
www.manaraa.com

Selection of an ASIC1a-blocking combinatorial
antibody that protects cells from ischemic death
Min Qianga,1, Xue Donga,b,c,d,1, Zhao Zhaa, Xiao-Kun Zuoe,f, Xing-Lei Songe, Lixia Zhaoa, Chao Yuana, Chen Huange,
Pingdong Taoa,b,c,d, Qin Hue, Wei-Guang Lie, Wanhui Hug, Jie Lia,b,c,d, Yan Niea, Damiano Burattoa, Francesco Zontaa,
Peixiang Maa, Zheng Yua,b,c,d, Lili Liua, Yi Zhanga, Bei Yanga, Jia Xieh, Tian-Le Xue, Zhihu Qua,2, Guang Yanga,2,
and Richard A. Lernera,h,2

aShanghai Institute for Advanced Immunochemical Studies, ShanghaiTech University, 201210 Shanghai, China; bSchool of Life Science and Technology,
ShanghaiTech University, 201210 Shanghai, China; cInstitute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chinese Academy
of Sciences, 200031 Shanghai, China; dUniversity of Chinese Academy of Sciences, 100049 Beijing, China; eCollaborative Innovation Center for Brain Science,
Department of Anatomy and Physiology, Shanghai Jiao Tong University School of Medicine, 200025 Shanghai, China; fDepartment of Neurosurgery,
Affiliated Haikou Hospital, Xiangya Medical College of Central South University, 570100 Haikou, China; giHuman Institute, ShanghaiTech University, 201210
Shanghai, China; and hDepartment of Chemistry, Scripps Research Institute, La Jolla, CA 92037

Contributed by Richard A. Lerner, June 21, 2018 (sent for review April 26, 2018; reviewed by Ernesto Carafoli and Fred H. Gage)

Acid-sensing ion channels (ASICs) have emerged as important,
albeit challenging therapeutic targets for pain, stroke, etc. One
approach to developing therapeutic agents could involve the gener-
ation of functional antibodies against these channels. To select such
antibodies, we used channels assembled in nanodiscs, such that the
target ASIC1a has a configuration as close as possible to its natural
state in the plasma membrane. This methodology allowed selection
of functional antibodies that inhibit acid-induced opening of the
channel in a dose-dependent way. In addition to regulation of pH,
these antibodies block the transport of cations, including calcium,
thereby preventing acid-induced cell death in vitro and in vivo. As
proof of concept for the use of these antibodies to modulate ion
channels in vivo, we showed that they potently protect brain cells
from death after an ischemic stroke. Thus, themethodology described
here should be general, thereby allowing selection of antibodies to
other important ASICs, such as those involved in pain, neurodegen-
eration, and other conditions.
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Acid-sensing ion channels (ASICs) are voltage-insensitive
cation channels belonging to the degenerins/epithelial Na+

channel superfamily of ion channels (1, 2). In vertebrates, there
appears to be at least five ASIC isoforms (ASIC1–ASIC5). Several
splicing variants have also been identified for ASIC1 (a and b),
ASIC2 (a and b) in rodents and humans, and ASIC3 (a–c) in
humans (2). The ASIC proteins consist of a large extracellular
domain (ECD), two helical transmembrane domains, and in-
tracellular N and C termini (3). Different ASIC isoforms and
splicing variants can combine to form different functional homo-
meric or heteromeric ASICs on the cell membrane. As the pri-
mary acid sensors in responding to extracellular pH perturbation,
ASICs are widely distributed in central and peripheral nervous
systems throughout the body (4). They are highly expressed in
neuronal and nonneuronal cells to ensure normal cellular func-
tions via precisely gauging the acidic microenvironment of each
individual cell (5). In the nervous system, ASICs on different
sensory cells have been implicated in nociception, mechano-
sensation, and taste transduction, whereas outside the nervous
system, functions of these channels are less understood (4).
Under normal physiological conditions, the extracellular pH is

tightly controlled and maintained at around 7.4 (6). Extracellular
acidosis results in a sustained decrease in the extracellular pH, a
process always accompanied by underlying pathology (7).
In the CNS, ASICs are involved in the synaptic plasticity, learn-

ing, and memory (8–10). Brain injury that occurs in inflammation
and stroke results in local tissue acidosis and the activation of ASICs
(11, 12). The key ASIC protein activated in neuronal injury was
shown to be the ASIC1a subtype (11, 13). This subtype has a higher
sensitivity to protons and appears to be both sodium and calcium

permeable (14). During severe ischemic stroke, deprivation of ox-
ygen due to the reduction of blood flow increases anaerobic me-
tabolism, leading to the accumulation of lactic acid outside the cells
(15). Buildup of lactic acid and H+ release from ATP hydrolysis
induce a drastic decrease in the extracellular pH value (i.e., pH 6.0)
(15). In addition to extracellular acidosis, transient increase of cal-
cium induced by the opening of the channel is a trigger that sets in
motion still unknown processes that initiate neuronal damage (11).
It is often overlooked that ASIC1a also has higher proton perme-
ability than sodium when activated (1), and that the proton influx
during acidosis may also induce cell death. The Ca2+-permeable
ASIC1a (and its activation), thus, represents a therapeutic target in
neuronal injury (16, 17).
The activity of ASICs is known to be regulated by different

mechanisms, such as induction of steady-state desensitization (SSD),
stabilization of the closed state, and blockage of the channel pore,
etc. Multiple ASICs modulators have been identified, including di-
valent and trivalent ions (18); small drug molecules, such as ami-
loride (1, 19) and nonsteroidal antiinflammatory drugs (20, 21); the
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mammalian neuropeptides (RFmide family) (22); endogenous cat-
ionic polyamines, such as spermine (23, 24); and venom peptides,
such as PcTx1 (25), APETx2 (26), mambalgins (27), MitTx (28), and
Hi1a (29). These venom peptides seem to be the most potent and
subtype-selective ASICs modulators identified so far (5). However,
animal venom peptides, despite their high potency and selectivity,
are biologically unstable in humans. Thus, given their general im-
portance, there is a growing demand to identify novel ASIC mod-
ulators with greater potency, subtype selectivity, and biological
stability. Herein, we use the combinatorial antibody library ap-
proach (30–32) to select an antibody that is a highly potent and
functional inhibitor of the ASIC1a subtype channel.
We applied a “differential enrichment” strategy using a soluble

nanodisc assembly containing a recombinant truncated human acid-
sensing ion channel 1a (ΔhASIC1a; 13–464 amino acids). Mono-
clonal antibodies specific to the ΔhASIC1a were enriched and se-
lected from a single-chain Fv (scFv) antibody library in phage
containing 1011 members. One antibody, ASC06, showed potent,
sustained, and highly selective ASIC1a antagonist activity and pro-
tected cells from acid-induced death. In a mouse middle cerebral
artery occlusion (MCAO)-induced ischemia stroke model,
ASC06 also significantly reduced the infarct size 2 h after stroke,
showing a strong neuroprotective effect.

