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Abstract

Abnormal Ca®" handling is essential in the pathophysiology of degenerative muscle disorders, such as dilated cardiomyopathy
(DCM) and muscular dystrophy (MD). Transient receptor potential cation channel, subfamily V, member 2 (TRPV2) is a
candidate for Ca®" entry and a potential therapeutic target for degenerative muscle disorders, there are few specific inhibitors for
TRPV2. In this study, we produced a monoclonal antibody (designated mAb88-2) and two polyclonal antibodies (pAb591 and
pADb592) that selectively recognize TRPV2 from the outside of cells and interact with the turret region of the pore-forming outer
gate. These antibodies inhibited Ca®" influx via TRPV2 in cultured cells and substantially reduced TRPV2 in the plasma
membrane via cellular internalization. We evaluated the therapeutic efficacy of the functional antibody in 8-sarcoglycan-deficient
hamster (J2N-k) models of DCM and MD and in the 4C30 DCM model of murine heart failure. The intraperitoneal
administration of the functional antibody (0.5 mg/kg) for 2 weeks (once a week) prevented the progression of cardiac dysfunction,
as evaluated by echocardiography and histological staining, and improved the abnormal Ca®* handling (high diastolic Ca*" level
and small Ca®" transient peak) in cardiomyocytes isolated from J2N-k hamsters and prevented skeletal muscle damage. Further,
the antibody effectively prevented heart failure in the 4C30 mouse model with end-stage DCM. Interestingly, endogenous
TRPV?2 that accumulated in the cardiac and skeletal muscle sarcolemma disappeared upon antibody administration. Thus, the
newly produced antibodies are capable of ameliorating DCM and MD by promoting the cellular internalization of TRPV2;
antibodies specific to human TRPV2 may substantially improve the treatment of patients with degenerative muscle diseases.

Introduction

Dilated cardiomyopathy (DCM) is a severe disorder defined
by ventricular dilation and cardiac dysfunction [1-3]. DCM
is a major risk factor for heart failure and is often associated
with severe arrhythmia, indicating the pathological invol-
vement of the cardiac conduction system. Although DCM
often develops as a result of hypertension, inflammation,
infection, valve disease, and metabolic and toxic effects of
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medications, 30-48% of cases are caused by mutations [4].
The standard therapy for patients with DCM involves
angiotensin-converting enzyme inhibitors or angiotensin
receptor blockers as well as beta-blockers, aldosterone
antagonists, and, in selected cases, vasodilators [5-7].
However, treatment options for patients with refractory
heart failure are limited and patients may require left ven-
tricular assist devices or heart transplantation [5, 6].

DCM is also associated with mutations in various genes,
including genes encoding sarcomeric (e.g., titin and tropo-
nin T), extracellular matrix (e.g., laminin 2 and laminin 4),
and nuclear membrane proteins (e.g., lamin A/C and
emerin). The most frequent mutations reported in DCM are
in genes encoding cytoskeletal proteins, including compo-
nents of the dystrophin—glycoprotein complex (DGC) [8, 9].
Patients with DCM caused by mutations, especially muta-
tions in DGC components, also develop muscular dystrophy
(MD) [10]. DGC defects could disrupt membrane integrity
or stability during muscle contraction/relaxation and pre-
vent myocyte survival. The enhanced susceptibility to
muscle damage is observed in dystrophic animals, such as
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dystrophin-deficient mdx mice or &-SG-deficient J2N-k
hamsters, which are models of Duchenne MD or human
autosomal recessive limbgirdle MD (LGMD2F) in humans,
respectively, owing to the similarities in symptoms [10, 11].
Thus, there are likely common molecular mechanisms
underlying DCM and MD.

We have previously shown that myotubes from 6-SG-
deficient hamster skeletal muscles are highly susceptible to
mechanical stretch and show enhanced Ca’'-influx via
stretch-activated nonselective Ca®t channels [12, 13]. Tran-
sient receptor potential cation channel, subfamily V, member
2 (TRPV2) is a major candidate for Ca“—entry; it is related to
abnormal Ca’" handling in muscular degeneration [14]. Fur-
thermore, TRPV2 exacerbates the development of DCM
based on the following observations: (1) cardiac-specific
TRPV2 overexpression results in DCM [14], (2) TRPV2
expression in the cardiac sarcolemma is increased in DCM
models, such as J2N-k hamsters, and a mouse model (4C30),
and in patients with idiopathic cardiomyopathy or heart failure
[15], and (3) the inhibition of TRPV2 activity by several
strategies effectively prevents cardiomyopathy as well as MD
[15-17]. An antiallergic agent, tranilast, and recently identified
potent TRPV2 inhibitors inhibit Ca®>* entry through TRPV2
and ameliorate muscle degeneration [15, 17]. However, since
these drugs have high effective doses (10-100 uM) and other
effects [18, 19], new specific TRPV2 inhibitors, such as
neutralizing antibodies, are needed to confirm whether TRPV?2
inhibition is promising for the treatment of degenerative
muscle diseases.

In this study, we successfully produced several neu-
tralizing antibodies against TRPV2. These antibodies
interact with the extracellular domain of TRPV2 and inhibit
Ca*" influx. The effects of these antibodies were evaluated
using O-sarcoglycan-deficient hamsters (J2N-k) and 4C30
mouse models of end-stage DCM.

Materials and methods
Materials

2-APB (2-Aminoethoxydiphenyl borate) was purchased
from Sigma Chemical (St. Louis. MO). Tranilast was
obtained from Kissei Pharmaceutical (Matsumoto City,
Nagano, Japan). Fura-2-acetoxymethyl ester (AM) from
Dojindo Lab (Kumamoto, Japan), Indo-1-AM from Invi-
trogen (Carlsbad, CA). The other chemicals were the
highest purity available.

