate that the monovalent FSTL3-based ther-
apy overcomes the difficulties of current anti-GDF8 therapies.
1Department of Molecular
Pathology, Graduate School
of Medicine, The University of
Tokyo, Bunkyo-ku, Tokyo
113-0033, Japan

2Laboratory of
Cardiovascular Medicine,
Tokyo University of Pharmacy
and Life Sciences, Hachioji,
Tokyo 192-0392, Japan

3Department of Protein
Science, School of
Engineering Sciences in
Chemistry, Biotechnology
and Health, AlbaNova
University Center, Royal
Institute of Technology, 106
91 Stockholm, Sweden

4Science for Life Laboratory,
171 65 Solna, Sweden

5Lead contact

*Correspondence:
morikawa-tky@umin.ac.jp
(M.M.),
miyazono@m.u-tokyo.ac.jp
(K.M.)

https://doi.org/10.1016/j.isci.
2021.102488
INTRODUCTION

Skeletal muscle, a component of the locomotor system, has been highlighted as a key regulator of systemic en-

ergy homeostasis. Skeletalmuscle secretes several cytokines andproteins namedmyokines, and it also functions

as a primary site for glucose uptake andmetabolism (Cruz-Jentoft and Sayer, 2019; Johnson et al., 2013; Lee and

Jun, 2019). In addition, skeletal muscle is reported to induce a microenvironment with less inflammation, shel-

tering apopulationof T cells from systemic inflammation andpreventing their exhaustion (Wuet al., 2020). Aging

and various systemic diseases are associated with a decrease in the mass and function of skeletal muscle, which

not only reduces the quality of life of patients but also leads to higher morbidity andmortality (Cruz-Jentoft and

Sayer, 2019; Johnson et al., 2013). Therefore, several factors involved in ‘‘muscle wasting diseases’’ are regarded

as novel therapeutic targets (Furrer and Handschin, 2019).

Growth differentiation factor 8 (GDF8), also known asmyostatin, is amember of the transforming growth factor b

(TGF-b) family, which acts as an inhibitor of normal muscle growth (Cohen et al., 2015; Morikawa et al., 2016).

Several genetic and biological studies indicate that inhibition of GDF8 promotes skeletal muscle hypertrophy

across many species, including humans (Cohen et al., 2015; McPherron et al., 1997; Schuelke et al., 2004).

Conversely, nude mice xenografted with GDF8-producing cells exhibit cachectic phenotype, with muscle

wasting and fat loss (Zimmers et al., 2002). In addition, closely related members of the TGF-b family, i.e.,

GDF11 and activins, redundantly function as negative regulators of muscle growth (Egerman et al., 2015; Lee

et al., 2005). Therefore, targeting the GDF8 signaling pathway has been regarded as a promising strategy to in-

crease muscle mass (Argilés et al., 2018; Cohen et al., 2015; Marty et al., 2017). GDF8 signals mainly through the

type II receptor ActRIIB (encoded by the ACVR2B gene) and the type I receptors ALK4 (ACVR1B) and ALK7

(ACVR1C) of the TGF-b family, which activate and phosphorylate transcription factors SMAD2 and SMAD3 (Mor-

ikawa et al., 2016). ActRIIB binds to numerous ligands including, activins (activin A, B, C, and E), GDF8, GDF11,

bone morphogenetic protein 9 (BMP9), and BMP10.

Several molecules have been developed to block the GDF8 pathway, and some of them are/were in clinical

trials (Furrer and Handschin, 2019; Lee and Jun, 2019; Marty et al., 2017): (i) monoclonal antibodies
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targeting GDF8, (ii) monoclonal antibodies targeting its receptor, ActRIIB, (iii) extracellular ligand traps,

such as ActRIIB decoys, and (iv) endogenous antagonists, such as follistatin (FST). However, anti-GDF8 an-

tibodies, including MYO-029 (stamulumab), LY2495655 (landogrozumab), PF-06252616 (domagrozumab),

and REGN1033 (trevogrumab), did not show statistically significant improvements in muscle strength as ex-

pected. This might be explained by the functional redundancy of the ligands, although more work is

needed to understand the connection of muscle mass increases with functional muscle mass during the in-

hibition of GDF8 and other TGF-b ligands. Consistently, combination of neutralizing antibodies against ac-

tivin A and GDF8 was sufficient to regulate muscle wasting phenotype in mice and monkeys (Latres et al.,

2017). On the other hand, targeting a broad spectrum of TGF-b family members caused adverse effects.

The clinical trial of ACE-031, a recombinant fusion protein of the extracellular domain of ActRIIB and the

Fc domain of IgG (ActRIIB-Fc) that functions as an extracellular ligand trap, was discontinued due to a sta-

tistically significant risk of bleeding, and this can be explained by undesired inhibitions of BMP9, BMP10,

and other angiogenic TGF-b family members (Campbell et al., 2017). A rational approach to tackle muscle

wasting diseases is therefore to inhibit a limited number of TGF-b family ligands, including GDF8 and ac-

tivin A, without affecting the others, such as BMP9/10. One of the promising candidate inhibitors for this

purpose is FST. Recently, FST-derived biological products were shown to effectively rescue muscle wasting

phenotype (Castonguay et al., 2019; Datta-Mannan et al., 2013; Glasser et al., 2018; Iskenderian et al., 2018;

Kota et al., 2009; Lodberg et al., 2019; Pearsall et al., 2019; Yaden et al., 2014), one of which was shown to

significantly increase muscle volume with local administration in phase 2 clinical trials (Acceleron Pharma

ACE-083: ClinicalTrials.gov NCT02927080, NCT03124459). For systemic administration, however, FST-Fc

in circulation can be a target of rapid proteolysis (Castonguay et al., 2019). Although protein engineering

strategies, such as deletion or amino acid substitution of the heparin-binding site (HBS) of FST, prolonged

its serum half-life in mice (Datta-Mannan et al., 2013; Iskenderian et al., 2018; Lodberg et al., 2019), it is still

unclear whether the modifications affect its ligand selectivity and immunogenicity in humans.

Here, we have focused on another endogenous antagonist follistatin-like 3 (FSTL3, also known as follistatin-

related gene or FLRG) (Chang, 2016). Unlike FST, which binds to several BMPs, FSTL3 has a more restricted

binding profile for TGF-b family ligands; its main targets are activins, GDF8, and GDF11 (Le et al., 2018; Si-

dis et al., 2006). We found that conventional or bivalent human FSTL3 Fc-fusion protein (bi-FSTL3-Fc) effi-

ciently antagonized the ligands in vitro and in vivo, but it was rapidly cleared from mouse circulation. How-

ever, monovalent human FSTL3 Fc-fusion protein (mono-FSTL3-Fc), generated with the knobs-into-holes

technology (Atwell et al., 1997; Ridgway et al., 1996), exhibited longer serum half-life. mono-FSTL3-Fc pro-

tein was applicable for systemic administration and increased muscle mass in mice. Thus, our results

demonstrate the potential of monovalent FSTL3-Fc as a therapeutic agent to treat muscle wasting disease,

without affecting other ligands of the TGF-b family.
RESULTS

FSTL3 has a more restricted binding profile for TGF-b family ligands

To develop a single molecule applicable for systemic administration without large amino acid substitu-

tions, we focused on endogenous antagonists for TGF-b family ligands, including FST family members (re-

viewed in Chang, 2016). Among them, FSTL3 binds and potently neutralizes activins, GDF8, and GDF11,

while the other FST family members, such as FSTL1, mainly antagonize BMPs (Chang, 2016). FSTL3 was iso-

lated from human and mouse serum as a component of circulating GDF8-containing protein complex (Hill

et al., 2002). FSTL3 differs from FST in several aspects (Figure 1A); FSTL3 lacks an HBS that is essential for

binding to cell surface proteoglycans (Datta-Mannan et al., 2013; Iskenderian et al., 2018; Lodberg et al.,

2019); it also lacks a domain equivalent to the third FST domain (FSD3) of FST, which plays critical roles

when FST binds and neutralizes BMPs (Stamler et al., 2008). As a result, FSTL3 is less localized to the cell

membrane, existing as a circulating protein. In addition, FSTL3 lacks inhibitory activity against BMPs, while

it has slightly weaker inhibitory activity against GDF8 (IC50 is 1.2–7.9 nM) and comparable inhibitory activity

against activin A compared to FST (Le et al., 2018; Sidis et al., 2006; Walker et al., 2017). We thus generated

human FSTL3 Fc-fusion protein (bivalent, hereafter bi-FSTL3-Fc) using HEK293T cells stably expressing it

(Figure 1B).