Results
Selection of Functional Antibodies Against hASIC1a Using Nanodiscs.
Removal of the residues at the N- and C-terminal domains
(amino acids 1–12 and 465–528, respectively) of hASIC1a has
been shown to significantly increase the functional protein ex-
pression of hASIC1a (33). We overexpressed and purified the
truncated ASIC1a (amino acids 13–464; ΔhASIC1a) to assemble
a soluble hASIC1a-displaying system. Nanodiscs were used to
mimic the native-like membrane environment and keep the
natural extracellular conformation of hASIC1a. The ΔhASIC1a-
loaded nanodisc (ΔhASIC1a nanodisc) was further purified on
Superose 6 size exclusion chromatography (SEC). Then, the
composition of ΔhASIC1a nanodisc was analyzed using SDS/
PAGE (SI Appendix, Fig. S1A). Densitometric analysis of the
SDS/PAGE bands corresponding to membrane scaffold protein
1 (MSP1) and monomer ΔhASIC1a revealed that the molar ratio of
MSP1 and ΔhASIC1a is ∼2:3 (SI Appendix, Fig. S1A). The homo-
geneity and diameter of the ΔhASIC1a nanodiscs were further
confirmed by dynamic light scattering (SI Appendix, Fig. S1B). The
apparent diameter of the assembled nanodiscs is about 15.5 nm,
larger than that of the empty nanodiscs (ca. 0.10 nm) and consistent
with the incorporation of the ΔhASIC1a proteins in nanodiscs. In
accordance, the largest distance in the computation model of the
ΔhASIC1a nanodisc is ∼14.8 nm, which is from the ECDs to the
nanodisc (SI Appendix, Fig. S1B). Both the ΔhASIC1a nanodiscs
and the empty nanodiscs were biotinylated for selections against the
combinatorial antibody phage library.
Streptavidin-coated magnetic beads combined with the bio-

tinylated nanodiscs were used in the panning of a human scFv
combinatorial antibody library in phage containing 1011 mem-
bers. To minimize the nonspecific interactions of the phagemids
with the nanodisc structure, a differential enrichment strategy
using empty nanodiscs was used as described in Materials and
Methods. In SI Appendix, Fig. S1C, the comparison of the ELISA
signals for the control and the antigen-specific nanodisc targets
after three rounds of selection is shown. A significant increase in
the ELISA signal was observed in the ΔhASIC1a nanodisc
group, indicating an enrichment of the scFv antibodies specific to
the ΔhASIC1a component of the nanodiscs.

Biophysical Characterization of the Selected Antibodies. Sequencing
of the phagemids collected from the ΔhASIC1a nanodisc group
after the third round of selection identified six highly repetitive
sequences. The corresponding scFvs were expressed and purified

as a fusion antibody containing the Fc domain of human IgG1.
The six scFv-Fc antibodies (molecular mass ∼55 kDa in reduced
form) were purified and analyzed by SDS/PAGE. As shown in SI
Appendix, Fig. S1D, all six (ASC01–ASC06) purified scFv anti-
bodies could specifically recognize the ΔhASIC1a nanodiscs,
with ASC04 and ASC06 showing the strongest affinities. Im-
munocytochemistry (ICC) studies show that ASC02, ASC03,
ASC04, and ASC06 were able to label the plasma membranes of
cells expressing hASIC1a-eYFP, where ASC06 showed the most
significant colocalization with hASIC1a-eYFP on the stained
membrane (SI Appendix, Fig. S1E).
The ASC06 antibody was next converted into a full-length

IgG1 form (ASC06-IgG1). The yields after purification of ASC06-
IgG1 and ASC06 were similar at ∼78 mg/L (SI Appendix, Fig. S1F).
To characterize the interaction between ASC06-IgG1 and
hASIC1a, the 6H7 stable line expressing the hASIC1a-eYFP fu-
sion protein was used in a Western blot analysis. As shown in SI
Appendix, Fig. S2A, ASC06-IgG1 could not recognize the hASIC1a
in the 6H7 lysate by Western blot analysis. By contrast, both the
commercial goat polyclonal anti-ASIC1 antibody and the anti-eYFP
antibody were able to detect the hASIC1a-eYFP protein in the
6H7 lysate at molecular mass around 100 kDa. We thus reasoned
that ASC06-IgG1 recognizes structural epitopes on properly folded
and assembled hASIC1a trimer rather than a linear epitope. We
next used ASC06-IgG1 to pull down native hASIC1a-YFP in cell
lysate followed by anti-eYFP Western blot for hASIC1a-YFP
detection. As shown in SI Appendix, Fig. S2B, a clear band of
∼100 kDa representing the hASIC1a-eYFP was observed, in-
dicating that ASC06-IgG1 recognizes hASIC1a in a conformation-
dependent manner.
To better understand the nature of the antibody binding,

negative staining EM studies were carried out on the ectodomain
of hASIC1a (hASIC1a-ECD) and ASC06 in Fab format (ASC06-
Fab). Similar to ΔhASIC1a, hASIC1a-ECD exists as homotrimer
in solution, which forms stable complex with three ASC06-Fabs
(SI Appendix, Fig. S3). As the unprocessed negative staining EM
image reveals, most of the particles showed a triangular arrange-
ment for the formed complex; meanwhile, particles of boomerang
shape and other shapes were also observed, which likely represent
complexes with one or two ASC06-Fabs missing (Fig. 1A). Then, a
total of 5,064 triangular-shaped particles were manually selected
from 100 micrographs (Fig. 1B) followed by reference-free 2D
class averages analyses using the Xmipp CL2D function (Fig. 1C).
In the 2D averages analyses results, triangular-shaped complexes
with clear domain divisions were shown, showing the interactions
of ASC06-Fab onto a trimer configuration of hASIC1a-ECD.
Combining molecular docking and molecular dynamics simula-
tion, we were able to obtain a model that coarsely reproduces the
apparent experimental geometry (Fig. 1D). The model predicts
that each ASC06-Fab binds to a surface formed by two hASIC1a-
ECD subunits, in agreement with the fact that the antibody rec-
ognizes hASIC1a in a conformation-dependent manner (Fig. 1D
and SI Appendix, Fig. S2).
Like ASC06, ASC06-IgG1 showed significant membrane coloc-

alization with hASIC1a on the cellular surface (Fig. 2A). The
binding affinities of ASC06-IgG1 with the purified ΔhASIC1a and
the full-length hASIC1a when expressed on a cell surface were then
measured using surface plasmon resonance (SPR) and quantitative
FACS, respectively. The apparent Kd value of ASC06-IgG1 for the
purified ΔhASIC1a is 7.9 nM (SI Appendix, Fig. S4A). As a positive
control, the venom peptide PcTx1 fused with Fc (PcTx1-Fc),
showed an apparent Kd of 1.0 nM against the ΔhASIC1a (SI Ap-
pendix, Fig. S4B), consistent with reports in the literature (33).
The interaction between ASC06-IgG1 and the membrane

hASIC1a on the 6H7 cells (stable hASIC1a-eYFP expression) was
quantitated using a FACS-based assay as shown in Fig. 2B. The
apparent EC50 (concentration for 50% of maximal effect) value
was determined to be 2.06 ± 0.01 nM, which is consistent with the
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measured Kd value (7.9 nM) against the purified ΔhASIC1a, in-
dicating that the truncated hASIC1a and cell surface-expressed
full-length hASIC1a share a similar extracellular conformation.