Animal experiments

§-sarcoglycan-deficient cardiomyopathic hamsters J2N-k
and age-matched normal controls J2N-n were purchased

from Japan SLC. The J2N-n had the same genetic back-
ground as the J2N-k, except for the difference of a genetic
locus for cardiomyopathy. DCM mice (4C30) that over-
expresses [-galactoside o-2,3-sialytransferase II were
described previously [20]. Male animals were used for the
following experiments. For antibody administration,
monoclonal antibody mAb88-2 or control IgG (mouse
IgG2a functional grade clone 6H3 MBL M076-3M2) was
intraperitoneally injected to J2N-k hamsters with 9 weeks of
age once a week at a dose of 0.5 mg/kg or to 4C30 mice
with 25 weeks of age once a week at a dose of 0.25 mg/kg
or 0.5mg/kg. After administration for 2 weeks, animals
were subjected to measurement of serum creatine phos-
phokinase (CK) level, echocardiography, and histochemical
analysis. Histochemistry of muscles was performed as
described previously [21]. We performed the control
experiment for safety by peritoneal injections of TRPV2
antibody (mAb88-2) (0.5 and 2 mg/kg) to male and female
wild-type BL6 mice once a week for 4 weeks, n =15 each
group. The body weight and food consumption were mea-
sured periodically, 7 days after the final administration, an
autopsy was performed, and blood and organs were col-
lected for hematological examination, serum biochemistry
examination, and histological observation. Effective doses
of the functional antibody in vivo were estimated as the
time-dependent decay of the remaining activity of the
antibody in the serum. All animal experiments were per-
formed according to the Guidelines for Animal Experi-
mentation at the National Cerebral and Cardiovascular
Center Research Institute.

Histology

Cardiac and skeletal muscles were fixed in phosphate buffer
saline (PBS) containing 10% formalin and embedded in
paraffin. Serial sections (5 um) were stained with hematox-
ylin and eosin and Masson’s trichrome for morphological
analysis. Stained serial sections were viewed under a light
microscope (OLYMPUS BX41) and images were analyzed
using a computer-assisted imaging system (FLOVEL Filing
System) by investigators blinded to the genotypes. Images
were acquired using a digital camera (Olympus FX380)
equipped with image filing software (Flovel FLVFS-LS,
Tokyo, Japan). Fibrosis was assessed by measuring the
Masson’s trichrome-positive area. Briefly, color images were
converted to binary images by setting a threshold so only
blue-stained fibrotic areas were detected. These areas were
summed and reported as a percentage of the total.

Measurement of blood pressure (BP)

Arterial BP was measured noninvasively in conscious
mice by the plethysmographic tail-cuff method (model
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BP-98A-L; Softron, Tokyo, Japan). 4C30 mice with 26 and
27 weeks of age were warmed for more than 5 min at 37 °C
in the cylindrical thermostat before and during the BP
measurement. BP was measured in 2-min intervals and the
mean of five steady state measurements was accepted as the
true BP in each mouse. Heart rates of each mouse was
simultaneously measured as BP measurement.

Echocardiography

Cardiac function was evaluated by two-dimensional echo-
cardiography using a Visual Sonics Vevo 2100 Ultrasound
(Visual Sonics, Toronto, Ontario, Canada) on 1.5%
isoflurane-anesthetized hamsters or mice as described pre-
viously [22]. The left ventricular fractional shortening (FS)
was calculated according to the following formula: FS (%)
=[(LVIDd — LVIDs)/LVIDd] x 100, where LVIDd and
LVIDs are the left ventricular internal diastolic and systolic
dimensions (mm), respectively.

Molecular biology

All plasmid constructions for TRPV2, TRPV1, and TRPC1
were essentially carried out by PCR-based strategy using
the full-length mouse TRPV2 (mTRPV2), human TRPV2
(hTRPV2), hamster TRPV2 (hmTRPV2), canine TRPV2,
human TRPV1, human TRPC1 cDNA cloned into the
pPIRES expression vector (Invitrogen, Carlsbad, CA) as
described previously [17].

Antibody production

Autoimmune-diseased mice were immunized with
HEK?293 cells expressing the full-length mTRPV2 and
produced monoclonal antibodies as described previously
[23]. Briefly, 25 ul of PBS and complete Freund’s adju-
vant (1:1) was injected into the mice, and mTRPV2
expressing HEK293 cells (2 x 107 in 400 pl of PBS) were
then injected into mice at 1, 4, and 7 days. Three days
after the final injection, lymph-node cells were removed
from immunized mice and fused with P3Ul myeloma
cells at a ratio of 5 to 1 by polyethyleneglycol-400 pro-
cedure. Hybridoma supernatants were screened on
HEK?293 cells expressing mTRPV2 by flow cytometric
analysis and then by high throughput TRPV2 Ca*" mea-
surement as described previously [17]. After cloning the
hybridomas suitable for the purpose, the monoclonal
antibodies were purified by protein G Sepharose column
chromatography.

Alternatively, several peptides corresponding the extra-
cellular region of mTRPV2 were synthesized (Fig. S1)
and immunized to rabbits, hens and mice, and the efficacy
of antiserum were checked by immunocytochemistry,
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immunoblot and activity measurement using HEK293 cells
expressing mTRPV2. For epitope mapping of obtained
antibodies, 15 peptides (8-mer each) spanning amino acid
(aa) 568-589 of pre pore region were synthesized and
subjected to binding activity assay using the peptide
dot assay.

Cardiomyocyte isolation

Single-ventricular myocytes were freshly isolated from
normal or J2N-k hamsters' hearts using standard enzymatic
techniques as described previously [15]. Briefly, hearts were
rapidly removed from pentobarbital (50 mg/kg weight)-
anesthetized hamsters and perfused in a Langendorf perfu-
sion system with an enzyme solution containing 1 mg/ml
Type 2 collagenase (Worthington Biochemical Corp.), 0.05
mg/ml protease (Sigma), and 0.05 mg/ml trypsin (Sigma) at
37 °C. Ventricles were separated, cut into small pieces, and
further digested by incubation with the enzyme solution
described above plus 2 mg/ml BSA and 0.5 mM CaCl, for
several minutes at 37 °C. The cell suspension was filtered
(0.1 mM mesh), subjected to two rounds of centrifugation
(400 rpm, 3 min) with gradually increasing CaCl, (1 and
1.5mM), and finally resuspended in Tyrode solution con-
taining (mM): NaCl, 137; KCl, 5.4; HEPES, 10; MgCl,,1;
CaCl,, 1.5; and glucose, 10 (adjusted to pH 7.4 with
NaOH). Myocytes were immediately plated onto laminin
(0.1 mg/ml)-coated glass coverslips and allowed to attach
by incubation at 37 °C. Isolated myocytes, with a rod-
shaped appearance, clear striations, no membrane blebs, and
no spontaneous contractions, were used for experimentation
within 8 h.