First, we evaluated binding affinity between recombinant bi-FSTL3-Fc and ligands in vitro. bi-FSTL3-Fc protein

was immobilizedby anti-Fc antibody, and binding of biotinylated ligands was examined. As reported previously,

bi-FSTL3-Fc bound to recombinant activin A, GDF8, and GDF11 proteins in vitro, while the binding affinity to

BMP9 was low (Figures 1C–1G). It is of note that biotinylation might slightly disrupt FSTL3 ligand binding.
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Figure 1. Bivalent FSTL3-Fc is a potent inhibitor that specifically binds to activin A, GDF8, and GDF11

(A) Schematic presentation of the three isoforms of FST and FSTL3. NTD, N-terminal domain; FSD, follistatin domain; C,

C-terminal domain; HBS, heparin-binding site.

(B) Schematic presentation of bivalent FSTL3-Fc protein used in this study. See also supplemental information for cDNA

sequence.

(C–G) In vitro binding assays between bi-FSTL3-Fc protein immobilized by anti-human Fc antibody and biotinylated

ligands. The data represent meanG SD from n = 3 independent experiments. Ligand-binding parameters for bi-FSTL3-Fc

as determined by in vitro binding assays (G). ALK1-Fc is a positive control for BMP9.

ll
OPEN ACCESS

iScience
Article
However, concerning BMP9, targets of biotinylation were the N-terminus and 10 lysine residues in BMP9mono-

mers. Because of the low biotinylation ratio permolecule (2.76 biotin/BMP9 homodimer, Figure 1G), it is unlikely

that the biotinylated ligands lost binding affinity because of the biotinylation.

We then assessed ligand-neutralizing activities of bi-FSTL3-Fc using cultured reporter cells. Hs578T human

breast cancer cells with the 93CAGA-Luc reporter for SMAD2/3 (Harada et al., 2019) were used as reporter

cells to monitor the activation of activin/TGF-b, while HepG2 hepatocellular carcinoma cells or HMEC-1, an

immortalized human microvascular endothelial cell line with the BRE-Luc reporter for SMAD1/5/8 (Mori-

kawa et al., 2011), were used for BMP signaling. bi-FSTL3-Fc potently inhibited SMAD2/3 signal transduc-

tion activated by activin A, activin B, GDF8, andGDF11 (Figures 2A and 2B). On the other hand, bi-FSTL3-Fc

did not affect SMAD2/3 signaling activated by TGF-b3 nor SMAD1/5/8 signaling activated by BMP6 or

BMP9 (Figures 2A, 2C and 2D). Consistent with in vitro binding assays, reporter cell-based ligand-
iScience 24, 102488, May 21, 2021 3



Figure 2. Bivalent FSTL3-Fc neutralizes activin A, activin B, GDF8, and GDF11

(A and B) Ligand neutralization by bi-FSTL3-Fc, measured in Hs578T reporter cells with 93CAGA-Luc for SMAD2/3. The

data represent meanG SD from n = 6 (activin A, GDF8, GDF11, and TGF-b3) or n = 3 (activin B) independent experiments.

(C) Ligand neutralization by bi-FSTL3-Fc, measured in HepG2 reporter cells with BRE-Luc for SMAD1/5/8. The data

represent mean G SD from n = 3 independent experiments.

(D) Ligand neutralization by bi-FSTL3-Fc, measured in HMEC-1-reporter cells with BRE-Luc for SMAD1/5/8. The data

represent mean G SD from n = 3 independent experiments.

(E) Ligand-binding parameters for bi-FSTL3-Fc as determined by reporter cell-based assay. (Right) Validation of activation

of SMAD signaling pathway after treatment with indicated ligands.
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neutralizing assays showed that bi-FSTL3-Fc efficiently bound and neutralized activin A, activin B, GDF8,

and GDF11 (Figure 2E).

Bivalent FSTL3-Fc is rapidly cleared from mouse circulation after systemic administration

We conducted a series of experiments in wild-type (WT) mice to determine whether systemic administra-

tion of bi-FSTL3-Fc exerts systemic effects. Mice were injected with 10 mg/kg of bi-FSTL3-Fc using the

intravenous (i.v.), subcutaneous (s.c.), or intraperitoneal (i.p.) routes, and serum from the injected mice

was analyzed (Figures 3A–3C and Figures S1A–S1D). Control Fc was detected at least 48 hr after adminis-

tration (Figure S1D). In contrast, bi-FSTL3-Fc was detected at 1 hr after administration, and then, it was

rapidly cleared from serum within 6 hr irrespective of the route of administration (Figures 3B, 3C, S1B,
4 iScience 24, 102488, May 21, 2021



Figure 3. Bivalent FSTL3-Fc is efficiently cleared from mouse circulation

(A) Schematic presentation of the protocol. bi-FSTL3-Fc or control Fc was injected into male mice systemically, and blood was temporally collected from the

tail at 0‒48 hr after injection (n = 2 independent experiments).

(B and C) Immunoblot analysis for FSTL3 in reduced serum taken frommice intravenously (i.v.) (B) or intraperitoneally (i.p.) (C) injected with bi-FSTL3-Fc (10mg/kg) at

the indicated time points (n = 2 independent experiments; the identifying number represents each mouse). See also Figure S1, which contains results of

subcutaneous (s.c.) injection (Figure S1B), immunoblot analysis for human IgG Fc of the same sera (Figure S1C), and results of control Fc (10 mg/kg) (Figure S1D).

(D) Immunohistochemistry for human IgG Fc in mouse tissues at 5 hr after intravenous injection of bi-FSTL3-Fc. Images are representative of different

experiments (n = 2 independent samples), scale bar: 100 mm.
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and S1C). Immunohistochemistry using anti-human Fc antibody showed that bi-FSTL3-Fc was detected in

the liver, spleen, kidney, and pancreas, especially on the surface of liver sinusoidal endothelial cells (Figures

3D and S2–S4). The data suggest that bi-FSTL3-Fc in the present form is unlikely to sufficiently exhibit its

effects by systemic administration.

To rule out the possibility that bi-FSTL3-Fc lost its bioactivity in vivo, we assessed whether intramuscular admin-

istration of bi-FSTL3-Fc increases muscle mass of WT mice. To confirm the distribution after intramuscular
iScience 24, 102488, May 21, 2021 5



Figure 4. Local administration of bivalent FSTL3-Fc increases muscle mass in healthy mice

(A) Schematic presentation of intramuscular injection (i.m.) of bi-FSTL3-Fc into the right calf.

(B) Distribution of trypan blue 10 min after i.m. injection into the right calf.

(C) Schematic presentation of the protocol. bi-FSTL3-Fc, ActRIIB-Fc, or control Fc was injected intramuscularly into the right calf (hindlimb) of 6-week-old

male mice, twice weekly for 2 weeks. All mice were sacrificed 2 days after final injection (n = 10 for each group).
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Figure 4. Continued

(D) Representative macroscopic images of GCmuscles excised frommice with 2-week local administration of bi-FSTL3-Fc, ActRIIB-Fc, or control Fc. Muscles

on the right hindlimb were injected, while muscles on the left side were used as contralateral counterparts. Images are representative of different

experiments (n = 10 independent samples). Scale bar: 1 cm.

(E) Normalized weight of muscles excised from mice with 2-week local administration of bi-FSTL3-Fc, ActRIIB-Fc, or control Fc. Muscle weight was

normalized to the body weight. Data are means G SD from n = 10 independent experiments. Differences between the conditions were analyzed by analysis

of variance (ANOVA) with Tukey-Kramer post hoc test for multiple comparison; n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. GC,

gastrocnemius; QF, quadriceps femoris; TA, tibialis anterior; and Ham, hamstrings; uninjected, left hindlimb; injected, right hindlimb.

(F) Representative cross-sectional images of myofibers in the GC muscle excised from mice with 2-week local administration of bi-FSTL3-Fc, ActRIIB-Fc, or

control Fc. Top: immunohistochemistry (IHC) for laminin, middle: quantification using Hybrid Cell Count software, bottom: hematoxylin and eosin staining

(H&E). Images are representative of different experiments (n = 5 independent samples). Scale bar: 100 mm.

(G) Quantification and distribution of muscle fiber cross-sectional area of (F). The differences in muscle fiber cross-sectional area were analyzed using

Wilcoxon rank-sum test, and p values were adjusted with Benjamini-Hochberg correction for multiple comparisons; ****p < 0.0001.