Binding Selectivity. The sequence homology of ASIC1a between
human and rodent is high (>95%), whereas the sequence homology
of the ASIC subtypes is low (<50%). The sequence difference be-
tween the splicing variants of the same subtype, such as hASIC1a
and hASIC1b, is located at the cytoplasmic N terminus and the first
transmembrane domain (34). To test the species and subtype se-
lectivity of ASC06-IgG1, we constructed vectors encoding hASIC1b-
eYFP fusion, rat acid-sensing ion channel 1a (rASIC1a)-eYFP fu-
sion, mouse acid-sensing ion channel 1a (mASIC1a)-eYFP fusion,
hASIC2a-eYFP fusion, hASIC2b-eYFP fusion, and hASIC3a-eYFP
fusion. The CHO-K1 cells were transiently transfected with these
plasmids. FACS-binding assay and ICC were carried out to deter-
mine if ASC06-IgG1 is able to bind to the different ASICs expressed
on the cell surface. ICC staining showed membrane colocalization of
ASC06-IgG1 with hASIC1a-eYFP, rASIC1a-eYFP, and mASIC1a-
eYFP, consistent with the high sequence homology between human
and rodent ASIC1a (Fig. 2A).
FACS results revealed that ASC06-IgG1 recognized only

hASIC1a but not hASIC1b, hASIC2a, hASIC2a/2b, or hASIC3a
(Fig. 2C), indicating a highly specific subtype selectivity.
The binding specificity of ASC06-IgG1 was also shown using the

primary cortical neurons from the ASIC1a KO mice (ASIC1a−/−).
As expected, the primary neurons from the KO mice showed no
apparent binding to ASC06-IgG1 in the merged differential in-
terference contrast (DIC) microscope view. When the neurons
were transiently transfected with hASIC1a-mCherry, the expres-
sion of hASIC1a on the membrane of the neuron was validated
and visualized by ASC06-IgG1 (Fig. 2D). Furthermore, the am-

plified view of ASC06-IgG1 signal in neuritis showed that the
transiently expressed and ASC06-IgG1–labeled hASIC1a was lo-
cated mainly in the postsynaptic dendrites of neurons (Fig. 2D),
consistent with the reports in the literature (35).

Functional Characterization of Selected Antibodies. The function of
ASC06-IgG1 was characterized by electrophysiology studies of
the acid-induced, hASIC1a-mediated electrical current in cells.
Decreasing the extracellular pH value (from pH 7.4 to pH 6.0)
resulted in the formation of an electric current in the 6H7 stable
cell line overexpressing the hASIC1a-eYFP on the membrane
(Fig. 3A). The amplitudes of the hASIC1a-mediated inward
currents of the 6H7 cells were recorded and quantitated in the
absence and presence of ASC06-IgG1, with PcTx1 (100 nM) as
the positive control (Fig. 3A). As shown in Fig. 3 B and C,
ASC06-IgG1 displayed a sustained (30 min) and dose-dependent
inhibition of up to 80% of the acid (pH 6.0)-induced currents
with an apparent IC50 value of 85 ± 6 nM. In contrast, the
positive control PcTx1 showed a nearly complete inhibition of
the current (Fig. 3 A and C). Unlike the sustained inhibition with
the antibody after washing, the inhibition with PcTx1 could be
readily washed out within 5 min (Fig. 3C).
To understand the mechanism by which ASC06-IgG1 blocked

the hASIC1a currents, SSD and pH activation of hASIC1a in the
absence and presence of ASC06-IgG1 were examined. The pH50
(a drop in extracellular pH, which can open 50% of the ASIC1a
channel) values of the SSD curve and the pH activation curve for
hASIC1a were measured and compared with or without 300 nM
ASC06-IgG1. As shown in Fig. 3 D and E, the SSD was induced
when applying the conditioning extracellular fluids (ECFs) with
different pH values and the activating ECF at pH 6.0, whereas the
pH activation curve was constructed when applying the activating
ECFs with varying pH values and the conditioning ECF at pH 7.6.
No significant differences in the pH50 values of SSD and pH ac-
tivation were observed with 300 nM ASC06-IgG1. In addition, the
representative traces of both SSD and activation of ASIC1a cur-
rents treated with/without ASC06-IgG1 were displayed in SI Ap-
pendix, Fig. S5. By contrast, PcTx1 inhibition results in a marked
alkaline shift in the curves of SSD and pH activation (36); ASC06-
IgG1 seemed to block the activation of the hASIC1a using a
mechanism that is noncompetitive with the proton concentration.
The calcium influx of the ASIC1a was measured on a FLIPR

instrument using the stable cell line 4C12 expressing hASIC1a-
mCherry fusion. In the 4C12 cells, the activation of the homo-
meric hASIC1a at pH 6.0 at the 10th second of recording seemed
to induce a strong calcium influx, whereas the acid-induced
calcium influx was not observed for the CHO-K1 cells without
hASIC1a expression (SI Appendix, Fig. S6A). As shown in Fig. 3
F and G, the hASIC1a-specific antibody, ASC06-IgG1, displayed
a dose-dependent inhibition of calcium influx with an IC50 of
2.9 ± 0.2 nM. By contrast, the nonselective small molecule
ASICs blocker, amiloride, showed only 21% inhibition at 30 μM
(SI Appendix, Fig. S6).

The Selected Antibody Prevents Acidosis-Induced Cell Death in Vitro.
Extracellular acidosis in stroke or ischemia–reperfusion injury is
known to induce the activation of ASICs, which leads to neuronal
death in the CNS, most likely through transient increase of in-
tracellular calcium and related cell signaling mediated by ASICs
(14). The highly potent inhibition of the hASIC1a-mediated cal-
cium influx by ASC06-IgG1 (Fig. 3 F and G) prompted us to
further investigate the protective role of ASC06-IgG1 in acidosis-
induced cell death. We began by testing the tolerance of ASC06-
IgG1 to acidic conditions. A concentrated ASC06-IgG1 solution
(3.3 μM) was incubated at different pH values (from 7.4 to 5.0) for
6 h at 37 °C and subjected to SEC-HPLC analysis. No significant
degradation or aggregation of ASC06-IgG1 was observed (SI Ap-
pendix, Fig. S7). The survival of cells was next assessed by measuring