Cell culture

Culture of myotubes was performed using muscles from
normal or J2N-k hamsters by enzymatic dissociation
essentially as described previously [24]. Briefly, we
prepared satellite cells from the gastrocnemius muscle of
hamsters using an enzyme cocktail containing 0.5 mM
CaCl, for cell dissociation. After enrichment of the
myoblasts by several preplatings, cells were placed on
the culture dishes; 2 days later, the culture medium was
switched to DMEM containing 2% horse serum to
induce myotube formation. Two to four days after the
start of fusion, the generated myotubes were analyzed.
HEK293 cells and its corresponding transfectants
were maintained in DMEM containing 25 mM NaHCO;3
and supplemented with 7.5% (v/v) fetal calf serum.
cDNAs were transfected into HEK293 cells with Lipo-
fectamine 3000 (Invitrogen Carlsbad, CA) and stable
clones were isolated after selection with puromycin
(Nakarai Tesuque).



Production of TRPV2-targeting functional antibody ameliorating dilated cardiomyopathy and muscular. .. 327

Measurement of intracellular Ca®*-transient and
single-cell contractility in cardiomyocytes

The isolated cardiomyocytes were loaded for 10 min with
10 uM indo-1 AM, and then placed on the stage of an
inverted microscope (IX 71, Olympus) adapted for epi-
fluorescence. Cells were continuously superfused with
Tyrode solution at a constant flow of 1 ml/min. Myocyte
contraction was produced by field stimulation at 1 Hz with
two platinum electrodes (square waves, 2-ms duration, and
20% above threshold), which were connected to a stimu-
lator (SEN-8203, Nihon Kohden) with a bath drive ampli-
fier (Nihon Kohden). The excitation light was centered at
340 nm, and emission was collected at 405 and 480 nm,
with an 8 ms-temporal resolution, using a cooled fast CCD
camera (EMCCD, Hamamatsu photonics K.K., Japan) as
described previously [21]. The data were stored directly on
the hard drive and further processed with AQUACOSMOS
software (Hamamatsu photonics).

Immunocytochemistry

Cultured cells or isolated cells were stained with each
antibody (dilution, 1:50) and secondary Alexa-coupled
antibody (1:500) or rhodamine WGA (1:500) at the non-
fix condition or after fix with 4% PFA at RT for 5 min. In
some experiments, cells were stained with antibodies after
fixed with 4% PFA for 15 min at RT and permeabilized
with 0.1% TritonX-100 for 1 min at RT. Signals were
observed by confocal microscopy with an Olympus Fluo-
view FV1000 confocal microscope. A frozen section
(~5 uM) of muscles was stained with antibodies as descri-
bed previously [15]. Anti-flag Ab, anti-HA, and rabbit anti-
TRPV2 antibody against C-terminal cytoplasmic domain
(anti-TRPV2) were used as described previously [14—-16].

Intracellular Ca*" measurement

The measurement of the intracellular Ca>" concentration
was performed by a ratiometric fluorescence method
essentially as described previously [15, 17]. Briefly,
HEK?293 cells and myotubes were loaded with 4 uM fura-2
acetoxymethyl ester (fura-2/AM) for 30 min at 37 °C, and
maintained in balanced salt solution (BSS) (146 mM NaCl,
4 mM KCl, 2mM MgCl, 0.5 mM CaCl, 10 mM glucose,
0.1% bovine serum albumin, and 10 mM HEPES/Tris, pH
7.4); fura-2 fluorescence was measured using a fluorescence
image processor (Aquacosmos, Hamamatsu Photonics).
Agonist stimulation or mechanical stretch was performed in
BSS containing 2 or 5 mM CaCl,, Stimulation with 2-APB
was performed in BSS containing 2 or 5mM CaCl, and
adjusted to the lower pH (pH 6.5). In the case of screening
of inhibitable antibody, cells were plated on 96-well and

fura-2 fluorescence ratio at 340/380 was monitored using a
POLAR star Omega microplate reader (BMG Labtech,
Germany). All Ca>" measurements were carried out at room
temperature.

Application of cell-stretch to myotubes

Mechanical stretching was applied to myotubes using a
chamber. The silicon chamber with a transparent bottom
200 uM thick was attached to a stretching apparatus that was
driven by a computer-controlled stepping motor. Cells were
allowed to attach to the chamber bottom for the indicated
times, and monoaxial sinusoidal stretching was applied to the
silicon chamber at a constant strength from 5 to 20% elon-
gation at 1 Hz. The relative elongation of the silicone
membrane was uniform across the whole membrane area.
Stretching experiments were performed at 25 + 1 °C.

Enzyme assay and other procedures

CK activity in the medium was determined using an in vitro
colorimetric assay kit (CK Test Kit, Wako Pure Chem. Co.,
Osaka, Japan) according to the protocol provided by the
manufacturer. Quantitative immunoblotting analysis and
immunocytochemistry were performed as described pre-
viously [12, 24]. Protein concentration was measured using
a bicinchoninic acid assay system (Pierce Chemical Co.,
Rockford, IL) with bovine serum albumin as a standard.

Statistics

Unless otherwise stated, data were represented as means +
S.D. of at least three determinations.

All histochemical and physiological analysis was done
by investigators blinded to the treatments. We used
unpaired Student’s ¢ test and one-way ANOVA followed by
Dunnett’s test for statistical analysis. p <0.05 indicates
statistical significance.

