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Transient receptor potential melastatin 4 (TRPM4) channel, a monovalent cation channel, plays 
a crucial role in various neurological disorders. We previously showed that TRPM4 activity can be 
blocked by our antibodies: M4P, which targets rat TRPM4 and M4M, against a similar antigenic epitope 
of human TRPM4. M4P and M4M demonstrated efficacy in mitigating stroke reperfusion injury. To 
facilitate human application, M4M was humanized through CDR grafting, resulting in human IgG1 
antibodies (Ab1-6). These antibodies were evaluated for their binding affinity, surface staining, 
stability, and functional inhibition of the human TRPM4 channel. Ab6 (renamed as M4H) was selected 
and inhibited TRPM4 currents in human brain microvascular endothelial cells under ATP depletion 
conditions. Importantly, Ab6 (M4H) suppressed ATP depletion-induced cell swelling, indicating its 
potential for managing vascular injury in ischemic brain diseases. Future studies on animal models 
could advance the development of novel therapies of neurological disorders with vascular injury.
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Transient receptor potential cation channel subfamily M member 4 (TRPM4) is a nonselective monovalent 
cation channel1. Being a unique transient receptor potential channel, it is not permeable to Ca2+ but can be 
activated by an increased intracellular Ca2+ level. The presence of ATP helps inhibit TRPM4, and enhanced 
TRPM4 activity is often observed when there is a decrease in ATP levels2–5. Elevated intracellular Ca2+ and 
lower ATP concentration are common features following cerebral hypoxia/ischemia6–8. Furthermore, TRPM4 
expression is induced in various cell types in many neurological disorders, resulting in a substantial increase 
in channel activity5,9,10. Excessive Na2+ influx via TRPM4 causes oncotic cell death11 and is associated with 
neuronal excitotoxicity12.

As current TRPM4 blockers either lack specificity or act on TRPM4 interacting subunits13. For example, 
9-phenanthrol is widely used in the laboratory to block TRPM4. However, it also inhibits TMEM16A channel in 
blood vessels14. As a member of polycyclic aromatic hydrocarbons, potential toxicity could be linked to cancer, 
cardiovascular diseases and poor development15. Another widely studied TRPM4 blocker is glibenclamide16. 
Glibenclamide blocks TRPM4 via associated unit SUR1. SUR1 is an important subunit of KATP channel which 
is crucial for regulating insulin secretion. Thus, glibenclamide is used in clinical practice to manage diabetes17. 
In view of the problems with current TRPM4 blockers, we have developed a polyclonal antibody M4P against 
rodent TRPM421. M4P binds to an extracellular domain of TRPM4 that is close to the channel pore. Binding 
of M4P not only directly blocks TRPM4 currents, but also downregulates surface expression of TRPM4 after 
prolonged incubation. M4P demonstrates therapeutic potential by reducing reperfusion injury in animal 
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models of ischemic stroke. Importantly, the vascular protective effects of M4P were retained in a delayed stroke 
reperfusion model, suggesting the potential to extend the currently narrow reperfusion time window18.

M4P is a polyclonal antibody raised against rat TRPM4, whereas M4M is a mouse monoclonal antibody 
targeting a similar antigenic epitope close to the human TRPM4 channel pore10. M4M is specific for human 
TRPM4 and does not cross-react with rodent TRPM4. A transgenic rat model was generated, which carries 
part of the human TRPM4 sequence that can be recognized by M4M. The therapeutic potential of M4M was 
demonstrated in vivo by its ability to alleviate reperfusion injury in a rat model of middle cerebral artery 
occlusion19. To study the application of TRPM4 specific antibody in patients in the future, we used the human 
TRPM4 amino acid sequence of M4M to generate and characterize a series of humanized antibodies, paving the 
way for therapeutic use of novel TRPM4-blocking antibodies.

Materials and methods
Antibody humanization
A KLH conjugated 21-amino acid antigenic polypeptide (RDSDSNCSSEPGFWAHPPGAQ) which is close to the 
channel pore of human TRPM4 was used for antibody production. Based on ELISA results, mouse monoclonal 
antibody (subclass IgG1) M4M demonstrated strong binding affinity and was selected for our study20. Antibody 
humanization was carried out by Genscript Biotech (GenScript) based on the mouse monoclonal antibody M4M. 
To identify the amino acid sequence of M4M, the antibody was first processed with reduction and alkylation 
to break the disulfide bonds. The antibody was then digested by six different enzymes: Pepsin, Nonspecific, 
Trypsin, Chymotrypsin, Asp N, and Lys C. Digestions were analyzed by LC-MS/MS using a Thermo-Fisher 
Orbitrap Fusion™ mass spectrometer. De novo peptide sequencing was performed and assembled into antibody 
sequences. The structure of parental antibody was carried out by a computer-aided homology modelling 
program of parental antibody Fv fragments. Sequences were searched against IgBLAST database (NCBI) for 
identifying the best templates for Fv fragments and especially for building the domain interface. The human 
acceptor for VH/VL which shared the highest identities to the parental counterparts was selected. Humanized 
antibodies were designed using CDR grafting.