Fig. 1. Negative-staining EM analysis of the hASIC1a-ECD and ASC06-Fab
complex. (A) Subarea of an unprocessed image of negatively stained
hASIC1a-ECD and ASC06-Fab complex. (Scale bar: 50 nm.) (B) Representative
single particles selected from A. (Scale bar: 10 nm.) (C) Corresponding rep-
resentative class averages based on single particles (n = 5,064). (Scale bar:
10 nm.) (D) Molecular dynamics simulation of the complex from both top
and bottom views of the ion channel.
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Fig. 2. Species and subtype specificities of ASC06-IgG1. (A) Confocal images of ASC06-IgG1–labeled CHO-K1 cells (red), which were transiently transfected
with hASIC1a-eYFP, mASIC1a-eYFP, and rASIC1a-eYFP (green). DAPI (blue) was used to label the nuclei of cells. (Scale bar: 10 μm.) (B) Dose-dependent in-
teraction of ASC06-IgG1 to the 6H7 stable line expressing the hASIC1a-eYFP fusion protein with an apparent EC50 value of 2.06 ± 0.01 nM (n = 3). (C) FACS
sorting of the CHO-K1 cells transiently transfected with hASIC1a-eYFP, hASIC1b-eYFP, hASIC2a-eYFP, hASIC2a/2b-eYFP, and hASIC3a-eYFP in the presence of
ASC06-IgG1. The association of ASC06-IgG1 with the different subtypes of cell surface hASICs was confirmed by the double-positive cell population consti-
tuting eYFP and Alexa555 fluorescences [in the upper right (UR) area of the FACS result; cell number displayed in each plot is 10,000]. (D) Confocal images of
ASC06-IgG1–labeled primary neurons (green) from cortex of the mASIC1a KO mice sparsely transfected with hASIC1a-mCherry (red). DIC view shows the
merged bright field of neurons. Lower shows the amplified fields of neuritis indicating that ASC06-IgG1 binding occurs in the postsynaptic dendrites.

E7472 | www.pnas.org/cgi/doi/10.1073/pnas.1807233115 Qiang et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 J
an

ua
ry

 3
, 2

02
2 

www.pnas.org/cgi/doi/10.1073/pnas.1807233115


www.manaraa.com

the enzymatic activities of cytoplasmic dehydrogenases and the
concentrations of lactate dehydrogenase (LDH) secreted into the
cell media, which reflect the cell viability and cytotoxicity, re-
spectively. As shown in Fig. 4 A and B, the 6H7 stable cell line (bars
on the right in Fig. 4 A and B) showed a higher degree of pH
sensitivity than the control CHO-K1 cell, especially at pH 5.5, sug-
gesting that the observed enhanced response to acid was mediated
through the hASIC1a on the membrane. Under the same experi-
mental conditions and at pH 5.5, ASC06-IgG1 showed a significant
dose-dependent protective effect (Fig. 4 C and D). In the presence
of 1 μM ASC06-IgG1, ∼45% of the ASIC1a-expressing stable cells
(6H7) survived at pH 5.5 compared with about a 5% survival rate in
the absence of the antibody. Consistent with Cell Counting Kit-8
(CCK-8) result, the concentration of LDH released into cell media
decreased after the addition of ASC06-IgG1 in a dose-dependent
manner (Fig. 4D).

The Selected Antibody Protects Brain Cells in Vivo. To determine if
the protective effect of antibody ASC06-IgG1 in vitro could be
extended to pathologies in vivo, we used the MCAOmodel to study
the antibody’s neuroprotective effect. Ischemia was induced by
MCAO on the left brain hemisphere of the mice for 60 min before
reperfusion. Three hours after ischemia, a total of 4 μL of the ve-
hicle solution (PBS) containing 100 nM PcTx1 or 3.0 μg/μL ASC06-
IgG1 was injected intracerebroventricularly (i.c.v.) into the contra-
lateral hemisphere of test mice. An irrelevant antibody (Isotype)
with the same concentration of ASC06-IgG1 was administrated as a
negative control. The infarct volumes of the cortex and striatum
were calculated 24 h after the injection (Fig. 5A). In the PBS group,
ischemia induced a marked infarct in brain (∼42% volume com-
pared with the contralateral brain region). PcTx1 markedly de-
creased the infarct volume to about 17%. Isotype antibody did not

show any protection effect. However, like PcTx1, the group treated
with ASC06-IgG1 showed a significantly reduced infarct volume
(decrease to about 23%), indicating a potent neuroprotection effect
of the antibody against stroke (Fig. 5B).

Discussion
The use of combinatorial antibody libraries to generate approved
and candidate therapeutic antibodies has seen many iterations
(31). Initially, such antibodies were selected against targets where
one simply wanted to remove substances from the body regardless
of whether they were cancer cells or proteins. For example, some
proteins of interest were products of immunological and in-
flammatory cascades, where it has long been realized that the side
effects from an immune response may be harmful. These side
effects, often termed the “shrapnel” of the immune response, were
initially focused on effector-activating immune complexes but in
modern times, concern molecules, such as cytokines and lym-
phokines. The next iteration involved the generation of functional
antibodies, where the antibodies were, for example, agonists that
regulated cellular differentiation. Such antibodies bind to cellular
receptors and induce the cells to differentiate along normal or
alternative pathways (31). Here, we propose a third iteration for
the use of therapeutic antibodies based on the realization that, like
immune effector proteins, many cells are unable to properly nav-
igate the space between doing good by properly regulating cell
physiology and doing harm by overshooting the response. This is
especially true in pathological situations. This ability to achieve a
properly balanced physiological response is best observed for
channels, such as ASIC, where channel opening restores proper
physiology, but if the channel remains open too long, cell death can
occur. Thus, in strict analogy to the use of antibodies to remove
“overshoot” products of immune defense, we amalgamate the

Fig. 3. Electrophysiology studies of ASC06-IgG1. Data are shown as mean ± SD of five repeats. (A) The representative current traces from one single hASIC1a stable
CHO-K1 cell in the absence or presence of different doses of ASC06-IgG1 (100 or 300 nM). PcTx1 acts as a positive control, and “Wash” represents the recovery of the
current after the treatment of 300 nM ASC06-IgG1 followed by a 15-min infusion of washing solution. (B) Dose-dependent inhibition of ASC06-IgG1 to the acid-
induced hASIC1a currents. The apparent IC50 value is measured to be 85 ± 6 nM (n = 3–5). (C) The washout experiments of ASC06-IgG1 and PcTx1 inactivation of
hASIC1a current are shown as the plot of relative currents vs. washout time (minutes; n = 4). (D) Effect of ASC06-IgG1 on the SSD profile of the hASIC1a (n = 6–8). (E)
Effect of ASC06-IgG1 on the proton activation profile of the hASIC1a (n = 5). (F) Dose-dependent inhibition of ASC06-IgG1 to the acid-induced calcium influx (n = 6).
(G) The representative progression curves of the acid-induced calcium influx in the hASIC1a-mCherry–overexpressing stable CHO-K1 cells (4C12) in the presence of
various concentrations of ASC06-IgG1 (from 30 to 0.12 nM in 1:3 serial dilutions). Ctrl, currents were measured in absence of ASC06-IgG1; N.S., not significant.
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concepts of binding and functional antibodies to regulate cellular
processes that might become harmful to the host.
Since the role of calcium influx in the acidosis-induced neuron