Results
Production of neutralizing antibodies against TRPV2

We produced antibodies that specifically inhibit TRPV2
activity from the outside of cells using two strategies. (1)
mTRPV2 without tags (see Fig. S1 for the secondary
structure) was stably transfected into HEK293 cells, and
mice were immunized with cells overexpressing mTRPV2.
The resulting hybridoma supernatants were evaluated for
the inhibition of the agonist (2-APB)-induced increase in
cytosolic Ca®* by high throughput screening, following our
previously described methods [17]. A monoclonal antibody
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Fig. 1 Produced monoclonal and polyclonal antibodies recognize
TRPV2 from the extracellular side. a Equal amounts (10pg) of
lysates from HEK293 cells (HEK) or HEK293 cells stably expressing
mouse TRPV2 (mTRPV2) were subjected to immunoblot analysis
using control IgG (dilution, 1:500) or monoclonal antibody mAb88-2
(1:500). b Live HEK293 cells stably expressing mTRPV?2 were stained
with mAb88-2 or control IgG followed by Alexa488-conjugated sec-
ondary anti-mouse antibody. Scale bar: 50 pM. ¢ Immunoblot analysis
with preimmune rabbit serum or polyclonal antibody pAb591(1:500)
or polyclonal TRPV2 antibody (anti-TRPV2) (1:500) on HEK293 or
mTRPV2-transfectants. d Cells expressing mTRPV2 extracellularly
tagged with flag were fixed and incubated with preimmune serum plus
anti-flag antibody, or pAb591 plus anti-flag antibody without cell
permeabilization, and then cells were stained with the mixture of
Alexa488 or Alexa546-conjugated antibodies. Scale bar: 50 uM.

designated mAb88-2 was successfully obtained. (2) Eight
peptides corresponding to the extracellular loops of
mTRPV2 (Fig. S1) were synthesized and used to immunize
various hosts (rabbit, rat, mouse, and hen). Several anti-
bodies recognizing TRPV2 (Fig. S1B, C) were obtained.
Among these, two polyclonal antibodies, pAb591 and
pADb592, obtained from two rabbits were able to inhibit
TRPV2 activity from the outside of cells.

These antibodies specifically recognized mTRPV2
expressing cells (Fig. 1a, c). They were able to recognize
mTRPV2 expressed in the plasma membranes from the
outside of live cells (Fig. 1b) and nonpermeabilized fixed
cells (Fig. 1d). The antibodies mAb88-2 and pAb591
inhibited the agonist (2-APB)-induced increase in cytosolic
Ca*", indicating TRPV?2 activity, as measured using a plate
reader (Fig. 2a). Half maximal inhibitory concentrations of
pAb591 and mAb88-2 for the Ca’" increase induced by
0.5mM 2-APB were 5 and 1 pg/ml, respectively (Figs. 2b
and S2A). Figure 2c shows the fluorescence ratio imaging
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results. In HEK293 cells expressing mTRPV2, 2-APB
induced a substantial increase in the cytosolic Ca>" con-
centration, and this increase was efficiently inhibited by the
pADb591 antibody. Another TRPV2 stimulant, high tem-
perature (>52 °C), also induced a Ca’" increase, which was
inhibited by pAb591 (Fig. 2c). Thus, we successfully
obtained neutralizing antibodies that efficiently inhibit
TRPV2 activity from the outside of cells.

Epitope mapping and specificity of antibodies

Epitope mapping was performed using synthesized peptides.
Two peptides near the pore region within the third extra-
cellular loop were added to the nitrocellulose membrane:
peptide 6 (aa 568-589) and peptide 5 (aa 551-566) (see Fig.
S1A for positions of peptides). Surprisingly, in addition to
pAb591 and pAb592, mAbS8-2 also recognized peptide 6,
which was used for production of polyclonal antibodies, but
not peptide 5 (Fig. 3a). We synthesized 15 peptides (each 8-
mer) and determined a precise epitope for these antibodies.
The sequence GQEEEPVPY was a common epitope against
these antibodies (Fig. 3b). This sequence is specific for
TRPV2 among the TRPV family (Fig. 3c). Based on the
structure of the full-length rat TRPV2 channel determined by
cryo-electron microscopy [25] (PDB ID: 5HI9), we con-
structed a structural model of mTRPV2 (Fig. 3d, e). Inter-
estingly, the epitope was located in an ~30-amino-acid loop
connecting S5 to the pore helix, known as the pore turret,
which is implicated in channel gating, large organic cation
permeation, and pore dilation [26]. The core epitope
sequence GQEEEPVPY does not exist in other TRP family
members (Fig. 3¢). In fact, these antibodies did not recognize
or inhibit the other TRP channels TRPV1, TRPV3, and
TRPCI (data not shown). As expected based on a sequence
alignment (Fig. 3f), the antibodies did not recognize hTRPV?2
(data not shown); however, in contrast, the antibodies did
recognize hmTRPV2 that was expressed in the HEK293 cells
(Fig. S3A). Specifically, mAb88-2 and pAb591 detected
hmTRPV?2 that was expressed at the plasma membrane (Fig.
S3B), and furthermore, inhibited the 2-APB-induced intra-
cellular Ca®* increase (Fig. S3C). Similar doses of these
antibodies had a similar effect on hmTRPV2 as mTRPV2
(Figs. 2 and S2A). Thus, we used the results of the already
conducted in vivo mouse experiments (Fig. S2A, B) to
estimate an effective antibody dose for use in hamsters.