Briefly, the CDRs of parental antibody were grafted into the human to obtain humanized light chains and 
humanized heavy chains of IgG1 for each parental antibody. The sequences of the grafted antibody and the 
parental antibody were compared in the proximity of CDRs, canonical residues, loop interaction, foundation 
core. Residues that were different in the grafted and parental antibody sequences (i.e. putative back mutation 
sites) were identified and stepwise incorporation of one or more back mutations were designed in the grafted 
antibody sequence. The sequence alignment for the 4 heavy chains (VH1, VH2, VH3 and VH4) and 4 light 
chains (VL1, VL2, VL3 and VL4) are shown in Supplementary Table 1. The heavy and light chains were paired 
with each other for an affinity ranking experiment. The DNA sequences encoding the chimeric and humanized 
antibodies heavy and light chains were synthesized and inserted into pcDNA3.4 vector to construct expression 
plasmids of full-length IgGs.

Plasmid transfection and antibody purification
Expi293F cells (#A14527, Thermo Fisher Scientific) were grown in serum-free Expression Medium for 24  h 
at 37℃ with atmospheric air containing 8% CO2 on a shaker. The cells were then transfected with antibody’s 
heavy chain and light chain expression plasmids. For transfection, the reagent was first added into Opti-MEM 
(#31985070, Thermo Fisher Scientific) and incubated at room temperature for 5 min. The heavy chain expression 
plasmid and light chain expression plasmid were added to Opti-MEM and then mixed with the transfection 
medium. After incubation for 20 min, the medium containing the plasmids was added to the Expi293F cells. 
The cells were cultured at 37℃ and 5% CO2 for 3 days. The medium and cells were collected and centrifuged at 
3000 rpm for 10 min, and the supernatant was collected for antibody purification.

AmMagTM Protein A Magnetic Beads (#vL00695, Genscript) was used to purify the antibody according to 
the manufacturer’s instructions with slight modifications. The tubes containing the Protein A Magnetic Beads 
slurry were placed on the magnetic separation rack for washing and antibody collection. After washing beads 3 
times with PBS and 0.1 M NaOH, the sample containing the antibody was added to the beads and incubated at 
room temperature for 2 h. The magnetic separation rack was then used to collect the beads and the supernatant 
was discarded. After washing with 10 column volume of PBS, the antibody eluted from the magnetic beads 
using 0.05 M Citrate, pH3.5. The eluted antibody was neutralized by adding 1/10 volume of neutralizing buffer 
(1 M Tris, pH8.5). For further purification, the antibodies were first dialyzed against PBS at room temperature 
for 2 h. After changing the buffer, the dialysis was repeated for 16 h at 4 °C. Then the antibody was filtered with 
0.22 μm membrane filter. The antibody concentration was quantified using the Nanodrop 2000 (Thermo Fisher 
Scientific) with an extinction coefficient of 1.43.

Western blot
HEK 293 cells grown in 6-well petri dishes were transfected with 4 µg human or mouse TRPM4 plasmid using 
lipofectamine 2000 transfection reagent (#11668019, Thermo Fisher Scientific). 24 h after transfection, 80 µg 
of total protein was resolved on 10% SDS-PAGE gels at 80  V, and electrophoretically transferred to PVDF 
membranes (#1620177, Bio-Rad) at 100 V for 2 h at 4 °C. After blocking with StartingBlock (PBS) blocking buffer 
(#37538, Thermo Fisher Scientific) for 1 h at room temperature, the membranes were incubated overnight at 4 °C 
with primary antibodies: Ab1-7 (1:300), M4M (1:300), M4P (1:300) and anti-actin (#A1978, Sigma-Aldrich, 
1:1000). After washing away primary antibodies, the membranes were incubated with secondary antibodies 
against mouse or rabbit IgG for 1 h at room temperature. Primary and secondary antibodies were prepared in 
StartingBlock (PBS) blocking buffer with 0.05% Tween20 (#P7949, Sigma-Aldrich). Washing buffers contained 
0.1% Tween20 dissolved in phosphate-buffered saline (PBS). Amersham ECL Western Blotting Analysis System 
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(#RPN2109, GE Healthcare) was used and the bands were visualized using a medical X-ray processor (MXP-
2000, Kodak). Quantification was done using ImageJ.