death has not been well-elucidated, we suspect that the transient
increase of cytoplasm calcium induced by the opening of the
ASIC1a is a trigger that sets in motion still unknown processes
that initiate cell death. The conformational change of the C ter-
minus of ASIC1a was also proposed to be a mechanism for
acidosis/ischemia-induced neuron death, which could be an al-
ternative mechanism other than calcium overload (13). The
electrophysiological data show that the antibody blocks the
ASIC1a in a very efficient manner. There are important differ-
ences between our antibodies and the PcTx1 venom peptide. Al-
though the onset of inhibition by the antibody is slower than PcTx1
(it takes about 15 min to reach maximal inhibition), the inhibition
effect is longer sustained (even after washout for 30 min, it still has
not changed too much). The blocking mechanism also seems to be
independent of changing the affinity of protons for channel
binding, as preconditioning with the antibody does not alter the
SSD (Fig. 3D and SI Appendix, Fig. S5A). Additionally, the
channel pH sensitivity is not changed by the antibody (Fig. 3E and
SI Appendix, Fig. S5B), which suggests that its mechanism is very
different from the classical ASIC1a blocker venom peptide PcTx1.
PcTx1 inhibits channel opening by increasing the apparent affinity
of the channel for protons, thereby shifting the SSD to higher pH
values. For instance, when PcTx1 is used to treat pain, tolerance to
the analgesic effects can be developed in a way that resembles
repeated morphine injections (37). Since the antibody does not
interfere with the apparent proton affinity, we thus speculate that
it may block the channel by indirectly affecting the conformational
changes of the C terminus of ASIC1a to exert the protection effect
(13). However, because the antibody blocks the channel by a to-
tally different mechanism, it could possess unparalleled potential
as a therapeutic candidate for the ASIC1a target. Furthermore, it
has been reported that hASIC1a has a higher membrane traf-

ficking than mASIC1a, although they share 98% of amino acid
identity (38). The exogenous expressed hASIC1a seemed to gen-
erate higher currents than mASIC1a, implicating that ASIC1a
could play a more important role than what we have learned from
rodent mice in human stroke (39). Thus, we are in the process of
testing this and other antibodies to different ASICs for their ef-
ficacy in the treatment of chronic pain.

Materials and Methods
Reagents and Abbreviations. All of the reagents were purchased from Sigma
or as otherwise stated at the highest analytical grades. The recombinant
protein symbols are used in the format where an italicized lowercase letter of
the initial of species (e.g., human, mouse, rat, etc.) is used as the first letter in
the symbol followed by the gene name (e.g., hASIC1a represents the hASIC1a
protein). Antibodies were assigned a number arbitrarily by us, like ASC00,
according to the panning results. The arbitrary number with or without the
“-IgG1” symbol represents the antibody in the format of scFv fused with Fc
or full-length IgG1 (IgG1), respectively. All abbreviations are defined at their
first occurrence in the paper.

Cell Culture. The CHO-K1 cell line (#CRL-9618; ATCC) was maintained in an F-
12k media (#21127022; Gibco) containing 10% (vol/vol) FBS (#1600074;
Gibco), whereas the FreeStyle 293F (#R79007; ThermoFisher Scientific) cell
line was cultured in a Freestyle 293 expression media (#12338026; Thermo-
Fisher Scientific). Spodoptera frugiperda 9 (Sf9) cells (#12659017; Thermo-
Fisher Scientific) was cultured at 27 °C in an ESF921 media (#96–001-01;
Expression Systems). Primary cortical neurons dissected from E18-d-old C57
BL/6 mice or ASIC1a−/− mice were maintained in a Neurobasal media
(#21103049; Gibco) supplemented with B27 (#17504044; Gibco) and Glutamx
I (#35050061; Gibco).

The CHO-K1/hASIC1a stable cell line overexpressing the full-length
hASIC1a (1–528 amino acids) channel was generated as follows. The cDNA
of the full-length hASIC1a with a C-terminal eYFP fusion or a C-terminal
mCherry fusion was constructed, cloned into a pCDNA3.1-Neo–expressing
vector, and transfected into the CHO-K1 cells using Lipofectin 2000. The
CHO-K1/hASIC1a stable cell line was selected by the antibiotic, geneticin (up
to 1 mg/mL), and validated by the fused fluorescence proteins eYFP (λex =
488 nm; λem = 528 nm) and mCherry fluorescence (λex = 587 nm; λem =
610 nm) using flow cytometry. In the presence of 200 μg/mL geneticin, over
80% positive cells survived when cultured for 30 d. The clonal stable lines
were sorted out using a flow cytometry instrument (BD FACSAria III) based

Fig. 5. MCAO model studies. (A) Schematic diagram of the in vivo experi-
mental design. (B) TTC-stained brain sections showing infarct area (images)
and volume (bar graph) in brains from PBS-treated (sham control, n = 6),
isotype control-treated (n = 6), ASC06-IgG1–treated (n = 6), and PcTx1-treated
(n = 6) mice. (Magnification: B, Upper, 0.9×.) NS, not significant. *P value <
0.05 compared with the sham control group; **P value < 0.01 compared with
the sham control group.

Fig. 4. ASC06-IgG1 protects hASIC1a-mediated acidosis-induced cell death.
(A) Effect of pH (pH 5.5, 6.0, and 7.4) on the viability of CHO-K1 cells with
and without the membrane expression of hASIC1a-eYFP measured by the
cytoplasmic dehydrogenase activity (n = 5–6). (B) Effect of pH (pH 5.5, 6.0,
and 7.4) on the cytotoxicity of CHO-K1 cell with and without the membrane
expression of hASIC1a-eYFP measured by the released LDH activity (n = 5–6).
(C and D) Dose-dependent protection of acidosis-induced cell death of the
hASIC1a-eYFP stable cells by ASC06-IgG1. Data are shown as mean ± SD of
four repeats (n = 3–5). NS, not significant. *P < 0.05, **P < 0.01, ***P < 0.001
compared with the control group.
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on the expression of eYFP (6H7 cell line) and mCherry (4C12 cell line) and
expanded using an F-12K media supplemented with 10% (vol/vol) FBS and
200 μg/mL geneticin. The hASIC1a-specific monoclonal antibody, ASC06, was
used to further confirm the overexpression of hASIC1a.

Purification of Recombinant Truncated hASIC1a. The cDNA encoding the
truncated hASIC1a sequence (amino acids 13–464; hereafter referred to as
ΔhASIC1a) and an N-terminal Flag-tag were cloned into a pEG BacMam
expression vector (courtesy of Eric Gouaux, Howard Hughes Medical In-
stitute, Oregon Health and Science University, Portland, OR). The ΔhASIC1a
protein was then heterologously expressed in the HEK293F cells using the
BacMam system as reported (40). In brief, the pEG BacMam-ΔhASIC1a con-
struct was generated and transformed into the DH10Bac Escherichia coli cells
(ΔhASIC1a bacmids). The resulting bacmids were then transfected into the
Sf9 cells using the FuGENE transfection reagent (Promega) to obtain the
P3 baculovirus (amplified twice). The HEK293F cells (2 × 106 cells per 1 mL)
were infected by the baculovirus at a volume ratio of 1:25 (virus:cell) for 24 h
at 37 °C. The infected cells were incubated in the presence of 2 mM sodium
butyrate at 37 °C for 48 h to boost the expression of the target protein. Cells
were harvested by centrifugation at 2,000 × g per 1 min.