Protective effects of neutralizing antibodies on
J2N-k hamsters with muscular dystrophy

As the antibodies were effective for hmTRPV2 as well as
mTRPV2, we further evaluated whether they are able to
alleviate MD in J2N-k hamster models. As reported pre-
viously [17], perfusion with high Ca*" (5mM) and
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Fig. 2 Produced antibodies inhibits TRPV2-dependent Ca**
response from the outside. a, b Effect of antibodies on 2-APB-
induced intracellular Ca®* increase measured on 96-well plates using
plate reader. a HEK293 cells expressing mTRPV2 were stimulated
with 0.3 or 0.5 mM of 2-APB in the medium containing 5 mM CaCl,
at acidic condition (pH 6.5) in the absence (black bar) or presence of
0.01 mg/mL antibodies pAb591 (red) or mAb88-2 (blue). Means + S.D
(n=3), *p<0.05. b Concentration dependence (2, 5, and 20 ug/mL)
of antibody pAb591 for inhibition of the 2-APB-induced Ca®" increase
in mouse TRPV2 expressed HEK293 cells. Incubation of antibody was

subsequent 2-APB stimulation markedly raised [Ca’"); in
myotubes prepared from J2N-k hamster skeletal muscles
(Fig. 4a), while the same treatment did not induce marked
increases in [Ca2+]i in normal controls (J2N-n) [17].
Treatment with the pAb591 antibody suppressed the Ca*"/
2-APB-induced increase in [Ca2+]i in J2N-k myotubes
(Fig. 4a). The monoclonal antibody mAb88-2 also inhibited
the Ca®>" increase in J2N-k myotubes (data not shown).
These results suggest that Ca’" influx through TRPV2
contributes  substantially to abnormal Ca®" handling
observed in J2N-k myotubes. To examine the effect of the
antibody on mechanical stretch-induced muscle degenera-
tion, we applied cyclic stretching for 1 h to J2N-k myotubes
up to 20% elongation. Myotubes were treated with various
doses of pAb591 for 30min and subjected to cyclic
stretching. Treatment with the antibody reduced stretch-
induced CK release, an indicator of muscle damage, from
J2N-k myotubes by up to 70% (Fig. 4b).

To evaluate the effects on MD in vivo, control IgG or
mAbS88-2 was intraperitoneally injected into J2N-k ham-
sters at 9 weeks of age. Two weeks after injection, serum
CK levels, indicating muscle injury, were significantly

done 90 min before the measurement. Open bar, no 2-APB and no
antibody. Means =S.D (n=3), *p <0.05. ¢ Changes in intracellular
Ca®" response measured by Ca’'-ratio imaging apparatus. Ca**
increase in response to extracellular 2-APB (0.3, 0.5, and 1 mM) or
high temperature (>52 °C) in untransfected HEK293 cells (black trace)
and HEK293 cells expressing mTRPV?2 (red trace) loaded with fura-2.
In one experiment, 10 ug/ml of pAb591 was included 30 min before
the measurement in the medium for HEK293 cells expressing TRPV2
(blue trace). The data represent mean + SD (n = over 10 cells/group).

reduced in mAb88-2-injected hamsters (Fig. 4¢), suggesting
that the inhibition of TRPV2 activity prevented muscle
damage in J2N-k dystrophic hamsters. We previously
reported that TRPV2 is translocated from the intracellular
region to the plasma membrane under muscle damage
[14, 16]. As shown in Fig. 4d, endogenous TRPV2 was
detected in the plasma membrane of J2N-k hamster skeletal
muscles under control conditions (upper left and middle
panels of Fig. 4d). Control IgG was detected in the extra-
cellular regions (right upper panel of Fig. 4d), suggesting
that injected antibodies can reach the surface of skeletal
muscles. In contrast, mAb88-2 was diffusely distributed in
muscle cells (right lower panel of Fig. 4d) and endogenous
TRPV2 detected by the antibody against the cytosolic
domain was also localized mainly in the intracellular region
(left and middle lower panel of Fig. 4d). Such antibody-
induced internalization of TRPV2 was also observed in
HEK293 cells expressing TRPV2 (Fig. S4). These data
suggest that the inhibition of TRPV2 activity by mAb8&8-2
promotes the internalization of TRPV2. The administration
of mAb88-2 markedly reduced the fibrotic area in skeletal
muscles of J2N-k dystrophic hamsters (Fig. 4e).
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<« Fig. 3 Antibody production and epitope mapping. a Nitrocellulose

membranes dotted by each peptide (peptide 6, aa 568-589: peptide 5,
aa 551-566 corresponding to the third extracellular loop of mouse
TRPV?2 between S5 and S6, see Fig. S1A) were stained with indicated
antibodies. While pAb591 and pAb592 are antiserum from two rabbits
immunized with peptide 6, mAb88-2 is monoclonal antibody screened
for inhibition of TRPV2-induced Ca>* response. b Fifteen peptides (8-
mer for each) within the antigen peptide sequence (aa 568-589) were
synthesized and dotted on the membrane, and followed by immu-
nostaining with indicated antibodies. Two representative photographs
show the blots stained using pAb591 or control IgG. Signal intensity
was plotted for tested antibodies. The sequence marked by red color
was identified as a common epitope for three tested antibodies.
¢ Amino acid sequence alignment among the third extracellular loops
of mouse TRPV1 to TRPV6. Sequence used as an antigen for func-
tional antibody (pAb591) was indicated yellow. The peptide antigen
for the functional TRPV1 antibody reported by Klionsky et al. [35] is
shown green. d, e Tetrameric mouse TRPV2 structure model was
constructed from rat TRPV2 model (PDB ID: 5HI9) and the epitope
location was analyzed by Molecular Operating Environment (Chemi-
cal Computing Group, Canada). A parallel view to plasma membrane
from the extracellular side (d) and a vertical view to plasma mem-
brane, showing two facing subunits (e). Segments marked by red color
between S5 and S6 helices indicate the location of epitope. f Sequence
alignment of TRPV2 among different mammalian species. Position of
epitope is marked by red color. m mouse, r rat, hm hamster, h human.