Antibody affinity study
For affinity ranking, antibodies were captured on the sensor chip through Fc capture method. Human IgG 
serves as negative control (NC). Peptide-biotin (RDSDSNCSSEPGFWAHPPGAQ{Lys(biotin)}) was used as the 
analyte. The surface was regenerated before the injection of another antibody. The process was repeated until all 
antibodies were analyzed using a Surface Plasmon Resonance (SPR) biosensor, Biacore 8 K (GE Healthcare). The 
off-rates of antibodies were obtained from fitting the experimental data locally to 1:1 interaction model using the 
Biacore 8 K evaluation software. The equilibrium dissociation constants (KD) were calculated from the ratio of 
kd over ka. The antibodies were ranked by their dissociation rate constants (off-rates, kd). Based on the ranking 
result, the top 3 clones were selected. From these top 3 clones, the affinity measurement of the purified antibody 
binding to peptide-biotin was individually determined using the Biacore 8 K.

Surface labelling and immunocytochemistry
HEK 293 cells were transfected with myc-tagged human TRPM4 (#RC216888, OriGene Technologies, Inc.) 
using lipofectamine 2000 transfection reagent (#11668019, Thermo Fisher Scientific). One day after transfection, 
the cells were incubated with IgG, M4P and M4M at a concentration of 3 µg/ml, and Ab1, 2, 4, and Ab6 (M4H) 
at a concentration of 0.5 µg/ml for 1 h. After washing with PBS and fixation with 4% paraformaldehyde, the cells 
were incubated with Wheat Germ Agglutinin (WGA) Alexa Fluor 488 (#W11261, Thermo Fisher Scientific, 
5 µg/mL) for 10 min to stain cell membrane. The cells were then permeabilized with 0.1% Triton-X 100 in PBS 
for 15 min. After blocking with 5% fetal bovine serum for 1 h, the cells were incubated with primary antibody 
against myc (anti rabbit, #C3956; anti mouse, #M4439. Sigma-Aldrich, 5 µg/mL) for 1 h. After washing away 
primary antibodies, the cells were incubated with secondary antibodies for 1 h. Secondary antibodies conjugated 
with Alexa Fluor 647 (anti-mouse or rabbit) and Alexa Fluor 594 (anti-mouse, rabbit, or human) were purchased 
from Thermo Fisher Scientific. DAPI (#D9542, Sigma-Aldrich, 1 µg/mL) was used to stain nuclei. Fluorescent 
images were captured with a laser scanning confocal microscope system (FV3000 with software FV31S-SW, 
Olympus).

Antibody stability assessment
The dynamic light scattering (DLS) system was used to assess antibody aggregation under different temperatures. 
The aggregate size was quantified using the automated DynaPro® Plate Reader III from Wyatt Technology 
(Waters Corporation). Using the DYNAMICS software, the Tonset/agg (onset temperature at which aggregates 
are first detected) was studied to measure the particle size and distribution. The temperature and pH stability of 
the humanized antibodies were measured using size exclusion-high-performance liquid chromatography (SEC-
HPLC) and non-reducing capillary electrophoresis sodium dodecyl sulfate (CE-SDS NR). The temperature 
stability at 40oC was tested at various time-points of 0, 7, 14 and 28 days while low pH3.5 stability was measured 
at 0, 2 and 4 h. In SEC-HPLC test, the 1260 Infinity II Preparative LC System (Agilent Technologies, Inc) was 
used to measure the percentage of high molecular weight and low molecular weight after exposing to high 
temperature or low pH. In CE-SDS NR, automated P/ACE MDQ Plus system from Sciex (Sciex) was used to 
evaluate the main peak of the antibodies. A 10 kDa marker was included as control.