(H) Normalized weight of the pancreas of mice after a 2-week treatment. Weight of the pancreas was normalized to the body weight. Data are means G SD

from n = 10 independent experiments. Differences between the conditions were analyzed by ANOVA with Tukey-Kramer post hoc test; n.s., not significant,

**p < 0.01.

(I) The blood glucose concentration of mice after a 2-week-treatment. Mice were fasted for 2.5 hr. Data are means G SD from n = 10 independent

experiments. Differences between the conditions were analyzed by ANOVA with Tukey-Kramer post hoc test; n.s., not significant, *p < 0.05.
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administration, dye (trypanblue) was injected into the right calf, and the stainingwas observedmainly in the right

posterior hindlimb (Figures 4A and 4B). We then injected bi-FSTL3-Fc protein (100 mg), twice weekly for 2 weeks

in one side only (Figure 4C), following the local administration regimen of FST-Fc (Castonguay et al., 2019; Pear-

sall et al., 2019). bi-FSTL3-Fc treatment increased the weight of the gastrocnemius muscle (GC) and hamstring

muscle (Ham) in the injected side by approximately 25% compared to that of the un-injected side or that of con-

trol-Fc-treated mice (Figures 4D and 4E). Detailed histological analysis showed that muscle fibers exhibited a

hypertrophic change, rather than a hyperplastic change (Figures 4F and 4G). The distribution of myofiber size

was shifted toward larger sizes, and the means of the fiber sizes were statistically significantly increased in the

bi-FSTL3-Fc-treated group, indicating that b-iFSTL3-Fc was bioactive in vivo. These local effects were also

observed after a 4-week treatment (Figures S5A–S5C). However, the body weight of the mice was not affected

even after the 4-week treatment (Figures S5D and S5E). This suggests that intramuscular administration of bi-

FSTL3-Fc does not cause systemic effects.

Ligand trap with ActRIIB-Fc is shown to cause undesirable systemic effects, as well as systemic muscle hy-

pertrophy. ActRIIB-Fc stimulates extramedullary hematopoiesis in the spleen but not in the bone marrow

(Latres et al., 2017; Yamawaki et al., 2013). In addition, ActRIIB-Fc increases pancreas weight with elevated

blood glucose and impaired glucose tolerance (Latres et al., 2017). Similar to the results of systemic admin-

istration of ActRIIB-Fc, local administration of ActRIIB-Fc tended to increase pancreas weight and elevate

blood glucose concentration (Figures 4H and 4I) but did not causemacroscopic and histological changes in

the spleen (Figures S6A and S6B). On the other hand, blood glucose concentration was not affected in the

bi-FSTL3-Fc-treated mice. We could not detect any macroscopic and histological changes in the spleen

and pancreas either (Figures 4H, 4I, S6A, and S6B).

Local bivalent FSTL3-Fc administration increases muscle mass in a mouse model of Duchenne

muscular dystrophy

These data prompted us to evaluate whether bi-FSTL3-Fc can be a potential treatment option for targeted

local therapy in a mouse model of Duchenne muscular dystrophy, C57BL/10ScSn-Dmdmdx/J mice (mdx

mice). Intramuscular administration of bi-FSTL3-Fc (100 mg, right calf, twice weekly for 2 weeks) increased

the weight of GC and Ham muscles in the injected side by approximately 30% compared to that of the un-

injected side or that of control-Fc-treated mice (Figures 5A and 5B). Histological analysis confirmed that

muscle fibers exhibited a hypertrophic change (Figures 5C and 5D). These data showed that intramuscular

administration of bi-FSTL3-Fc exerts local effects without evidence of systemic effects, similar to the case of

FST-Fc/ACE-083 (Pearsall et al., 2019).

Monovalent FSTL3-Fc protein has longer serum half-life and increases muscle mass after

systemic administration

Since FSTL3 is a circulating protein (Hill et al., 2002; Roh et al., 2019), we hypothesized that fusion with Fc was

responsible for the rapid clearance from mouse circulation. It is of note that control Fc had long serum half-life

(Figure S1D), suggesting that the rapid clearance is not caused by the specific amino acid sequences of the Fc

domain of human IgG1. Instead, the dimerization of Fc fragments and the resultant bivalent form of the bi-
iScience 24, 102488, May 21, 2021 7



Figure 5. Local administration of bivalent FSTL3-Fc increases muscle mass in a mouse model of Duchenne muscular dystrophy

(A) Representative macroscopic images of GC muscles excised from mice with local administration of bi-FSTL3-Fc or control Fc. Muscles on the right side

were injected, while muscles on the left side were used as contralateral counterparts. bi-FSTL3-Fc or control Fc was injected intramuscularly into the right calf

(hindlimb) of 6-week-old mdx mice, twice weekly for 2 weeks. All mice were sacrificed 2 days after final dose (n = 6 for each group). Scale bar: 1 cm.

(B) Normalized weight of muscles excised from mice with local administration of bi-FSTL3-Fc or control Fc. Muscle weight was normalized to the body

weight. Data are means G SD from n = 6 independent experiments. Differences between the conditions were analyzed by ANOVA with Tukey-Kramer post

hoc test for multiple comparison; n.s., not significant, *p < 0.05, **p < 0.01, ****p < 0.0001.

(C) Representative cross-sectional images of myofibers in the GC muscle excised from mice with local administration of bi-FSTL3-Fc or control Fc (IHC for

laminin). Scale bar: 100 mm.

(D) Quantification and distribution of muscle fiber cross-sectional area of (C). The differences in muscle fiber cross-sectional area were analyzed using

Wilcoxon rank-sum test, and p values were adjusted with Benjamini-Hochberg correction for multiple comparisons; ****p < 0.0001.
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FSTL3-Fc protein (Figure 1B) may negatively affect its serum half-life. Therefore, we developed mono-FSTL3-Fc

using the knobs-into-holes technology (Atwell et al., 1997; Ridgwayet al., 1996) (Figures 6AandS7A–S7C). In vitro

pull-down assays showed that mono-FSTL3-Fc did not interact with BMP9 (Figure S7D). mono-FSTL3-Fc had

slightlyweaker inhibitoryactivity againstTGF-b family ligands in the reporter cell-based ligand-neutralizingassays

compared tobi-FSTL3-Fc, which couldbeexplainedby the difference in the valency of themolecule (Figures 6B–

6D and S8A). It is of note that recombinant FSTL3 and mono-FSTL3-Fc had relatively high IC50 values for GDF8

compared to those of activin A as reported previously (Figures 6B–6D and S8A) (Le et al., 2018; Sidis et al.,

2006; Walker et al., 2017). On the other hand, ActRIIB-Fc and FST288 had comparable inhibitory activity against

activin A, GDF8, and GDF11, although the recombinant FST288 protein we used in this study was less potent

compared to that of the previous studies (Le et al., 2018; Sidis et al., 2006;Walker et al., 2017).We then evaluated

whethermono-FSTL3-Fcwasapplicable for systemicadministration.After i.p.or i.v injection intoWTmice (10mg/
8 iScience 24, 102488, May 21, 2021



Figure 6. Monovalent FSTL3-Fc protein has longer serum half-life and increases muscle mass after systemic administration in mice

(A) Schematic presentation of monovalent FSTL3-Fc protein used in this study. See also supplemental information for cDNA sequence.

(B) Ligand neutralization by mono-FSTL3-Fc, measured in Hs578T-reporter cells with 93CAGA-Luc for SMAD2/3. The data represent mean G SD from n = 3

independent experiments.

(C) Ligand neutralization by mono-FSTL3-Fc, measured in HMEC-1-reporter cells with BRE-Luc for SMAD1/5/8. The data represent mean G SD from n = 3

independent experiments.
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Figure 6. Continued

(D) Ligand-binding parameters for mono-FSTL3-Fc as determined by reporter cell-based assay. * indicates data from Figure 2C, ** indicates data from

Figure S8A, and *** indicates data from Figure 2D.

(E) Immunoblot analysis for FSTL3 in reduced serum taken from mice at indicated time points after i.p. or i.v. injection with mono-FSTL3-Fc (10 mg/kg) (n = 2

independent experiments. #, c, D, or : represents each mouse).

(F) Time course of serum concentration of FSTL3-Fc or control Fc measured by anti-human IgG Fc ELISA. Serum was taken at the indicated time points after

injection with monovalent- or bivalent-FSTL3-Fc or control Fc (10 mg/kg). The data represent meanG SD from n = 3 independent experiments, except for bi-

FSTL3-Fc, at 96 hr (n = 2, because of anesthesia-related death). Differences between the conditions were analyzed using analysis of variance (ANOVA)

followed by Tukey-Kramer post hoc test for multiple comparison; n.s., not significant, *p < 0.05, **p < 0.01 and ***p < 0.001.
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kg), mono-FSTL3-Fc was detected in the serumof the injectedmice, even at 48 hr after injection (Figures 6E and

S8B), and its concentration wasmore than 20 mg/mL at 48 hr after i.p. injection (Figures 6F and S8C). Immunohis-

tochemistry using anti-human Fc antibody showed thatmono-FSTL3-Fc was detected in the liver, spleen, kidney,

and pancreas, especially on the surface of endothelial cells of blood vessels (Figures S9A and S9B). The staining

pattern resembled that of control Fc and was different from that of bi-FSTL3-Fc (Figures 3D and S2–S4).