Protection of heart failure by neutralizing
antibodies in J2N-k hamsters with cardiomyopathy

We next studied the effects of the antibodies on heart
malfunctions using 8-sarcoglycan-deficient J2N-k hamsters,
which develop DCM as well as MD. First, we checked the
localization of TRPV2 in freshly isolated cardiomyocytes.
Staining with mAb88-2 followed by an Alexa488-
conjugated secondary antibody was used to detect
hmTRPV2 from outside of cardiomyocytes from J2N-k
hamsters, in plasma membranes co-stained with rhodamine-
labeled wheat germ agglutinin (Fig. 5a). Intense sarco-
lemmal staining with mAb88-2 was observed only in car-
diomyocytes from J2N-k hamsters (Fig. 5a), consistent with
our previous observations [15] that TRPV2 is translocated
from the intracellular compartments to the plasma mem-
brane in cardiomyopathy. The treatment of cardiomyocytes
with tranilast, a TRPV2 blocker, reduced the sarcolemmal
localization of TRPV2 (Fig. 5a), suggesting that TRPV2
activity is required for the plasma membrane retention
of TRPV2 itself. Figure 5b and ¢ show Ca®" transients
under electrical stimulation at 1 Hz. Diastolic Ca>" levels
were significantly higher (J2N-k, 0.63 +0.03 vs. J2N-n,
0.52+0.03) and the increase in Ca®" by stimulation was
lower in J2N-k cardiomyocytes. An abnormal [Ca2+]i
increase was observed in response to exposure to 2-APB,
whereas the Ca®" transient was not so affected by 2-APB in
control J2N-n cardiomyocytes. The abnormal [Ca2+]i
increase induced by 2-APB and higher diastolic Ca*" levels
observed in J2N-k cardiomyocytes were inhibited by
mAb88-2 (Fig. 5c) as well as tranilast (Fig. 5b).

Cardiomyopathic (J2N-k) hamsters at 9 weeks of age,
(i.e., after initiation of the expected heart abnormalities),
were intraperitoneally injected twice (once a week) with
mADbS88-2 at a dose of 0.5 mg/kg for 2 weeks until reaching
11 weeks old. The serum concentration of mAb8&8-2 after a
single injection was generally stable for 1 week, although
the decay speed varied among animals (Fig. S2B). MAb88-
2 resulted in a significant improvement in cardiac function
as measured by echocardiography; in particular, end-
diastolic and end-systolic left ventricular internal dimen-
sions (LVIDd and LVIDs, respectively) were shortened
substantially by injection with mAb88-2 (Fig. 6a). FS and
ejection fractions (EF) were improved to nearly normal
levels (Fig. 6b and Table S1), while treatment with control
IgG was not effective (Fig. 6b and Table S1). While TRPV?2
was detected in the sarcolemma of J2N-k hamster hearts
injected with control IgG, TRPV2 levels were very low in
the plasma membrane after injection with mAb88-2 (Fig.
6¢). Thus, treatment with mAb88-2 markedly reduced the
surface accumulation of TRPV2 and thereby prevented
heart failure.

Protection of heart failure by neutralizing
antibodies in a 4C30 mouse model with dilated
cardiomyopathy at the end-stage

We studied the effect of mAb88-2 on end-stage DCM using
4C30 mice, a recently developed mouse model for human
DCM. The 4C30 mice died within 30—40 weeks of age due
to deteriorating heart failure [15]. 4C30 mice showed car-
diac dysfunction with a low FS (<20%) at 25 weeks of age
and more severe dysfunction at 27 weeks (FS < 10%)
(Table S2). However, mAb88-2 treatment dramatically
prevented the DCM histochemical morphology as well as
echocardiographic parameters of hearts (Fig. 7a and
Table S2). At 27 weeks, both the interventricular septal
walls (IVSW) and left ventricular free walls (LVFW) of
mice with DCM (IVSW, 0.49 +0.09 mM; LVFW, 0.59 =
0.10 mM) were significantly thinner than those of WT mice
(IVSW, 1.01 £0.13 mM; LVFW, 1.08 +0.13 mM); how-
ever, IVSW thinning was improved by treatment with
0.25 mg (DCM, 0.92 £0.08 mM) or 0.5 mg (WT, 1.10 +
0.17mM; DCM, 0.98+0.03 mM) mAb88-2. Likewise,
treatment with 0.25 mg (DCM, 1.02 £0.24 mM) or 0.5 mg
(WT, 1.20£0.09 mM; DCM, 1.12+0.24 mM) improved
LVFW thinning, (n =3 separate hearts/group). Treatment
with mAb88-2 reduced the heart weight to a nearly normal
level (Fig. 7b) and significantly improved heart function in a
dose-dependent manner (Fig. 7e and Table S2) but did not
affect other hemodynamic parameters (Fig. 7c, d). Out-
standing fibrosis was observed throughout the heart, but
especially at the apex and interseptum (Fig. 7f), and this
was highly reduced by mAb88-2 treatment (Fig. 7a, f, g).
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Fig. 4 Prevention of skeletal muscle damage by TRPV2-
neutralizing antibodies in dystrophic hamsters. a Typical traces
from the ratiometric scanning of fura-2 fluorescence in myotubes
prepared from dystrophic (J2N-k) hamsters. Fura-2-loaded myotubes
were placed in BSS containing 0.5 mM CaCl,, then exposed to BSS
containing 5 mM CaCl, at pH 6.5, and then 2-APB (0.3 and 0.5 mM)
in the absence (black line) or presence of antibody pAb591 (10 pg/mL)
(red). b Effect of antibody on the stretch-induced CK release from the
myotubes. Myotubes were placed on the elastic silicon chambers and
exposed to the continuous stretching in the absence or presence of
pADb591 (5 or 10 ug/ml) as described under “Materials and methods.”
The levels of CK released into the medium were measured. Means +
SD (n=3), *p<0.05. ¢ Antibody mADb88-2 or control IgG were

Half of the 4C30 mice (five of ten) died before 27 weeks,
but all mAb88-2-treated 4C30 mice (nine of nine) were
alive at 27 weeks. In wild-type mice, mAb88-2 did not have
detrimental effects on cardiovascular parameters (Fig. 7a—g)
or other parameters in a safety test, even for an overdose
(see “Materials and methods”). Thus, the functional anti-
body against TRPV2 also effectively ameliorated severe
DCM even in the end-stage and is promising for future
therapy.

Discussion

We successfully produced monoclonal and polyclonal
antibodies that inhibit the function of TRPV2 in vitro with
high specificity and potency. The antibodies recognize
TRPV2 in the plasma membrane from the outside of cells
and inhibit cytosolic Ca>" increases via TRPV2. Remark-
ably, the antibodies exhibited significant beneficial effects
in cardiomyopathy and MD in mouse and hamster models.