Electrophysiology
The electrophysiological properties of the TRPM4 blocking antibodies were characterized by the whole-cell 
patch clamp. In brief, HEK293 cells were transfected with 2  µg human TRPM4 (myc-DDK-tagged) using 
lipofectamine™ 2000 transfection reagent. One day after transfection, whole-cell currents were recorded at 
room temperature using a patch clamp amplifier (Multiclamp 700B equipped with Digidata 1440 A, Molecular 
Devices). Patch electrodes were pulled using a Flaming/Brown micropipette puller (P-1000, Sutter Instrument) 
and polished with a microforge (MF200, WPI Inc). The bath solution contained (in millimole/litre) NaCl 140, 
CaCl2 2, KCl 2, MgCl2 1, glucose 20, and HEPES 20 at pH 7.4. The internal solution contained (in millimole/
litre) CsCl 156, MgCl2 1, EGTA 10, and HEPES 10 at pH 7.2 adjusted with CsOH. WEBMAXC v2.10 was used 
to calculate the additional Ca2+ that was applied to the pipette solution to get 7.4 µM free Ca2+. TRPM4 blocking 
antibodies or control human IgG were added into bath solution 30 min before recording at a concentration 
of 0.1–20 µg/ml. From a holding potential of 0 mV, the current–voltage relations were obtained by applying 
voltage ramps from – 100 to 100 mV for 250 ms. The sampling rate was 20 kHz and filtered at 1 kHz. Current 
and membrane capacitance data were recorded and analyzed using pClamp10, version10.2 (Molecular Devices). 
ATP depletion was achieved by applying the oxygen-glucose deprivation (OGD) buffer (bath solution containing 
5 mM NaN3 and replace glucose with 10 mM 2-deoxyglucose (2-DG)) continuously through a MicroFil (34 
Gauge, World Precision Instruments Inc) around 10 μm away from the recording cells. The flow rate was set at 
200 µL/min. Baseline currents at 0 min were recorded and compared with hypoxic currents recorded 7 min after 
ATP depletion. Inhibition ratios for different doses of antibodies were calculated by comparing the peak currents 
at + 80 mV before and after ATP depletion and normalized to IgG for 100%. The IC50 values were calculated from 
the dose-response curves fitted with Sigmoidal dose-response equation with variable slope.

Statistical analysis
Data are expressed as the mean ± SEM Statistical analyses were performed using GraphPad Prism version 6.0. 
Two-tailed unpaired Student’s t test was used to compare two means. Two-way ANOVA with Bonferroni’s 
multiple comparison test was used to analyze time dependent membrane capacitance change.
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Results
Production of humanized antibodies against human TRPM4 channel
We have produced a mouse monoclonal antibody M4M against human TRPM4 channel previously10. For 
antibody humanization, M4M was first sequenced to obtain the amino acid sequences of the heavy chain and 
light chain. Once the sequence was obtained, the complementarity-determining regions (CDRs) for binding to 
antigen were grafted into the human acceptors to obtain the chimeric antibody Ab1 containing humanized light 
chain and heavy chain. Subsequent humanized antibodies (Ab2-Ab7) were generated by creating various back 
mutations of the human antibody origin to the framework (FR) regions of Ab1.

Western blot was first performed to characterize Ab1-Ab7. HEK 293 cells were transfected with human 
or mouse TRPM4 channels. Polyclonal antibody M4P for rodent TRPM4 serves as a control for recognizing 
mouse TRPM418. As shown in Fig. 1A, Ab1-7 as well as M4M only bind to human TRPM4 and do not cross-
react with mouse TRPM4, whereas M4P is specific for mouse TRPM4. This result is consistent with our 

Fig. 1.  Characterization of the TRPM4 humanized antibodies. (A) HEK 293 cells were transfected with human 
TRPM4 (Hu) and mouse TRPM4 (Ms). Western blot was performed using the humanized antibodies Ab1-7. 
M4P was used as negative control and M4M as positive control. (B) HEK 293 cells transfected with human 
TRPM4 were incubated with control human IgG or Ab1-7 at a concentration of 20 µg/ml for 30 min before 
voltage ramps from − 100 to 100 mV were applied. The current voltage relationships of TRPM4 currents at 
0 min baseline and after 7-min ATP depletion were recorded. N = 6. (C) Comparison of currents before and 
after 7-min ATP depletion at – 80 mV or 80 mV. # P < 0.0001, Student’s t test.
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previous report indicating that TRPM4 blocking antibodies are species-specific10. It has been reported that 
ATP depletion after hypoxia activates TRPM4 channel11 and TRPM4 blocking antibodies could directly inhibit 
TRPM4 currents10,20–22. Electrophysiology was thus employed to examine the functions of Ab1-7 in HEK 293 
cells expressing human TRPM4. As TRPM4 can be activated by ATP depletion11an oxygen-glucose deprivation 
(OGD) buffer containing 5 mM NaN3 and 10 mM 2-DG was applied to the HEK 293 cells expressing human 
TRPM4, in the control group treated with 20 µg/ml human IgG, 7-min ATP depletion significantly increased 
current (Fig. 1B, C). In all Ab1-7 treated cells, ATP depletion-induced current increase was successfully inhibited, 
suggesting that the humanized antibodies could directly inhibit human TRPM4 channels. It has been reported 
that HEK 293 cells express endogenous TRPM4 channel23. We recorded a small 8.8 pA current increase at + 80 
mV holding potential following ATP depletion, which can be blocked by Ab6 (M4H) (Supplementary Fig. 1).