We then evaluated the systemic effects of mono-FSTL3-Fc in WT mice. Intraperitoneal injection of mono-

FSTL3-Fc (10mg/kg, twice weekly for 2 weeks) was performed, following the regimen of ActRIIB-Fc (Cadena

et al., 2010; Pistilli et al., 2011). mono-FSTL3-Fc treatment increased the body weight of the mice in a dose-

dependent manner compared to that of control-Fc-treated mice (Figure 7A). Consistently, it dose depen-

dently increased the weight of hindlimb muscles on both sides by approximately 20% compared to that of

control-Fc-treated mice (Figures 7B and 7C). Histological analysis confirmed that muscle fibers exhibited a

hypertrophic change (Figures 7D and 7E). These data indicated that mono-FSTL3-Fc caused systemic mus-

cle hypertrophy, similar to ActRIIB-Fc/ACE-031. Furthermore, we were not able to find any macroscopic

and histological changes in organs and blood glucose concentration in mono-FSTL3-Fc-treated mice

and control-Fc-treated mice, even with the highest dose 30 mg/kg (Figures 7F and 7G).
Systemic administration of monovalent FSTL3-Fc increases muscle mass in a mouse model of

Duchenne muscular dystrophy

Finally, we evaluatedwhethermono-FSTL3-Fc has comparable therapeutic effects to RAP-031/ActRIIB-Fc, a

mouse version of ACE-031, in the disease model mice. Intraperitoneal injection of mono-FSTL3-Fc (10 mg/

kg, twice weekly for 2 weeks) tended to increase body weight of the mice after a 2-week treatment (Fig-

ure 8A). Consistently, mono-FSTL3-Fc and RAP-031/ActRIIB-Fc increased the weight of hindlimb muscles

except for tibialis anterior (TA) on both sides by approximately 25% compared to that of control-Fc-treated

mice (Figures 8Band8C). RAP-031/ActRIIB-Fc (estimatedmolecularweight [MW]: 78 kDa) is bivalent and can

bind and neutralize more ligands than mono-FSTL3-Fc (estimated MW: 76 kDa) per unit weight. Neverthe-

less, the difference betweenmono-FSTL3-Fc and RAP-031 was not significant in terms of their effects on the

weight of the quadriceps femoris (QF), GC, andHammuscles (Figures 8B and 8C).Musclemass of TA ofmdx

micewas not affectedby eithermono-FSTL3-Fc orActRIIB-Fc (Figure 8C), suggesting that TAmusclemaybe

less responsive to anti-GDF8 therapy. Histological analysis confirmed that muscle fibers exhibited a hyper-

trophic change (Figures 8D and 8E). Moreover, mono-FSTL3-Fc and RAP-031/ActRIIB-Fc-treated mice had

greater forelimb grip strength than did control-Fc-treated mice (Figure 8F). These data indicated that sys-

temic administration of mono-FSTL3-Fc exerted systemic effects, similar to ActRIIB-Fc/ACE-031. On the

other hand, it did not affect blood glucose concentration (Figure 8G). mono-FSTL3-Fc did not causemacro-

scopic nor histological changes in other organs we examined (Figure 8H). In conclusion, we have developed

mono-FSTL3-Fc, which overcomes the difficulties of current anti-GDF8 therapies; it does not bind to BMP9

and it is applicable for systemic administration with longer serum half-life (Figure 8I).
DISCUSSION

FST-derived biological products, including FST-Fc, are thought to be promising therapeutic options for the

treatment of muscle wasting diseases and cancer cachexia since FST is able to inhibit multiple TGF-b family

members that negatively regulate muscle growth. ActRIIB-Fc (ACE-031) was discontinued because of un-

desirable inhibition of BMP9, BMP10, and other angiogenic TGF-b family members (Campbell et al., 2017).

Although the newly developed FST-Fc protein (ACE-083) did not bind to BMP9 and BMP10 (Pearsall et al.,

2019), it still inhibited other TGF-b family ligands in addition to the negative regulators of muscle mass. FST

also antagonized BMP6 and BMP7 (Pearsall et al., 2019; Sidis et al., 2006), inhibition of which is implicated in

iron overload (Andriopoulos et al., 2009; Meynard et al., 2009) and kidney disease (Zeisberg et al., 2003),
10 iScience 24, 102488, May 21, 2021



Figure 7. Systemic administration of monovalent FSTL3-Fc increases muscle mass in healthy mice

(A) Body weight of mice injected with mono-FSTL3-Fc or control Fc before and after the start of the injection. Data are meansG SD from n = 7 (control Fc and

10 mg/kg mono-FSTL3-Fc) or n = 6 (3 mg/kg and 30 mg/kg mono-FSTL3-Fc) independent experiments. Differences between the conditions were analyzed

by ANOVA with Tukey-Kramer post hoc test for multiple comparison; n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(B) Representative macroscopic images of hindlimb muscles and QF and GC muscles excised from mice with i.p. injection of mono-FSTL3-Fc or control Fc

(10 mg/kg). Scale bar: 1 cm.
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Figure 7. Continued

(C) Normalized weight of muscles excised from mice with i.p. of mono-FSTL3-Fc or control Fc at the indicated protein concentration. Muscle weight was

normalized to the body weight. Data are meansG SD from n = 7 (control Fc and 10 mg/kg mono-FSTL3-Fc) or n = 6 (3 mg/kg and 30 mg/kg mono-FSTL3-Fc)

independent experiments. Differences between the conditions were analyzed by ANOVA with Tukey-Kramer post hoc test; *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001.

(D) Representative cross-sectional images of myofibers in the QF excised from mice with local administration of mono-FSTL3-Fc or control Fc (IHC for

laminin). Scale bar: 100 mm.

(E) Quantification and distribution of muscle fiber cross-sectional area of (D). The differences in muscle fiber cross-sectional area were analyzed using

Wilcoxon rank-sum test; ****p < 0.0001.

(F) Normalized weight of tissue of mice after a 2-week-treatment. Tissue weight was normalized to the body weight. Data are meansG SD from n = 7 (control

Fc and 10 mg/kg mono-FSTL3-Fc) or n = 6 (3 mg/kg and 30 mg/kg mono-FSTL3-Fc) independent experiments. Differences between the conditions were

analyzed by ANOVA with Tukey-Kramer post hoc test; n.s., not significant.

(G) The blood glucose concentration of mice after a 2-week-treatment. Mice were fasted for 2.5 hr. Data are meansG SD from n = 7 (control Fc and 10 mg/kg

mono-FSTL3-Fc) or n = 6 (3 mg/kg and 30 mg/kg mono-FSTL3-Fc) independent experiments. Differences between the conditions were analyzed by ANOVA

with Tukey-Kramer post hoc test; n.s., not significant.
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respectively. Another limitation of FST-Fc is that it is only available for local administration (Castonguay

et al., 2019; Pearsall et al., 2019).

Fusion to the IgGFcdomain isanestablishedway toprolongserumhalf-life invivobyneonatal Fc receptor (FcRn)-

mediated recyclingand transcytosis,whichprotects IgGandFc-fusionproteins from lysosomaldegradation (Rath

et al., 2015). Actually, the half-life of ActRIIB-Fc was reported to be 4 days or longer (Chiu et al., 2013; Zhou et al.,

2010). Fusion to Fc also enables us to use efficient methods of protein purification. Since FSTL3 is a circulating

protein (Hill et al., 2002; Roh et al., 2019), we first assumed that bi-FSTL3-Fc can be used systemically. However,

bi-FSTL3-Fc protein was rapidly cleared from serum, and, at least to some extent, it was deposited into the liver,

spleen, kidney, and pancreas (Figures 3D and S1B–S1D). We thus hypothesized that fusion to the Fc fragment to

obtain a bivalent protein with two arms (Figure 1B) caused the rapid clearance of the recombinant protein.