All of the following procedures were carried out on ice unless specified
otherwise. Cell pellets from a 2 L biomass were first resuspended in a 100 mL
hypotonic buffer (10 mM Tris, pH 7.5, 10 mM MgCl2, 20 mM KCl) supple-
mented with the protease inhibitor mixture (one tablet per 50 mL; Roche),
grounded with a tissue dounce homogenizer, and centrifuged at 80,000 × g
for 40 min. After repeating the process once, the resulting pellets were
resuspended in 100 mL of a higher osmotic buffer (10 mM Tris, pH 7.5,
10 mM MgCl2, 20 mM KCl, 1 M NaCl), homogenized, and centrifuged. This
procedure was also repeated one more time. The resulting pellets were then
mixed and treated with 2 mg/mL iodoacetamide in a 50 mL hypotonic buffer
containing protease inhibitors for 30 min. The recombinant ΔhASIC1a pro-
tein was extracted in a cell lysis buffer [100 mM Tris, pH 7.5, 1.6 M NaCl, 1%
n-dodecyl b-D-maltopyranoside (DDM), 0.2% cholesteryl hemisuccinate
(CHS)] under gentle agitation at 4 °C for 3 h. After 30 min of centrifugation
at 15,000 × g, supernatant was incubated with the anti-FLAG M2 magnetic
beads (#M8823; Sigma) overnight under gentle agitation. The magnetic
beads were washed once each with buffer A (50 mM Tris, pH 7.5, 800 mM
NaCl, 10% glycerol, 0.1% DDM, 0.02% CHS, 10 mM MgCl2) and buffer B
(25 mM Tris, pH 7.5, 800 mM NaCl, 10% glycerol, 0.05% DDM, 0.01% CHS).
The ΔhASIC1a protein was eluted using the buffer B supplemented with
0.1 mg/mL Flag peptide, concentrated, further purified using the SEC on a
Superdex 200 column (GE Heathcare), and concentrated to yield 60 μL of
15 mg/mL stock solution of homogeneous ΔhASIC1a with purity >90% as
judged by SDS/PAGE analysis (SI Appendix, Fig. S1A).

Nanodisc Assembly of hASIC1a Channel. To mimic the lipid bilayer environ-
ment of cellular membranes, the purified ΔhASIC1a protein was in-
corporated into a lipid nanodisc by mixing the ΔhASIC1a protein with the
MSP1 and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) at a molar
ratio of 3:2:65. The associated detergents were removed by gentle agitation
with the Bio-Beads SM2 [Bio-Beads:DDM = 10:1 (wt/wt); Bio-Rad] overnight.
The ΔhASIC1a-embedded nanodisc assembly was separated from the un-
assembled ones using the Flag peptide-specific magnetic beads (41). The
desired ΔhASIC1a nanodisc assembly was further purified and collected us-
ing a Superose 6 column (GE Heathcare) in a buffer containing 20 mM Tris,
pH 7.5, and 150 mM NaCl. The empty nanodiscs were packaged without the
addition of ΔhASIC1a. The composition of the assembled ΔhASIC1a nano-
discs was analyzed by SDS/PAGE, EM, and dynamic light scattering.

Differential Enrichment-Based Screening of Combinatorial Antibody Library.
The hASIC1a-specific scFv antibodies were selected from a combinatorial
human monoclonal scFv antibody phage library (1011 diversity) after three
rounds of affinity enrichment against the biotinylated ΔhASIC1a nanodiscs
immobilized on the streptavidin-coated magnetic beads (#21925; Pierce).
The phage antibody library panning followed a modified procedure as de-
scribed previously (42). Briefly, phagemids (displaying the antibody library)
binding to the antigen (ΔhASIC1a nanodiscs) were enriched at each cycle and
eluted with Glycine-HCl (pH 2.2). The XL1-Blue cells were used to express and
amplify the output phagemids for the next rounds of panning. To minimize
nonspecific enrichment, a differential enrichment phage display selection was
used, in which excessive amounts of the empty nanodiscs (two times above the
amount of ΔhASIC1a nanodiscs) were used to pull down the nonspecific
phagemids before panning against the ΔhASIC1a nanodiscs in the second and
third cycles. After three iterations, 96 positive colonies were selected and an-
alyzed by phage ELISA as described (42). All of the positive clones were se-

quenced. Both the DNA and protein sequences of CDR3 domains were
analyzed using the international ImMunoGeneTics information platform. A
phylogenetic tree was constructed after aligning of the CDR3 sequences. Six
distinctive scFv sequences were highly enriched.

Expression and Purification of Antibodies. Genes encoding the candidate scFv
sequences were cloned into a modified pFUSE expression vector (#pfuse-
hg1fc2; Invivogen) to obtain the scFv-Fc fusion protein constituting the en-
tire Fc domain of human IgG1. For the full-length IgG1 antibody, variable
regions of heavy chain and light chain from the scFv vector were cloned to
plasmids with intact constant heavy-chain domain and intact constant light-
chain domain, respectively. The HEK293F cells transfected with the scFv-Fc
vectors or cotransfected with equal molar of heavy-chain vectors and light-
chain vectors were cultured for 4 d. After centrifugation, the scFv-Fc or full-
length IgG1 antibodies secreted into the media were purified using a HiTrap
Protein A HP column (#17–0403-03; GE Healthcare) with a citrate elution
buffer, pH 3.4, on an ÄKTA purifier 100 (GE Healthcare). The purified anti-
bodies (SI Appendix, Fig. S1F) were then concentrated (15 mg/mL) and stored
in a PBS buffer, pH 7.4, at −80 °C.

Negative Stain EM: Sample Preparation and Data Collection. The antigen-
binding fragment of ASC06-IgG1 (ASC06-Fab) was prepared by digesting
ASC06-IgG1 with papain followed by protein A affinity purification and gel
filtration. The ectodomain of hASIC1a (hASIC1a-ECD) with an N-terminal
fused IL-2 tag and Flag tag was expressed in HEK293F cells and purified by
anti-Flag M2 magnetic beads and gel filtration using PBS buffer, pH 7.4. The
ASC06-Fab and hASIC1a-ECD were incubated at a molar ratio of 3:1 in PBS
buffer, pH 7.4, overnight at 4 °C to form a tertiary complex. This complex
was further isolated by gel filtration, and the peak fractions containing this
complex were collected and subjected to negative staining EM.

The EM samples were prepared by diluting the purified complex of
hASIC1a-ECD and ASC06-Fab to 0.01 mg/mL. Then, 4-μL sample droplets
were absorbed for 1 min on freshly glow-discharged copper grids covered by
a thin and continuous carbon film (#BZ31024a; Beijing Zhongjingkeyi
Technology). The grids were washed with two drops of deionized water,
subsequently negatively stained with two drops of 0.75% (wt/vol) uranyl
formate (#22450; Electron Microscopy Sciences) for 1 min before blotting
with filter papers, and then, air dried.

All micrographs were recorded with a Tecnai G2 Spirit transmission
electron microscope (FEI) equipped with an LaB6 cathode operated at 120 kV
and a 4,000 × 4,000 Eagle CCD camera at a calibrated magnification of
67,000 times, resulting in a pixel size of 1.74 Å.

EM Image Processing and 3D Reconstruction. The Scipion software suite (43)
was used for all image processing steps. All of the recorded micrographs
were first decimated twofold (resulting in a pixel size of 3.48 Å). Then, a
total of 5,064 particles were manually selected from 100 micrographs with
the EMAN2 Boxer function (44) using a box size of 96 × 96 pixels.
Reference-free 2D class averages analyses was generated using the Xmipp
CL2D function (45).