Binding affinity of humanized antibodies
To examine the binding affinity of antibodies to antigen, antibodies were captured on the sensor chip through 
the Fc capture method (Fig. 2A). The off-rates of antibodies were obtained from fitting the experimental data 
locally to 1:1 interaction model. The affinity of humanized Abs to antigen-biotin was summarized in Table 1. The 
dissociation rate constants (off-rates, kd) were calculated. Compared to chimeric antibody A1 (kd: 1.50E-03), the 

Ligand Analyte Chi² (RU²) ka (1/Ms) kd (1/s) KD (M) Rmax (RU)

NC peptide-biotin NA NA NA NA NA

Ab1 peptide-biotin 1.61E-02 3.25E + 05 1.50E-03 4.61E-09 24.3

Ab2 peptide-biotin 2.24E-02 2.49E + 05 1.66E-03 6.66E-09 28.2

Ab3 peptide-biotin 2.66E-01 3.27E + 05 3.21E-03 9.81E-09 25.4

Ab4 peptide-biotin 4.42E-02 2.52E + 05 1.77E-03 7.00E-09 26.9

Ab5 peptide-biotin 8.68E-02 2.17E + 05 2.17E-03 9.96E-09 24

Ab6 (M4H) peptide-biotin 5.72E-02 1.84E + 05 1.95E-03 1.06E-08 31.1

Ab7 peptide-biotin 9.44E-02 2.56E + 05 2.95E-03 1.15E-08 29.6

Table 1.  Binding kinetics of antibody to antigen. NC: negative control; RU: response units; ka: association 
rate constant; kd: dissociation rate constant; KD: the equilibrium dissociation constants, kd = kd/ka; rmax: 
maximum analyte-ligand interaction response.

 

Fig. 2.  Affinity ranking of humanized antibodies. (A) Sensor-grams showing affinity ranking of antibodies 
Ab1-Ab7 to biotin-conjugated antigen. The off-rates of antibodies were obtained from fitting the experimental 
data locally to 1:1 interaction model. Ab1: chimeric antibody. Ab2-7: humanized antibodies with back 
mutations to the FR region. NC: negative control. Sample concentration 400 nM. (B) Sensor-grams of the 
affinity measurement of biotin-conjugated antigen to antibodies Ab1, 2, 4, and 6. Sample concentration used 
are (in nM) 200, 100, 50, 25, 12.5, 6.25, 3.125. The colored lines represent the recorded binding response 
signals at different antigen concentrations, and the overlaid black lines represent the fitted curves.
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binding affinity decreases in all humanized antibodies (kd: 1.66E-03 to 3.21E-03). Based on the ranking of kd, 
Ab2, Ab4, and Ab6 (M4H) were selected for further study. The affinity of antigen-biotin to purified antibodies 
Ab1, 2, 4, and Ab6 (M4H) was individually determined using a Surface Plasmon Resonance (SPR) biosensor, 
Biacore 8 K (Fig. 2B). The binding kinetics of antigen to antibodies were summarized in Table 2. The equilibrium 
dissociation constants (KD) were calculated from the ratio of kd over ka. The antigen binds to Ab2, 4 and Ab6 
(M4H) in the order of Ab2 > Ab4 > Ab6 (M4H).

To examine the binding of humanized antibodies to TRPM4 channels on the surface of live cells, 
immunofluorescent staining was performed on live HEK 293 cells expressing myc-tagged human TRPM4. As 
shown in Fig. 3, application of Ab1, 2, 4, and Ab6 (M4H) to live HEK 293 cells had a strong surface staining 
co-localized with membrane marker Wheat Germ Agglutinin (WGA). Monoclonal antibody M4M exhibited a 
similar staining pattern. In contrast, control human IgG or polyclonal antibody M4P showed negative staining 
for human TRPM4. This result suggests that humanized antibodies are specific to human TRPM4 and can bind 
to TRPM4 channels on the cell membrane of live cells.