Indeed, mono-FSTL3-Fc had prolonged serum half-life (Figure 6). Although the bi-FSTL3-Fc protein is ‘‘bivalent

and monospecific’’, the target ligands make (homo-)dimers with two epitopes on one dimer (Figure 8I). In this

case, the bi-FSTL3-Fc protein resembles a biparatopic bispecific antibody. As shown in the case of a heterodi-

meric fusion protein ActRIIB:ALK4-Fc (Li et al., 2021), one molecule of Fc-protein with two arms can pinch one

GDF8 homodimer (Figure 8I). However, our data suggest that this is not a major binding form between bi-

FSTL3-Fc and GDF8, possibly because of steric hindrance. Rather, bi-FSTL3-Fc can make protein complex con-

tainingmultiplebi-FSTL3-Fc through twoepitopeson theGDF8homodimers (Figure8I). It isofnote thataprotein

complex with multiple Fc regions is reported to cross-link multiple FcRn molecules, which results in lysosomal

degradation rather than recycling or transcytosis (Weflen et al., 2013). Similarly, a bispecific antibody (Datta-

Mannan et al., 2016) and a bispecific/biparatopic antibody that targets two different epitopes of IL-6 (Kasturiran-

gan et al., 2017) are rapidly cleared from serum and detected in the liver in mice. Thus, monovalent Fc, or one-

armed Fc, is a rational solution to overcome the limitation. We generated mono-FSTL3-Fc using human Fc

with the knobs-into-holes mutations (Atwell et al., 1997; Ridgway et al., 1996). Although it might cause anti-

drug antibodies in mouse even in a 2-week regimen (Bautista et al., 2012), therapeutic effects of mono-FSTL3-

Fc were not inferior to those of RAP-031 (themurine homolog of ACE-031/ActRIIB-Fc) in ourmouse experiments

(Figure 8).

There are several reported side effects of ActRIIB-Fc in addition to the phenotype in the vasculature (Camp-

bell et al., 2017): extramedullary hematopoiesis in the spleen (Latres et al., 2017; Yamawaki et al., 2013) and

increased pancreas weight with impaired glucose tolerance (Latres et al., 2017). Although these can be ex-

plained by off-target inhibition of other TGF-b family members not involved in the regulation of muscle

mass, it is also possible that these are on-target effects caused by inhibition of GDF11. It is of note that

the phenotype observed in hematopoiesis and pancreatic b cells in mice treated with ActRIIB-Fc is not re-

ported under combination of anti-activin A and anti-GDF8 antibodies (Latres et al., 2017).

On the other hand, the phenotype related to GDF11 inhibition is still under debate. One possible reason is

that amino acid residues are highly conserved between GDF8 and GDF11, which makes it difficult to

generate specific antibodies against each protein (Egerman et al., 2015). It is of note that therapeutic

anti-GDF8 antibodies in clinical trials may, at least to some extent, inhibit GDF11 in addition to GDF8. How-

ever, the phenotype of hematopoiesis and pancreatic b cells has not been reported in these trials (Furrer

and Handschin, 2019; Lee and Jun, 2019; Marty et al., 2017). Consistently, luspatercept (also known ACE-

536; ActRIIB-Fc with modification in the extracellular domain of ActRIIB that targets mainly GDF11)
12 iScience 24, 102488, May 21, 2021



Figure 8. Systemic administration of monovalent FSTL3-Fc increases muscle mass in a mouse model of Duchenne muscular dystrophy

(A) Body weight of mice injected with mono-FSTL3-Fc, control Fc, or ActRIIB-Fc before and after the start of the injection. Data are means G SD from n = 12

(mono-FSTL3-Fc and RAP-031/ActRIIB-Fc on day 0 and day 3) or n = 11 (control Fc and RAP-031/ActRIIB-Fc after day 7) independent experiments. Because

the body weight of one mouse treated with RAP-031/ActRIIB-Fc decreased more than the criteria on day 3, the mouse was excluded from the analysis

thereafter. Differences between the conditions were analyzed by ANOVA with Tukey-Kramer post hoc test for multiple comparison; n.s., not significant, *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 8. Continued

(B) Representative macroscopic images of hindlimb muscles and QF and GC muscles excised from mice with i.p. injection of mono-FSTL3-Fc, RAP-031/

ActRIIB-Fc, or control Fc. Scale bar: 2 cm (upper) and 1 cm (lower).

(C) Normalized weight of muscles excised frommice with i.p. of mono-FSTL3-Fc, control Fc, or ActRIIB-Fc. Muscle weight was normalized to the body weight.

Data are means G SD from n = 8 (mono-FSTL3-Fc) or n = 7 (control Fc and RAP-031/ActRIIB-Fc) individuals. Differences between the conditions were

analyzed by ANOVA with Tukey-Kramer post hoc test; n.s., not significant, ***p < 0.001.

(D) Representative cross-sectional images of myofibers in the QF muscle excised from mice with local administration of mono-FSTL3-Fc, RAP-031/ActRIIB-

Fc, or control Fc (IHC for laminin). Images are representative of different experiments (n = 5 independent samples). Scale bar: 100 mm.

(E) Quantification and distribution of muscle fiber cross-sectional area of (D). The differences in muscle fiber cross-sectional area were analyzed using

Wilcoxon rank-sum test, and p values were adjusted with Benjamini-Hochberg correction for multiple comparisons; n.s., not significant, ****p < 0.0001.

(F) Grip strength of the forelimb treated with mono-FSTL3-Fc, RAP-031/ActRIIB-Fc, or control Fc for 2 weeks. Data are means G SD from n = 7 individuals.

Differences between the conditions were analyzed by Welch’s t test ANOVA with Tukey-Kramer post hoc test; n.s., not significant, *p < 0.05.

(G) The blood glucose concentration of mice after a 2-week treatment. Mice were fasted for 2.5 hr. Data are meansG SD from n = 8 (mono-FSTL3-Fc) or n = 7

(control Fc and RAP-031/ActRIIB-Fc) independent experiments. Differences between the conditions were analyzed by ANOVA with Tukey-Kramer post hoc

test.

(H) Normalized weight of tissue of mice after a 2-week treatment. Tissue weight was normalized to the body weight. Data are meansG SD from n = 8 (mono-

FSTL3-Fc) or n = 7 (control Fc and RAP-031/ActRIIB-Fc) independent experiments. Differences between the conditions were analyzed by ANOVAwith Tukey-

Kramer post hoc test; n.s., not significant, *p < 0.05, **p < 0.01***p < 0.001, ****p < 0.0001.

(I) Schematic presentation of the characteristics of mono- and bi-valent FSTL3-Fc. Two FSTL3 and GDF-8 homodimers form a complex (PDB code: 3SEK

(Cash et al., 2012)). Although conventional or bivalent FSTL3-Fc has shorter serum half-life, monovalent FSTL3-Fc has longer serum half-life and increases

muscle mass under systemic administration.
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enhances erythroid maturation and increases hemoglobin concentration in animal models and patients

with low-risk myelodysplastic syndromes (Fenaux et al., 2020; Suragani et al., 2014); in this case, inhibition

of GDF11 stimulates hematopoiesis in the bone marrow and not in the spleen. Concerning the phenotype

in the pancreas, genetic ablation ofGdf11 in the pancreas attenuated maturation of pancreatic b cells (Har-

mon et al., 2004), while Fstl3 knockout mice had increased pancreatic islet number and size and b-cell hy-

perplasia (Mukherjee et al., 2007). In contrast, Fstl3-transgenic mice displayed improved insulin sensitivity

and muscle insulin signaling (Brandt et al., 2015). The discrepancy between gain of function and loss of

function of FSTL3 in vivo can be explained by the fact that the anti-GDF8 therapy increases muscle mass

and improves glucose intolerance (Guo et al., 2009). Although the ‘‘GDF11-related phenotype of anti-

GDF8 therapy’’ was not detected in our mouse model after administration of mono-FSTL3-Fc (Figures 7

and 8), it should be carefully evaluated when using mono-FSTL3-Fc in clinical settings.

In summary, our data provide evidence that monovalent FSTL3-based therapy overcomes the difficulties of

current anti-GDF8 therapies. FSTL3 has a more restricted binding profile for TGF-b family ligands, and

mono-FSTL3-Fc can be administered systemically. We thus believe that FSTL3-based therapy could be a

promising therapeutic option for the treatment of muscle wasting diseases. In addition, mono-FSTL3-Fc

can be an alternative approach for treating several diseases, such as lung adenocarcinoma (Marini et al.,

2018) and osteoarthritis (Tang et al., 2020), in which exogenous FST has therapeutic effects.
Limitations of the study

Our current study provides in vitro and in vivo evidence that a monovalent form of FSTL3-Fc overcomes

issues with current anti-GDF8/myostatin therapies and can be a promising treatment option to increase

muscle mass in muscle wasting and neuromuscular diseases. However, additional studies are needed to

optimize dose and administration regimen. It is also important to evaluate therapeutic effects in other

mouse cohorts, such as female mice and aged mice and other disease model mice, although we used

young WT male mice and a mouse model of Duchenne muscular dystrophy to evaluate biological effects

of mono-FSTL3-Fc. In addition, the side effects of mono-FSTL3-Fc should be carefully evaluated in future

pre-clinical studies in different animal models.
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Rabbit polyclonal anti-laminin Abcam Cat# ab11575; RRID: AB_298179