Molecular Dynamics Simulation. The models for the hASIC1a and for the
ASC06 in Fab format were derived by homology by using the Swiss Model
website (46). The template for ASIC1a proteins was obtained from the
structure of the truncated chicken protein [Protein Data Bank (PDB) ID code
4FZ0]. To compare the negative staining results with a possible atomistic
model, we first generate a series of different possible dockings of the Fab to
the ECD of the hASIC1a (only residues 73–425 were kept) using the ClusPro
2.0 server (47) and the antibody docking mode (48). We then subselected
eight of them with geometry that was more compatible with the one de-
scribed by the negative staining and performed energy minimization fol-
lowed by 20-ns molecular dynamics simulation to relax the interaction and
stabilize the structure of the complex. After this procedure, only one model
seemed to satisfy the overall geometry that is experimentally observed
in negative staining experiments. Simulations were performed using the
Gromacs 4.6.7 package (49) and the Amber14ffSB force field (50). All of the
systems were solvated with full-atom TIP3P water containing Cl− and K+ ions
at a concentration of ∼0.15 M to mimic a physiological ionic strength.
Temperature T and pressure P were kept constant at 300 K and 1 atm, re-
spectively, using the Berendsen thermostat and barostat (51). Fast smooth
Particle-Mesh Ewald summation (52) was used for long-range electrostatic
interactions, with a cutoff of 1.0 nm for the direct interactions.

The model of the ASIC1a inserted in the nanodisc used to generate SI
Appendix, Fig. S1 was obtained starting from the crystal structure of
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MSP1 protein (PDB ID code 2MSC) in complex with the ASIC1a trimer and
filled with 91 DMPC molecules.

ELISAs. Avidin (#21121; Pierce) was diluted to a final concentration of 2 ng/μL
in the Carbonate–Bicarbonate buffer (#C3041; Sigma). The resulting avidin
solution was used to coat the 96-well plates (25 μL per well) at 4 °C over-
night. The coated plates were washed once with the 0.05% Tween-20–
containing phosphate buffered solution (PBST) buffer (150 μL per well)
followed by the addition and incubation of 25 μL biotinylated ΔhASIC1a
nanodisc solution (2 ng/μL) in each well at 37 °C for 1 h. The PBST buffer
alone and the empty nanodisc solution (2 ng/μL) were used as the back-
ground and negative controls, respectively. After removal of the incubation
solution, the resulting plates were rinsed once using the PBST buffer
and incubated with a blocking solution containing 5% (vol/vol) milk in PBST
(150 μL per well) at 37 °C for 1 h. After blocking and PBST washing (one time),
25 μL of the scFv-Fc antibody solution [10 μg/mL in PBST containing 1% (vol/vol)
milk] was added to each well and incubated at 37 °C for 1 h. The resulting
plates were rinsed eight times using PBST before subjecting to HRP de-
tection. A solution containing the goat anti-human Fc HRP-conjugated
secondary antibody (dilution factor 1:5,000; #A0170; Sigma) and the
anti-M13 HRP-conjugated secondary antibody (dilution factor 1:5,000;
#27–9421-01; GE/Amersham/Whatman) was added into the above plates
(50 μL per well) and incubated at 37 °C for 1 h. The plates were then
washed eight times with PBST followed by the addition of 50 μL 2,2′-
azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt solu-
tion (#11684302001; Roche) into each well. After 20 min of incubation at
room temperature, the absorption changes at 405 nm in each well were
measured on a microplate reader (Enspire; PerkinElmer).

Affinity Determination. SPR and flow cytometry methods were used to study
the interaction between the monoclonal antibody and hASIC1a. SPR-binding
studies were performed on a Biacore T200 (GE Healthcare). The anti-Flag
antibody was amine coupled to the surface of a biosensor chip CM5 series S
(GE Healthcare). The recombinant Flag-tagged ΔhASIC1a was then immo-
bilized onto the chip surface. Serially diluted antibody ASC06-IgG1 (1, 5, 10,
50, 100 nM) was applied in a running buffer (pH 7.4) containing 25 mM
Hepes, 500 mM NaCl, 0.05% EDTA, and 0.05% DDM. The kinetics of binding/
dissociation was measured as a change in the SPR signal resonance units.
Apparent binding constants were calculated using the Biacore T200 evaluation
software with a single-cycle kinetic model.

In the flow cytometry-binding experiments, ASIC1a-eYFP–expressing stable
cells (6H7) were collected and resuspended in ice cold FACS buffer (PBS, 0.05%
BSA, 2 mM EDTA). Equal amounts of 6H7 cells (50,000 cells per tube) were then
incubated with different concentrations of ASC06-IgG1 for 20 min at 4 °C,
washed with 1 mL ice cold FACS buffer, spun, and resuspended in 100 μL ice
cold FACS buffer containing the Alexa555-conjugated secondary antibody that
recognizes human Fc [1:800 (vol/vol) dilution; Life Technology]. After in-
cubating at 4 °C for 15 min, the cells were washed twice and resuspended in
the FACS buffer, and then, they were sorted and analyzed on a flow cytometer
(CytoFLEX S; Beckman Culter) to determine relative binding level by the an-
tibodies to the stable cell lines overexpressing hASIC1a. Mean fluorescent in-
tensities of Alexa555 in eYFP-positive cells were recorded and analyzed to
calculate the apparent binding affinity of antibody.

Cell Membrane Colocalization Studies Using ICC. Cells (CHO-K1) were seeded
onto the poly-D-lysine–coated glass bottom 24-well plates at a concentration
of 2 × 105 cells per 1 mL. After 12 h of cultivation, the CHO-K1 cells were
transfected with ASICs plasmids by Lipofectin 3000 reagent. Twenty-four
hours after transfection, the cells were fixed in 4% paraformaldehyde and
incubated for 30 min in a blocking solution (5% goat serum in PBS). The
resulting cells were incubated with 2 μg/mL ASC06-IgG1 at 4 °C overnight
followed by three PBS washes for 5 min each and incubation with the
Alexa555-conjugated goat anti-human secondary antibody (Life Technol-
ogy). After three additional PBS washes for 5 min each, the nuclei of the cells
were stained with DAPI (#10236276001; Roche). The ICC analysis was per-
formed on a laser scanning confocal microscopy (ZEISS LSM710) with a 63×/
N.A. 1.4 objective at 25 °C. Images were collected on a 1,024 × 1,024-pixel
EM-CCD camera. Data acquisition and analyses were performed with the
ZEN 2012 professional software.