Stability of humanized antibodies Ab2, Ab4, and Ab6 (M4H)
The stability of an antibody can greatly influence its therapeutic performance24. We thus examined the stability 
of Ab2, 4, and Ab6 (M4H) under high temperature and low pH (Fig. 4). First, dynamic light scattering (DLS) 
was used to identify the temperature at which antibodies start to aggregate (Temperature onset/agg). Ab2, 4, and 
Ab6 (M4H) exhibited a DLS temperature of 64.21oC, 62.11oC, and 63.48oC when aggregates were first detected 
at a radius of 6.8 nm, 8.96 nm, and 6.75 nm respectively (Fig. 4A). This result suggests that all 3 antibodies are 
stable until at least 62oC. Next, capillary electrophoresis sodium dodecyl sulfate under non-reducing condition 
(CE-SDS-ND) was performed to study the antibodies stability under high temperature of 40 oC for a duration up 
to 28 days. All 3 antibodies were stable for up to 14 days after incubation at 40 oC. On day 28, the purity of Ab4 
decreased, while the purity of Ab2 and Ab6 (M4H) remained stable (Fig. 4B). The main peak of Ab4 is 90.84%, 
lower than that for Ab2 (97.77%) and Ab6 (M4H) (97.76%), suggesting that around 10% Ab4 has degraded 
(Table 3). To test the antibody stability under acidic environment, the antibodies were incubated under a low pH 
of 3.5 for up to 4 h and examined using CE-SDS-ND (Fig. 4C). All 3 antibodies demonstrated excellent stability 
under pH 3.5 for 4 h. More than 99% antibodies were intact after pH 3.5 treatment (Table 4). As Ab4 is less stable 
than Ab2 and 6, we continued our study with Ab2 and 6.

Comparison of the inhibitory potency of Ab2, Ab6 (M4H) and M4M on ATP depletion-induced 
TRPM4 currents
It has been well established that ATP depletion under hypoxia conditions could activate TRPM4 channel. The 
TRPM4 blocking antibodies M4P and M4M have been shown to inhibit this ATP depletion-induced TRPM4 
current increase10,12,21,22. To examine whether Ab2 and Ab6 (M4H) maintain the inhibitory function, M4M was 
first studied on HEK 293 cells transfected with human TRPM4 as a positive control. As shown in Fig. 5A, 7-min 
ATP depletion significantly induced TRPM4 current increase in control IgG treated cells. At doses of 10 and 
20 µg/ml, M4M almost completely inhibited the current increase. The IC50 of M4M inhibition is 2.2 ± 1.8 µg/ml 
(Fig. 5B). For Ab2, doses of 5 and 10 µg/ml almost completely inhibited ATP depletion-induced current increase 
(Fig. 5C). The IC50 of Ab2 inhibition is 1.14 ± 1 µg/ml (Fig. 5D). For Ab6 (M4H), doses above 5 µg/ml completely 
inhibited ATP depletion-induced current increase (Fig. 5E). The IC50 of Ab6 (M4H) inhibition is 1.04 ± 1.3 µg/
ml (Fig. 5F). There is no significance in IC50 among the three antibodies. As Ab6 (M4H) has the lowest IC50, we 
proceeded to further study Ab6 (M4H) in human brain microvascular endothelial cells.

We further performed a structural modelling of Ab2, Ab4, and Ab6 (M4H) with TRPM4 channel as shown in 
Supplementary Fig. 2. Interestingly, Ab2 and Ab4 preferentially bind at the central tetrameric interface, whereas 
Ab6 (M4H) tends to bind at a peripheral site slightly offset from the center.

Preliminary characterization of Ab6 (M4H) in primary cultured human brain microvascular 
endothelial cells and animal model of stroke
For subsequent study, Ab6 is renamed M4H to represent its humanized source. In cultured human brain 
microvascular endothelial cells (HBMVECs), incubation of Ab6 (M4H) at a concentration of 10 µg/ml could 
downregulate baseline currents compared with control IgG (Fig. 6A, B). The increase in TRPM4 current induced 
by ATP depletion was then evaluated. Human brain microvascular endothelial cells (HBMVECs) were treated 
with either control human IgG or Ab6 (M4H). In the IgG treated HBMVECs, a 7-min ATP depletion significantly 
enhanced the TRPM4 current. (Fig.  6C, D). In contrast, Ab6 (M4H) treatment successfully suppressed the 
current increase following 7-min ATP depletion (Fig.  6E, F). Excessive Na+ influx via TRPM4 is known to 

Ligand Analyte Chi² (RU²) ka (1/Ms) kd (1/s) KD (M) Rmax (RU)