Rabbit polyclonal anti-human FSTL3 Abcam ab170680

Mouse monoclonal anti-BMP9 R&D Cat# MAB3209; RRID: AB_2247656

Goat polyclonal anti-rabbit IgG with Alexa

Fluor594

Thermo Fisher SCIENTIFIC Cat# A11012; RRID: AB_141359
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specific with HRP

Jackson ImmunoResearch Labs Cat# 115-035-174; RRID: AB_2338512

Goat polyclonal anti-rabbit IgG with HRP Cell Signaling Technology Cat# 7074S; RRID: AB_2099233

Chemicals, Peptides, and Recombinant Proteins

Human IgG1 Fc This paper N/A

Bivalent Human FSTL3-Fc This paper N/A

Monovalent Human FSTL3-Fc This paper N/A

Human Activin A R&D Cat# 338-AC

Human Activin B R&D Cat# 659-AB

Human TGF-b3 R&D Cat# 243-B3

Human BMP6 R&D Cat# 507-BP

Human BMP9 R&D Cat# 3209-BP

Human GDF8 Pepro Tech Cat# 120-00

Human GDF11 Pepro Tech Cat# 120-11

Human ALK1-Fc R&D Cat# 370-AL

Murine ActRIIB-murine Fc R&D Cat# 3725-RB

murine ActRIIB-murine Fc/RAP-031 Acceleron Pharma N/A

Human Follistatin 288 R&D Cat# 5836-FS-025

Human FSTL3 BioLegend Cat# 789604

trypan blue BIO-RAD Cat# 1450021

Human Insulin Gibco/Thermo Fisher Scientific Cat# 12585014

Puromycin InvivoGen Cat# ant-pr

Hygromycin Invitrogen/Thermo Fisher Scientific Cat# 10687010

Lipofectamine 2000 Invitrogen/Thermo Fisher Scientific Cat# 11668019

HiTrap Protein A HP antibody purification

columns

GE Healthcare Life Sciences/Cytiva Cat# 17040201

HRP conjugated streptavidin BioLegend Cat# 405210

TMB One Component Substrate Bethyl Laboratories Cat# E102

FreeStyle 293 Expression Medium Thermo Fisher Scientific Cat# 12338026

Critical Commercial Assays

Biotin Labeling Kit-NH2 Dojindo Laboratories Cat# LK03

Pierce Biotin Quantitation Kit Thermo Fisher Scientific Cat# 28005

Anti-human IgG ELISA Bethyl Laboratories Cat# E80-114

Dual-luciferase Reporter Assay System Promega Cat# E1910
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Experimental Models: Cell Lines

Human: HEK293T cells ATCC Cat# CRL-3216; RRID: CVCL_0063

Human: HepG2 cells ATCC Cat# HB-8065; RRID: CVCL_0027

Human: Lenti-X 293T cells TaKaRa Bio Cat# 632180; RRID: CVCL_4401

Human: HMEC-1 cells Dr. T. Lawley

Xu et al. (1994)

RRID: CVCL_0307

Human: Hs578T-93CAGA-Luc Harada et al. (2019) N/A

Human: HepG2-BRE-Luc This paper N/A

Human: HMEC-1-BRE-Luc This paper N/A

Experimental Models: Organisms/Strains

Mouse: CD2F1/slc Sankyo Labo Service Corporation Slc:CDF1

Mouse: C57BL/10ScSn-Dmdmdx/J CLEA Japan C57BL/10-mdx

Recombinant DNA

CSII-EF-RfA Dr. H. Miyoshi

Riken BRC

Cat# RDB04387

CSII-CAG-MCS-IRES-Puro Harada et al. (2019) N/A

CSII-CAG-MCS-IRES-Hyg Harada et al. (2019) N/A

pcDNA3-Fc This paper N/A

pcDNA3-FSTL3-Fc This paper N/A

pcDNA3-Fc(T366S/L368A/Y407V) This paper N/A

pcDNA3-FSTL3-Fc(T366W) This paper N/A

CSII-CAG-Fc-IRES-Puro This paper N/A

CSII-CAG-FSTL3-Fc-IRES-Puro This paper N/A

CSII-CAG-FSTL3-Fc(T366S/L368A/Y407V)-

IRES-Puro

This paper N/A

CSII-CAG-Fc(T366W)-IRES-Hyg This paper N/A

CSII-BRE-Luc-SV40-Hyg Morikawa et al. (2011) N/A

Software and Algorithms

R software R-project.org https://www.R-project.org

GraphPad Prism 6 GraphPad Software version 6

Hybrid Cell Count software Keyence Cat# BZ-H3C

Other

Amicon Ultra-15 Ultracel-30 kDa Millipore, Merck Cat# C7715

VivaSpin 20 MW Sartorius Cat# VS2041

Dynabeads Protein A Thermo Fisher Scientific Cat# 10001D

TC 20 Automated Cell Counter BIO-RAD Cat# 1450102

ImageQuant LAS 4000 Fujifilm Cat# LAS-4000

BZ-X700 microscope Keyence Cat# BZ-X 700

digital force indicator Imada Cat# DST-20N

Lab Gluco ForaCare Suisse AG Cat# 4239R1006

Model 680 Microplate Reader BIO-RAD Cat# 1681101
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Masato Morikawa (morikawa-tky@umin.ac.jp).
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Materials used or generated in this study will be available upon reasonable request, and a material transfer

agreement may be required.
Data and code availability

This study did not generate or analyze datasets or code.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse experiments

All animal experiments were reviewed and approved by the Animal Ethics Committee of the University of

Tokyo, and performed in accordance with the institutional guidelines. Briefly, 5�6-week-old male CD2F1

mice were purchased from Sankyo Labo Service Corporation (Tokyo, Japan) and maintained to acclimate

to the animal facility for 1 week. C57BL/10ScSn-Dmdmdx/J mice (mdx mice) were purchased from CLEA

Japan (Tokyo, Japan). Mice were injected with 100 mg (50 mL) of hFc, bi-FSTL3-hFc, or ActRIIB-Fc intramus-

cularly (i.m.) into the right calf twice weekly for 2 or 4 weeks. Systemic administration of mono-FSTL3-Fc and

hFc was performed at 10 mg/kg twice weekly for 2 weeks via i.p. injection. Two days after all treatments,

mice were sacrificed by inhalation anesthesia with isoflurane, and tissues were extirpated, weighed, and

used to make tissue blocks for histological analysis. All mice were fasted for 2.5 h, and blood was taken

from the tail vein. The blood glucose concentrations in the tail vein samples were measured by Lab Gluco

(ForaCare Suisse AG, St. Gallen, Switzerland).
Skeletal muscle histology

Histological analysis of skeletal muscle was performed essentially as described previously (Ojima et al.,

2020). The QF, Ham, TA, and GC muscles were isolated from CD2F1 and mdx mice. The mid belly region

of the GC and QF muscle was embedded in OCT and snap-frozen in isopentane and acetone mixture (1:2)

cooled with a cooling apparatus, UT2000F (Leica Microsystems, Wetzlar, Germany). Cryostat transverse

sections were 5 mm in thickness. Frozen sections were fixed with 4% PFA/PBS, and then stained with

anti-laminin antibody (ab11575; Abcam). Images of the section were obtained using a BZ-X700 microscope

(Keyence, Osaka, Japan) using n=5 mice for each group/condition, and at least 1 slide for each mouse.

Quantification was performed using Keyence software. The average area of GC or QF muscle fibers was

calculated from at least 350 individual muscle fibers, which were automatically quantified by a Hybrid

Cell Count software (Keyence).
Grip strength measurement

Grip strength of the forelimb of mdx mice after a 2-week treatment was measured by digital force indicator

(DST-20N; Imada, Aichi, Japan). Mice were acclimated to the grip bar for 5 days. On day 13 after first injec-

tion, mice were tested in five independent trials and the maximum force (N) was recorded.
Cell culture

HEK293T (female) and HepG2 (male) cells were obtained from the American Type Culture Collection

(ATCC). Lenti-X 293T (female) cells were purchased from Clontech (TaKaRa Bio, Shiga, Japan). HMEC-1

(male), an immortalized human dermal microvascular endothelial cell line, was obtained from Dr. T. Lawley,

and was cultured as described previously (Suzuki et al., 2008; Xu et al., 1994). Hs578T (female)-reporter cells

with 93CAGA-Luc construct were described previously (Harada et al., 2019). HepG2-reporter cells and

HMEC-1-reporter cells with BRE-Luc were generated as described previously (Morikawa et al., 2011).

HEK293T, Lenti-X 293T, and HepG2-reporter cells were maintained in Dulbecco’s modified Eagle’s me-

dium (DMEM) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10% (v/v) fetal

bovine serum (FBS) (HyClone, GE Healthcare Life Sciences/Cytiva, Marlborough, MA, USA) and 100 U/

ml penicillin-streptomycin (Gibco). Hs578T-reporter cells were maintained in DMEM (Gibco) supple-

mented with 10% FBS (HyClone) and 10 mg/ml insulin (Gibco).