SPRINGER NATURE

injected into J2N-k hamsters at 9 weeks of age, and CK level in serum
was measured at indicated times. Means + SD (n = 3), *p <0.05 versus
control IgG injection in J2N-k hamsters. d Immunofluorescence of the
frozen section of skeletal muscles with DAPI (blue in merged image)
and rabbit anti-TRPV2 antibody against C-terminal cytoplasmic
domain (anti-TRPV2) to detect the endogenous TRPV2 (green). The
same section was triple stained with the Alexa546-conjugated sec-
ondary anti-mouse IgG (red) to detect the tissue localization of each
antibody (control IgG or mAb88-2) injected. Scale bars: 100 pM.
e Masson's trichrome staining of skeletal muscle sections from J2N-k
hamsters intraperitoneally injected with control IgG or mAbSS8-2.
Scale bars: 100 uM.

Thus, the antibodies developed in this study have promising
clinical applications and may be used as specific inhibitors
against TRPV2.

It is generally difficult to obtain functional antibodies
against multispanning membrane proteins, such as TRPV2
[27-30]. The production of neutralizing antibodies against
TRPV2 has been limited by the relatively small extra-
cellular loops for epitope candidates and high conservation
at the primary amino acid level, making it difficult to obtain
a robust immune response in mammalian hosts [31]. To
raise monoclonal antibodies that bind to extracellular
regions of multispanning membrane proteins, full-length
proteins in a membrane context by using whole cells or
liposome-reconstituted proteins have been used [32].
Therefore, after preliminary analyses using various hosts,
we used mice with an immune disease as host animals and
HEK293 cells expressing mTRPV2 as an immunogen to
generate functional monoclonal antibodies. Interestingly,
the epitope for mAb88-2 was located in the third extra-
cellular loop (E3) of TRPV2, the same region as epitopes
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Fig. 5 TRPV2 localization and the effect of mAb88-2 on Ca**
response in isolated cardiomyocytes from hamsters. a Cardio-
myocytes isolated from J2N-n or J2N-k hamsters were stained with
mAb88-2 followed by Alexa488-conjugated secondary antibody and
rhodamine conjugated-WGA (scale bar, 20 uM). In one experiment,
cardiomyocytes from J2N-k hamsters were treated for 30 min with
300 uM tranilast before staining. Their staining was done for 30 min at
4°C and washed with Tyrode solution. The images were captured
under the same conditions where the values of both excitation lasers
and HV were fixed. b Intracellular Ca>" transient and acute effects of
2-APB. Representative traces of the Indo-1 ratio in single

against polyclonal antibodies in rabbits, indicating that the
E3 region shows high immunogenicity and is important for
channel activity.

We obtained the first functional antibodies against
TRPV2 with an epitope in the E3 region. The epitope
identified in our study was located in the pore turret
(Fig. 3d, e), which contributes to expansion of the upper
gate, and is poorly resolved or deleted for structure
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cardiomyocytes electrically stimulated at 1 Hz from J2N-n (black) and
J2N-k (red) hamsters. Cardiomyocytes were exposed to 300 uM 2-
APB (indicated by arrow) during electrical pacing. 2-APB induces
abnormal Ca" increase only in J2N-k cells (left). In one experiment,
300 uM tranilast was added to J2N-k cardiomyocytes 30 min before
the measurement (right). ¢ Typical Ca®" transient traces of cardio-
myocytes shown in expanded time scale. J2N-k cardiomyocytes
showed the abnormal Ca®' increase upon stimulation with 2-APB
(middle panel). In presence of 10 pug/ml mAb88-2 included 30 min
before experiment, such abnormal Ca>" response was canceled (right
panel).

determination owing to its flexibility in cryo-EM studies of
full-length TRPV2 [25, 33]. The deletion of the pore turret
(A564-589) of rat TRPV2 diminishes the 2-APB-induced
Ca’" influx via TRPV2 [25]. Thus, it is possible that the
tethering of antibodies to the turret disrupts the interaction
of 2-APB with the channel or inhibits ion permeation. A
study of chimeric channels has shown that the N- and C-
terminal cytoplasmic domains may be important
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Fig. 6 Protection against cardiac dysfunction by mAbS88-2
administration in J2N-k hamsters. a Representative echocardio-
graphs (M-mode) obtained from J2N-k and J2N-n (normal counter-
parts) hamsters at 9 or 11 weeks of age. Control IgG or mAb88-2
antibodies were intraperitoneally injected into J2N-k hamsters as
described under “Materials and methods.” LVIDd and LVIDs indicate
the left ventricular internal dimension at diastole and systole, respec-
tively. b Time-dependent effect of mAb88-2 intraperitoneal (ip)
injection on the fractional shortening (FS) in J2N-k hamsters. Data
represent means = SD (n = 3), *p <0.05 versus control IgG in J2N-k.
¢ Immunofluorescence of the frozen section of cardiac muscles with
rabbit anti-TRPV2 antibody against C-terminal cytoplasmic region to
detect the endogenous TRPV2, in J2N-k hamsters at 11 weeks of age,
Scale bars: 100 uM.

determinants for 2-APB binding [34], and thus the turret
may not be critical for 2-APB binding. Furthermore, we
observed that in addition to the response to 2-APB, our
antibodies effectively reduced high temperature- or high
Ca®"-induced cytosolic Ca*" increases. These findings
suggest that the antibodies change the conformation of the
upper gate of TRPV2 to make it narrower or to stabilize the
closed conformation, rather than inhibit the interaction of
TRPV2 with 2-APB. In addition to measuring TRPV2-
mediated Ca*" influx to estimate TRPV2 activity, we also
examined the effects of the antibodies on TRPV2 channel
activity under voltage-clamp conditions. We showed that
the antibodies reduced the observed 2-APB-induced current
increase (1 pg/ml mAb88-2, 45% suppression; 25 pg/ml
pADb591, 73% suppression).