Ab1 peptide-biotin 1.24E-01 3.12E + 05 5.43E-04 1.74E-09 44.2

Ab2 peptide-biotin 1.04E-01 1.91E + 05 6.05E-04 3.16E-09 45.8

Ab4 peptide-biotin 7.35E-02 1.95E + 05 6.20E-04 3.18E-09 46.1

Ab6 (M4H) peptide-biotin 1.62E-01 1.65E + 05 6.62E-04 4.02E-09 48.3

Table 2.  Binding kinetics of antigen to antibodies. RU: response units; ka: association rate constant; kd: 
dissociation rate constant; KD: the equilibrium dissociation constants, kd = kd/ka; rmax: maximum analyte-
ligand interaction response.
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Fig. 3.  Immunofluorescent staining of humanized antibodies on cells expressing human TRPM4. HEK 293 
cells were transfected with myc-tagged human TRPM4 (labeled pink). Ab1, 2, 4, and Ab6 (M4H) (labeled red) 
were applied to live cells at 0.5 µg/ml for 1 h before fixation. Control IgG and M4P (labeled red) at 3 µg/ml are 
served as the negative control. M4M at 3 µg/ml is the positive control. The cell membrane was labeled green 
with Wheat Germ Agglutinin (WGA) and the nuclei were labeled with blue DAPI. Scale bars: 20 μm.
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increase cell volume22, we then observed the morphological changes in HBMVECs under 7-min ATP depletion 
(Fig.  6G). Under control human IgG treatment, the cell area was increased after ATP depletion, whereas in 
cells under Ab6 (M4H) treatment, the morphology remains relatively unchanged. We further calculated the 
change of cell membrane capacitance (Cm) which is an indicator of cell volume10. In control human IgG treated 
HBMVECs, the Cm started to increase 1 min after OGD buffer treatment (Fig. 6H). After 10 min, the Cm was 
increased by around 30%. In Ab6 (M4H) treated HBMVECs, the Cm was increased slowly by around 5% at 
4 min. The Cm was kept relatively stable after that. After 2 min, the Cm of IgG treated cells was significantly 
higher than that of the Ab6 (M4H) treated cells. It should be noted that Ab6 (M4H) has no effect on TRPM4 
close family members TRPM2, 5 and 7 (Supplementary Fig. 3).

Using WGA as a cell membrane marker10we found that Ab6 (M4H) binds to the cell membrane of live 
HBMVECs under hypoxia, but not HBMVECs under normoxia (Supplementary Fig. 4). The specificity of Ab6 
(M4H) was further verified using a transgenic rat model carrying human TRPM4 sequence19. Middle cerebral 

Sample name Conditions / Time points

UV280 CE-SDS-NR

Conc. (mg/mL) Main (%)

Ab2

D0 2.61 99.37

40oC -D7 2.52 98.28

40 oC -D14 2.67 98.49

40 oC -D28 2.57 97.77

Ab4

D0 2.68 99.90

40 oC -D7 2.70 98.87

40 oC -D14 2.68 96.18

40 oC -D28 2.76 90.84

Ab6 (M4H)

D0 3.03 99.28

40 oC -D7 2.96 98.75

40 oC -D14 2.97 98.42

40 oC -D28 2.90 97.76

Table 3.  40℃ stability test results. CE-SDS-NR: non-reducing capillary electrophoresis sodium Dodecyl 
sulfate.

 

Fig. 4.  Stability tests of Ab2, 4, and Ab6 (M4H) for higher temperature and low pH. (A) DLS (dynamic light 
scattering) thermogram of Ab2, 4, and 6. (B) CE-SDS-NR electropherograms of Ab2, 4, and Ab6 (M4H) 
of 40 °C stability taken at D0 (day 0), D7 (day 7), D14 (day 14) and D28 (day). D0 indicates the starting 
point. For Ab4 at 40 °C, 28 days showed some decreased purity of CE-SDS (encircled). (C) CE-SDS-NR 
electropherograms of Ab2, 4, and Ab6 (M4H) of low pH3.5 stability for 0 (D0), 2 and 4 h.
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artery occlusion (MCAO) was created in the rats to induce stroke. In wild type MCAO rats, Ab6 (M4H) was 
negatively stained in both ipsilateral and contralateral hemispheres (Supplementary Fig. 5A). In transgenic rats 
carrying human TRPM4, Ab6 (M4H) was strongly co-stained with endothelial marker vWF in the ipsilateral 
hemisphere, but not in the contralateral hemisphere (Supplementary Fig. 5B). This result is consistent with our 
previous studies showing that TRPM4 is upregulated in vascular endothelial cells in the ipsilateral hemisphere 
of stroke animals25,26.

Discussion
TRPM4 channel is an ideal drug target due to its low expression in the brain and unique electrophysiological 
properties6,10,27,28. TRPM4 inhibition by antisense oligodeoxynucleotide or siRNA has been shown to protect 
vasculature in spinal cord injury11 and stroke models of both permanent and transient middle cerebral artery 
occlusion25,26. In the animal model of chronic global cerebral hypoxia, treatment with TRPM4 siRNA rescued 
LTP impairment and prevented the reduction of synaptic proteins such as brain-derived neurotrophic factor 
(BDNF)29. However, a major drawback of silencing TRPM4 expression is that, when used to treat acute diseases, 
they must be administered at an early stage of disease onset before protein upregulation. In addition, siRNA does 
not directly block the channel. Therefore, we decided to develop a channel-specific antibody that can directly 
block TRPM4.