Cultured cells were routinely tested for mycoplasma contamination using e-Myco VALid-Q mycoplasma

qPCR detection kit (iNtRON Biotechnology, Korea).
e3 iScience 24, 102488, May 21, 2021
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Reagents and antibodies

Recombinant human Activin A, Activin B, TGF-b3, BMP6, BMP9, Follistatin 288, and ALK1-Fc were pur-

chased from R&D Systems (Minneapolis, MN, USA). Recombinant human FSTL3 was purchased from Bio-

Legend (San Diego, CA, USA). GDF8 and GDF11 were purchased from Pepro Tech (Rocky Hill, NJ, USA).

Murine ActRIIB-murine Fc was purchased from R&D Systems, and murine ActRIIB-murine Fc/RAP-031

was kindly provided by Acceleron Pharma (Cambridge, MA, USA).

The following antibodies were used: anti-human IgG Fc (Bethyl Laboratories, Montgomery, TX, USA), anti-

human FSTL3 (ab170680; Abcam, Cambridge, UK), anti-Laminin (ab11575; Abcam), and anti-BMP9

(MAB3209; R&D).

Plasmid construction

The coding region of the human FSTL3 (GenBank accession NM_005860.3) gene was amplified by PCR and

subcloned between BamHI and XhoI sites of pcDNA3-Fc, which contains Fc constant region (Asp 6-Lys 232)

of human IgG1 (GenBank: AEV43323.1).

For knobs-into-holes using T366W, T366S/L368A/Y407V (Atwell et al., 1997; Ridgway et al., 1996) was

generated by site-directedmutagenesis using PCRwith specific primers. The FSTL3-Fc fragment was trans-

ferred into the CSII-CAG-MCS-IRES-Puro or CSII-CAG-MCS-IRES-Hyg lentiviral vector (Harada et al., 2019),

which was derived from the CSII-EF-RfA lentiviral vector. Control Fc fragment was prepared by replacing

FSTL3 with an efficient signal peptide. All the constructs for lentivirus production were kindly provided

by Dr. H. Miyoshi (deceased, formerly RIKEN, Japan).

Lentivirus production

Recombinant lentiviruses were produced by transient transfection using Lipofectamine 2000 (Invitrogen,

Thermo Fisher Scientific) in HEK293T or Lenti-X 293T cells, and were concentrated using the Lenti-X

Concentrator (Clontech).
hFSTL3-Fc protein sequence

The amino acid sequence of monovalent hFSTL3-Fc protein is as follows:

([signal peptide]-hFSTL3-hFc(T366W))

[MRPGAPGPLWPLPWGALAWAVGFVSS]

MGSGNPAPGGVCWLQQGQEATCSLVLQTDVTRAECCASGNIDTAWSNLTHPGNKINLLGFLGLVHCLPCKD

SCDGVECGPGKACRMLGGRPRCECAPDCSGLPARLQVCGSDGATYRDECELRAARCRGHPDLSVMYRGRCRK

SCEHVVCPRPQSCVVDQTGSAHCVVCRAAPCPVPSSPGQELCGNNNVTYISSCHMRQATCFLGRSIGVRHAGSC

AGTPEEPPGGESAEEEENFV

ISTGGGTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKP

REEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLW

CLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKS

LSLSPGK

([signal peptide]-hFc(T366S/L368A/Y407V))

[MRPGAPGPLWPLPWGALAWAVGFVSS]

MGTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREE

QYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLSCAV

KGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLVSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSL

SPGK

The amino acid sequence of bivalent hFSTL3-Fc protein ([signal peptide]-hFSTL3-hFc):
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[MRPGAPGPLWPLPWGALAWAVGFVSS] MGSGNPAPGGVCWLQQGQEATCSLVLQTDVTRAECCASGNID

TAWSNLTHPGNKINLLGFLGLVHCLPCKDSCDGVECGPGKACRMLGGRPRCECAPDCSGLPARLQVCGSDG

ATYRDECELRAARCRGHPDLSVMYRGRCRKSCEHVVCPRPQSCVVDQTGSAHCVVCRAAPCPVPSSPGQELC

GNNNVTYISSCHMRQATCFLGRSIGVRHAGSCAGTPEEPPGGESAEEEENFV ISSTMVRSDKTHTCPPCPAPE

LLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVL

HQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNG

QPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

Protein purification

Recombinant FSTL3-Fc or control Fc was purified from HEK293T cells stably expressing them. Cells were

cultured in FreeStyle 293 Expression Medium (Thermo Fisher Scientific) without serum. After 3 days of

cell culture, the supernatant was used for purification. The protein was captured on a protein A column (Hi-

Trap Protein A HP, GE Healthcare Life Sciences/Cytiva) and eluted with 0.1 M sodium citrate (pH 3.5) after

over 20 times column volume wash with 20 mM sodium phosphate (pH 6.8). The protein solution was

neutralized with 1M Tris-HCl (pH 9.0) to adjust the pH to 7.0‒7.4 immediately after elution. Pooled fractions

from the elution were concentrated and the vehicle was changed into PBS by ultrafiltration (Amicon Ultra-

15 Ultracel-30 kDa, Millipore, Merck; VivaSpin 20MW cut off 50 kDa and 100 kDa, Sartorius, Göttingen, Ger-

many). The quality of the purified proteins was assessed by SDS-PAGE. The concentration of the proteins

was determined by anti-human IgG ELISA (Human IgG ELISA Quantitation Set, Bethyl Laboratories).

In vitro binding assay with biotinylated ligands

Binding assays between recombinant ligands and recombinant bi-FSTL3-Fc were performed using bio-

tinylated ligands. Activin A, GDF8, and GDF11 were biotinylated using Biotin Labeling Kit-NH2 (LK03; Do-

jindo Laboratories, Kumamoto, Japan) according to the manufacturer’s recommendations. A part of the

ligands was used for quantitation of biotinylation (Pierce Biotin Quantitation Kit; Thermo Fisher Scientific).

Briefly, 96-well plates were coated with rabbit anti-human IgG Fc (A80-105A; Bethyl Laboratories) for 1 h at

room temperature. Biotinylated ligands and 2 nM hFSTL3-Fc or control Fc were incubated with 0.5% BSA/

PBS for 30 min at 37�C. After blocking with 1% BSA/50 mM Tris-HCl, 140 mM NaCl (pH 8.0), the ligand and

protein mixtures were incubated in the well for 1 h at room temperature. HRP conjugated streptavidin

(405210; BioLegend) was used to detect ligands for 1 h at room temperature. After TMB (E102; Bethyl Lab-

oratories) and HRP reaction for 10 min in the dark, 0.18 M H2SO4 was added to each well to stop the reac-

tion. The absorbance of the well at 450 nm was measured on a plate reader.

Protein pulldown assay

Protein pulldown assay was performed using Dynabeads Protein A (Invitrogen, Thermo Fisher Scientific),

according to the manufacturer’s instructions. Thirty ml of beads were washed once in PBS with 0.02% Tween

20 (PBST), resuspended in 200 ml of PBST, and preincubated with 1 mg of recombinant Fc protein at room

temperature for 10 min. The beads were washed once in 200 ml of PBST, and then incubated with 500 ng of

recombinant BMP9 in 200 ml of PBST for 10 min. The beads were then washed three times in 200 ml of PBST

and eluted with SDS-PAGE sample buffer without DTT, and subjected to SDS-PAGE. Since anti-BMP9

(MAB3209; R&D) recognizes non-reduced BMP9 dimer, SDS-PAGE was performed under non-reduced

conditions. Western blot analysis was performed using the indicated antibodies.

Western blot analysis

Western blot analysis was performed essentially as described previously (Morikawa et al., 2019). Cells were

lysed in lysis buffer containing 20 mMHEPES, pH 7.4, 100 mMNaCl, 0.5 mM EDTA, 10% glycerol, and 0.2%

NP-40 with cOmplete EDTA-free protease inhibitor cocktail (Roche Life Science, Basel, Switzerland). Sam-

ples were separated by SDS-PAGE, blotted onto a polyvinylidene difluoride (PVDF) membrane (Pall, New

York, NY, USA), and the chemiluminescence signal was detected by a luminescence image analyzer (LAS-

4000; Fujifilm, Tokyo, Japan).