Recently, some functional antibodies targeting TRPV1
and TRPV2 have been reported to use [35, 36], however,
epitopes for these antibodies are different from the epitope
within the E3 region identified in our study. Interestingly,
mAb88-2 promoted the cellular internalization of TRPV2 in

SPRINGER NATURE

HEK?293 cells (Fig. S4), suggesting that antibody-mediated
inhibition of TRPV2 activity also occurs by a reduced
channel density in the plasma membranes, in addition to the
possible inhibition of ion permeation. We previously
showed that TRPV2 accumulates in the sarcolemma of the
heart and skeletal muscles in animals and patients with
DCM or MD, respectively [14, 15]. In this study, we also
confirmed that TRPV2 is expressed in the sarcolemma of
cardiomyocytes prepared from J2N-k, but not J2N-n ham-
sters using mAb88-2 recognizing the extracellular loop of
TRPV2 (Fig. 5a). A broad TRPV2 inhibitor, tranilast,
caused TRPV2 to disappear from the plasma membrane of
cardiomyocytes (Fig. 5a), consistent with our previous
results [15] showing that the retention of TRPV2 in the
sarcolemma requires the activity of TRPV2. Antibody-
mediated internalization has been reported in various ion
channels and transporters expressed on the cell surface,
such as the store-operated Ca’" channel subunit Orail [37],
two pore domain K* channels [38], the ABC transporter
family member ABCG?2 [39], and purinergic receptor P2X3
[40]. In some of these studies, antibody interactions were
suggested to lock the proteins in a discrete conformation
within the reaction cycle, leading to endocytosis. It is likely
that mAb88-2 stabilizes the TRPV2 channel conformation
to the closed state, thereby promoting efficient cellular
internalization via the intracellular trafficking pathway.
Further research is needed to elucidate the mechanisms by
which mAb88-2 exerts these effects.

Antibody-mediated internalization has strong therapeutic
potential, since the surface density of TRPV2 can be easily
decreased from the extracellular side, as confirmed by our
in vivo analyses. Intraperitoneally administering mAb88-2
reduced endogenous TRPV2 activity in the sarcolemma of
skeletal and cardiac muscles in J2N-k hamsters. It also
prevented muscle damage in MD, as shown by reduced
serum CK levels and muscle fibrosis. A beneficial effect
was also observed in the DCM hearts of J2N-k hamsters.
The administration of mAb88-2 dramatically improved
cardiac function; FS and EF recovered to the levels in
normal hamsters (J2N-n) (Fig. 6a, b and Table S1). High
diastolic Ca*" levels and small peak amplitudes of Ca*"
transients were observed in DCM cardiomyocytes, which
would lead to increases in LVIDd at diastole and LVIDs at
systole in vivo. These abnormalities were dramatically
improved by mAb88-2. Further, mAb88-2 also had bene-
ficial effects in 4C30 mice with end-stage DCM; it pre-
vented cardiac dilation, reduced heart weight and fibrosis,
and improved cardiac function, with no obvious detrimental
effects on healthy control mice, even for an overdose (over
4x the effective dose). Thus, the functional antibody against
TRPV2, probably via the cellular internalization of the
channel, effectively ameliorates DCM with different
underlying causes. Consistent with our results, the genetic
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Fig. 7 Protection against a
dilated cardiomyopathy by

mAb88-2 administration in the
mouse model 4C30.

a Representable Masson’s
trichrome staining of cardiac
sections from wild-type and
cardiomyopathic 4C30 mice at
27 weeks of age. The
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monoclonal antibody mAb88-2
(0.25 or 0.5 mg/kg) were
intraperitoneally injected into
4C30 mice once a week from
25 weeks of age. Amounts of
injected antibodies were
adjusted to 0.5 mg/kg by control
IgG. Scale bar: 1 mM. b Effects
of mAb88-2 injection on heart
weight/body weight ratio (HW/
BW), (¢) heart rate, (d) mean
blood pressure (MBP) and (e)
fractional shortening (FS).
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ablation of TRPV2 reduces hypertrophy caused by trans-
verse aortic constriction [41] and improves cardiac perfor-
mance following myocardial infarction [42, 43]. Further,
while aging is known to reduce cardiac performance and to
result in fibrosis and hypertrophy in mice, these aging-
related symptoms are retarded in TRPV2-knockout mice
[44]. These studies together with ours suggest that TRPV2
plays an important role in the development of age- as well
as mechanical stress-induced cardiac remodeling.
Antibody-based therapy is a rapidly growing field.
Therapeutic antibodies have been used to treat cancer and
immune diseases by targeting receptors or secreted pro-
teins [45, 46]. Although many ion channels are established
as drug targets, limited antibody therapeutics against ion
channels have been developed, especially for heart failure
therapy. To our knowledge, this is the first demonstration
that anti-TRP channel antibodies are effective for the
treatment of heart failure or degenerative muscle diseases,
at least in animal models. We recently reported that the
TRPV?2 inhibitor tranilast and new chemicals identified
based on the structure of tranilast prevent the severity of
cardiac dysfunction in animal models and in cardiomyo-
pathic patients with MD [15, 17, 47]. However, tranilast

mAb88-2
(mg/kg/week)

has various effects, such as inhibitory effects on urate
transporters [19], Nod-like receptor pyrin domain con-
taining three inflammasome [18], and sepiaterin reductase
[48]. Moreover, the half-life of tranilast in humans is ~5 h,
its continuous intake would be essential for maintaining
the inhibitory effect. Although tranilast has few or mild
side effects, continuous administration for more than
30 days may increase the chance of adverse effects,
such as liver damage, anemia, and renal dysfunction.
The risk or severity of adverse effects can be increased
when tranilast is taken with the anticoagulant drug war-
farin (https://www.drugbank.ca/drugs/DB07615). Com-
pared with tranilast, mAbs have many potential benefits
beyond selectivity, including accessibility, a longer dura-
tion of action leading to reduced dosing, mitigation of off-
target effects, and improved safety.

In summary, we developed functional antibodies against
TRPV2 with remarkable protective effects against DCM as
well as MD. The antibodies are rodent TRPV2-specific. The
development of antibodies specific to hTRPV?2 is required
for clinical purposes. Our results provide a basis for future
advances in the treatment of severe heart failure as well
as DCM.
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