Electrophysiological Experiments. The inward cellular ASIC1a current was
recorded from a single cell using standard whole-cell recording techniques by
a patch-clamp amplifier (Axon 200B; Axon Instruments). Membrane currents
were sampled and analyzed using a Digidata 1320A interface and a personal
computer with Clampex and Clampfit software (Version 9.0.1; Axon Instru-

ments). For a typical experiment, an ECF containing 150 mM NaCl, 5 mM KCl,
10 mM Hepes, 10 mM D-glucose, 2 mM CaCl2, and 1.0 mM MgCl2 with the
osmotic pressure in the range of 320–335 mOsm was adjusted to pH 7.4 with
5 M NaOH. Patch electrodes (4–6 MΩ) contained 30 mM NaCl, 120 mM KCl,
0.5 mM CaCl2, 1 mM MgCl2, 10 mM Hepes, 2 mM MgATP, and 5 mM EGTA
(pH 7.2; adjusted with 5 M KOH) at 300 mOsm. The ASIC1a activating ECF is
identical to the normal ECF, except that MES was used to replace Hepes to
maintain the ECF at pH 6.0. A coverslip with discretely distributed individual
CHO-ASIC1a stable cells (6H7) on the surface was placed into a recording
chamber under a constant perfusion (∼2–3 mL/min) generated by an ALA
8 channel perfusion system (ALA Scientific Instruments Inc.) mounted on an
inverted microscope. After achieving the break-in (whole-cell) configuration,
the cell was voltage clamped at a holding potential of −70 mV. The normal
ECF (pH 7.4) was first perfused onto the patched cell, and then, the acti-
vating ECF of pH 6.0 was rapidly applied to elicit a maximum inward ASIC1a
current as control current. When testing the inhibition effect of the anti-
body, ECFs of pH 7.4 containing different concentrations of ASC06-
IgG1 were perfused from low to high concentration into the recording
chamber for 10–15 min. To measure the inhibition of the current, the acti-
vating ECFs of pH 6.0 containing the corresponding concentrations of the
testing antibodies were applied to the same patched 6H7 cell to generate
the inward currents that can be normalized to the control current of the
same cell. The small molecule inhibitor amiloride (#S1811; Selleck) and the
venom peptide PcTx1 (#4435s; Peptide Institute) at concentrations of 30 μM
and 100 nM, respectively, were used as the positive controls for the in-
hibition of the ASIC1a current. Data acquired from four to five cells were
used for statistical calculation of inhibition effects.

For the measurement of SSD, the pH of the conditioning ECF was adjusted
to 7.6, 7.4, 7.2, 7.0, and 6.8 (in a Hepes buffer), while the activating ECF was
maintained at pH 6.0 (in an MES buffer). For the measurement of pH acti-
vation of the hASIC1a in the 6H7 stable cells, the conditioning ECF was fixed
at pH 7.6 (in a Hepes buffer), and the pH of the activating ECF was adjusted
to 7.4, 7.2, 7.0, 6.8, 6.5, 6.3, and 6.0. The hASIC1a currents were recorded
when the stable cell line 6H7 was patched in the presence and absence of
300 nM ASC06-IgG1. The relative currents expressed as fractions of the
maximum amplitude on the sensorgram (I/Imax) were calculated and plotted
to constitute SSD and pH activation profiles. Each data point represents the
average of at least five patched cells.

Calcium Influx. The FLIPR Calcium 5 Assay kit was used to determine the acid-
induced calcium influx in the hASIC1a-mCherry–expressing stable CHO-K1 cells
(4C12). Cells were seeded in a clear bottom 96-well plate at a density of
10,000 per well 24 h before assay. Assay buffer and dye loading buffer (1.26 mM
CaCl2, 0.5 mM MgCl2, 0.4 mM MgSO4, 5.33 mM KCl, 0.44 mM KH2PO4, 4.17 mM
NaHCO3, 138 mM NaCl, 0.338 mM Na2HPO4, 20 mM Hepes, pH 7.4) were pre-
pared according to the manufacturer’s instruction. Probenecid was added to the
dye loading buffer to a final concentration of 2.5 mM immediately before use.
Fifty microliters of the assay buffer containing ASC06-IgG1 was incubated with
the 4C12 cells for 30 min at 37 °C before an equal volume of the dye loading
buffer was added. Amiloride as well as PcTx1 and an isotype antibody were used
as the positive and negative controls, respectively. Cells were incubated with the
dye loading buffer for 1 h before reading on an FDSS/μCELL plate reader
(Hamamatsu); 100 μL of the pH 6.0 activation buffer (same composition with
assay buffer; pH was adjusted to 6.0) was added to the cells at a speed of 50 μL/s.
The progression curve of the calcium signal produced in each well was recorded
continuously for 10 s before the addition of the activation buffer (preread) and
170 s after the addition on an FDSS/μCELL (excitation wavelength: 480 nm;
emission wavelength: 540 nm) FLIPR reader. To determine the IC50 value of
ASC06-IgG1 in the inhibition of ASIC1a-mediated current, a 1:3 serial dilution of
ASC06-IgG1 was applied to the 4C12 cells with six repeats for each concentration.

Acidosis-Induced Cell Death. The hASIC1a-eYFP stable cells (6H7) and CHO-
K1 cells were seeded in a 96-well plate at a density of 10,000 cells per well
1 d before treatment. ECF solutions at pH 5.5, 6.0, and 7.4 were used to treat
the cells at 37 °C for 6 h. To test the rescuing effect of ASC06-IgG1, the anti-
body was dissolved in an acidic ECF (pH 5.5) to make the final antibody con-
centrations of 0, 50, 100, 300, 500, and 1,000 nM. The 6H7 cells were first
preincubated with the antibody at the corresponding concentrations at 37 °C
for 30 min in cell media. After replacing the cell media with the corresponding
acidic ECFs, the cells were incubated at 37 °C for 6 h, washed with a PBS buffer
(pH 7.4), and then cultured in a 1% FBS DMEM/F-12K media overnight. The
supernatants of the overnight culture were collected for the LDH release
measurement using a LDH Assay kit (#88953; Thermo Fisher Scientific). The
cells viability was determined using the CCK-8 assay kit (#CK04; Dojindo).
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MCAO Model. Animal care and the experimental protocols were approved by
the Animal Ethics Committee of Shanghai Jiao Tong University School of
Medicine, Shanghai, China. A transient ischemic stroke in the left brain
hemisphere was established in male mice (C57 BL/6, 20–25 g) using theMCAO
model for 1 h before reperfusion. Three hours after ischemia, a total of 4 μL
of vehicle solution (PBS) in the absence or presence of neuroprotective
agents [100 nM PcTx1 and 3.0 μg/μL endotoxin-free ASC06-IgG1 (20 μM)] was
injected i.c.v. on the contralateral side of the brain hemisphere. An irrele-
vant endotoxin-free antibody (3.0 μg/μL, 20 μM) was used as isotype control.
The cerebral blood flow was monitored by transcranical LASER Doppler to
ensure that the ischemia was successfully induced. Mice were killed 24 h
after i.c.v. injection. Mice brains were rapidly dissected and sectioned
transversely into serial intervals slices followed by staining with a 2% vital
dye 2,3,5-triphenyltetrazolium hydrochloride (TTC). The infarct area was
calculated by subtracting the normal area stained with TTC in the ischemic
hemisphere from that of the nonischemic hemisphere. The infarct volume
was calculated by summing infarction areas of all sections and multiplying
by slice thickness.

Data Analysis. The results were expressed as means ± SD unless otherwise
indicated. Data analysis was performed by one-way ANOVA using OriginPro
2017 statistical software. Significance was assumed at the P value <0.05.

Data Availability. Data will be available from the corresponding authors
on request.
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