Luciferase assays

Hs578T-reporter cells with 93CAGA-Luc construct (Harada et al., 2019) and HepG2-reporter cells or

HMEC1-reporter cells with BRE-Luc (Morikawa et al., 2011) were used for luciferase reporter assay. The re-

porter cells were pre-treated with bi- or mono-FSTL3-Fc for 1 h in DMEM with 2% or 10% FBS (Hs578T- and

HepG2-reporter cells) or EGM-2 and Opti-MEM (Gibco) with 0.5% serum (HMEC1-reporter cells). Cells
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were stimulated with indicated amounts of ligands for 24 h and were harvested and assayed for luciferase

activity. Firefly luciferase activities of the cell lysates were determined using the Dual-luciferase Reporter

Assay System (Promega, Madison, WI, USA).
QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analyses were performed using GraphPad Prism 6 (San Diego, CA, USA) and R software

(https://www.R-project.org). The differences between two experimental groups were analyzed using

Welch’s ttest or analysis of variance (ANOVA) followed by Tukey-Kramer post hoc test for multiple compar-

ison. The differences in muscle fiber cross-section area, which did not follow a normal distribution, were

analyzed usingWilcoxon rank sum (Mann-Whitney) tests, and p values were adjusted with Benjamini-Hoch-

berg correction for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Figure S1. Bivalent FSTL3-Fc is efficiently cleared from mouse circulation, related to Figure 3. 
(A) SDS-PAGE of purified recombinant bi-FSTL3-Fc. Results of Coomassie Brilliant Blue (CBB) staining and 
immunoblot analysis for FSTL3 and human IgG Fc are presented. 
(B) Immunoblot analysis for FSTL3 in reduced serum taken from mice subcutaneously injected (s.c.) with bi-FSTL3-
Fc (10 mg/kg) at the indicated time points (n=2 independent experiments; the identifying number represents each 
mouse). 
(C) Immunoblot analysis for human IgG Fc in reduced serum taken from mice systemically injected with bi-FSTL3-
Fc (10 mg/kg) at the indicated time points (n=2 independent experiments; the identifying number represents each 
mouse). 
(D) Immunoblot analysis for human IgG Fc in reduced serum taken from mice systemically injected with control Fc 
(10 mg/kg) at the indicated time points (n=2 independent experiments; the identifying number represents each 
mouse). 
 



 
 
Figure S2. Immunohistochemistry in liver tissue reveals tissue distribution of bivalent FSTL3-Fc in mice, 
related to Figure 3. 
Immunohistochemistry for human IgG Fc in mouse liver tissue 5 h after bi-FSTL3-Fc injection via i.p. or Fc injection 
via i.p. or i.v.. Images are representative of different experiments (n=2 independent samples), Scale bar: 100 μm. 
  



 
 
Figure S3. Immunohistochemistry in spleen tissue reveals tissue distribution of bivalent FSTL3-Fc in mice, 
related to Figure 3. 
Immunohistochemistry for human IgG Fc in mouse spleen tissue 5 h after bi-FSTL3-Fc injection via i.p. or Fc 
injection via i.p. or i.v.. Images are representative of different experiments (n=2 independent samples), Scale bar: 
100 μm. 
 



 
 
Figure S4. Immunohistochemistry reveals tissue distribution of bivalent FSTL3-Fc in mice, related to Figure 
3. 
Immunohistochemistry for human IgG Fc in mouse tissues 5 h after bi-FSTL3-Fc injection via i.p. or Fc injection via 
i.p. or i.v.. Images are representative of different experiments (n=2 independent samples), Scale bar: 100 μm. 
  



 
 
 
 
 



Figure S5. Local administration of bi-FSTL3-Fc increases muscle mass in healthy mice, related to Figure 4. 
(A) Normalized muscle weights of mice intramuscularly injected with bi-FSTL3-Fc or control Fc into the right calf 
(hindlimb) twice weekly for 4 weeks. Muscle weight was normalized to the body weight. All mice were sacrificed 2 
days after final injection (Data are means ± SD from n=6 for each group). Differences between the conditions were 
analyzed by ANOVA with Tukey-Kramer post hoc test for multiple comparison; n.s.; not significant, **p < 0.01, ***p 
< 0.001. GC: gastrocnemius, QF: quadriceps femoris, TA: tibialis anterior, and Ham: hamstrings, uninjected: left 
hindlimb, injected: right hindlimb 
(B) Representative H&E and IHC images for laminin. Representative cross-sectional images of myofibers in the GC 
muscle excised from mice with local administration of bi-FSTL3-Fc or control Fc for 4 weeks. Scale bar: 100 μm. 
(C) Quantification and distribution of muscle fiber cross-sectional area of (B). The differences in muscle fiber cross-
section area were analyzed using Wilcoxon rank sum test, and p values were adjusted with Benjamini-Hochberg 
correction for multiple comparisons; ****p < 0.0001. 
(D,E) Body weight of mice with local administration of bi-FSTL3-Fc, ActRIIB-Fc, or control Fc before and after the 
start of the injection for 2 weeks (D) or for 4 weeks (E). Data are means ± SD from n=10 (D) and n=6 (E) independent 
experiments. Differences between the conditions were analyzed by Tukey-Kramer post hoc test (D), or Welch’s t-
test (E); ***p < 0.001, ****p < 0.0001. 
 
 
 
  



 
 
Figure S6. Local administration of bi-FSTL3-Fc does not cause macroscopic and histological changes in 
healthy mice, related to Figure 4. 
(A) Normalized weight of tissue taken from mice with local administration of bi-FSTL3-Fc, ActRIIB-Fc, or control Fc 
for 2 weeks. Tissue weight was normalized to the body weight. Data are means ± SD from n=10 independent 
experiments. Differences between the conditions were analyzed by Tukey-Kramer post hoc test; n.s.; not significant, 
*p < 0.05. 
(B) Representative images of H&E-stained sections of the spleen and the pancreas taken from mice with local 
administration of bi-FSTL3-Fc, ActRIIB-Fc, or control Fc for 2 weeks. Scale bar: 500 μm. 
 
 



 
 
Figure S7. Monovalent FSTL3-Fc is generated with the knobs-into-holes technology, related to Figure 6. 
(A) Schematic presentation of mono-FSTL3-Fc in either non-reduced or reduced conditions. The predicted protein 
molecular weight (MW) was calculated by the sum of the MW of all amino acids. 
(B) Immunoblot analysis for human IgG Fc in the supernatant of HEK293T cells expressing indicated plasmids. 
(C) SDS-PAGE of purified recombinant mono-FSTL3-Fc. Results of Coomassie Brilliant Blue (CBB) staining and 
immunoblot analysis for FSTL3 and human IgG Fc are presented. DTT: dithiothreitol. 
(D) Protein pulldown assay for detection of association between BMP-9 and FSTL3-Fc. Biotin-free BMP-9 (500 ng) 
was subjected to pulldown assay in the absence or presence of 1 µg Fc-fused protein on beads. Since anti-BMP9 
antibody recognizes non-reduced BMP9 homodimer, SDS-PAGE was performed under non-reduced conditions. 
long: long exposure. 



 

 

 
Figure S8. Monovalent FSTL3-Fc protein has longer serum half-life and increases muscle mass after 
systemic administration in mice, related to Figure 6. 
(A) Ligand neutralization by mono-FSTL3-Fc, measured in HepG2-reporter cells with BRE-Luc for SMAD1/5/8. The 
data represent mean ± SD from n=3 independent experiments. 
(B) Immunoblot analysis for human IgG Fc in reduced serum taken from mice at indicated time points after i.p. or 

i.v. injection with mono-FSTL3-Fc (10 mg/kg) (n=2 independent experiments. #, ψ, △, or ▲ represents each mouse). 

See also Fig. 6E. 
(C) Time course of serum molar concentration of FSTL3-Fc or control Fc measured by anti-human IgG Fc ELISA. 
Concentration is presented as molar concentration (see also Fig. 6F, which presents mass concentration from the 
same experiment). Serum was taken at the indicated time points after injection with mono-FSTL3-Fc (128.7 
nmol/kg), bi-FSTL3-Fc (97.3 nmol/kg) or control Fc (190.1 nmol/kg). The data represent mean ± SD from n=3 
independent experiments, except for bi-FSTL3-Fc, at 96 h (n=2, because of anesthesia-related death). Differences 
between the conditions were analyzed using analysis of variance (ANOVA) followed by Tukey-Kramer post hoc test 
for multiple comparison; n.s.; not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. 



 

 
Figure S9. Immunohistochemistry reveals tissue distribution of monovalent FSTL3-Fc in mice, related to 
Figure 6. 
(A,B) Immunohistochemistry for human IgG Fc in mouse tissues 5 h after mono-FSTL3-Fc injection via i.p. or i.v. 
(A; liver and spleen, B; pancreas, lung, kidney, gastrocnemius, heart and cerebral cortex). Images are 
representative of different experiments (more than n=2 independent samples), Scale bar: 100 μm. 
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