The polyclonal antibody M4P was first produced against the rat TRPM4 channel21. By targeting an 
extracellular motif close to the channel pore, M4P was shown to block TRPM4 current and downregulate 
surface expression upon sustained incubation. After ATP depletion, M4P successfully inhibited the cell swelling 
of neurons and vascular endothelial cells, but not astrocytes22. Excitingly, treatment of M4P could prevent 
membrane depolarization after chronic hypoxia, thereby ameliorating glutamate-induced excitotoxicity by 
maintaining magnesium blockade of NMDA receptors12. In addition to direct channel blocking effect, TRPM4 
antibodies have the following advantages over existing blockers. The antibodies are highly specific to TRPM4 
channel20. After prolonged binding, TRPM4 antibodies could downregulate surface TRPM4 channels for 
internalization10,21. Additionally, therapeutic antibodies have a longer plasma half-life than small molecules30–33. 
Therefore, TRPM4 blocking antibody is superior to small molecules that simply block the channel. In vivo 
studies on animal models of stroke revealed that M4P could attenuate reperfusion injury in both early21 and 
delayed18 recanalization, potentially extending the reperfusion time window.

As M4P does not cross-react with human TRPM4, a mouse monoclonal antibody M4M was developed 
by targeting a similar extracellular motif10. M4M retains the properties of M4P, such as inhibition of human 
TRPM4 currents and downregulation of surface expression of human TRPM4. The epitope recognized by M4M 
has been identified as a four-amino acid sequence EPGF that is close to the channel pore20. Substitution of 
either amino acid completely abolished M4M binding, explaining why M4M and M4P are species-specific, as 
the corresponding sequences in mouse and rat are ERGS. To characterize M4M, we generated a transgenic rat 
carrying human TRPM4 sequence. When stroke model was established in the transgenic rats, M4M was shown 
to reduce reperfusion injury19suggesting that M4M is specific for human TRPM4.

Antibody humanization is a key step in reducing the immunogenicity of xenogeneic-derived antibodies, 
it allows mouse monoclonal antibodies to be used in humans34,35. We performed M4M humanization in this 
study as a key step towards therapy. Human IgG1 was introduced into M4M using the CDR grafting method 
to replace mouse IgG36. By retaining the antigen-binding CDR regions while replacing non-human sequences 
with human counterparts, this technique helps minimize immunogenic side effects. As antibody humanization 
could reduce binding affinity37various back mutations were introduced to enhance binding affinity. However, all 
humanized antibodies demonstrated some degree of reduction on binding affinity (Table 1). Meanwhile, they all 
completely inhibited TRPM4 current induced by ATP depletion at a concentration of 20 µg/ml and showed no 
cross-reactivity with rodent TRPM4. Furthermore, Ab6 (M4H) does not bind to human TRPM4 channel close 
members human TRPM2, 5, and 7. The top 3 clones are relatively stable under high temperatures and low pH, 
with Ab2 and Ab6 (M4H) outperforming Ab4. Surface labelling indicated that the humanized antibodies could 
bind to human TRPM4 channels on the cell membrane of live cells, suggesting that these antibodies can access 

Sample name Conditions / Time points

UV280 CE-SDS-NR

Conc. (mg/mL) Main (%)

Ab2

D0 2.61 99.37

Low pH-2 h 3.09 99.89

Low pH-4 h 3.06 99.83

Ab4

D0 2.68 99.90

Low pH-2 h 3.23 99.87

Low pH-4 h 3.38 99.85

Ab6 (M4H)

D0 3.03 99.28

Low pH-2 h 3.18 99.88

Low pH-4 h 3.28 99.91

Table 4.  Low pH 3.5 stability test results. CE-SDS-NR: non-reducing capillary electrophoresis sodium 
Dodecyl sulfate.
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the channels from extracellular space and yield the inhibitory effect. This result is consistent with our previous 
studies on M4P and M4M10,21.

Interestingly, although antibody-antigen affinity studies showed that the humanization process reduced 
binding affinity, electrophysiological studies revealed that the IC50s of Ab2 and Ab6 (M4H) were no lower than 
that of M4M, or maybe even better. This is possibly due to the different experimental conditions as the antibody-
antigen affinity studies were performed at peptide level, whereas electrophysiological studies were carried 
out on full channels on live cells. It is better to use full-length channel for binding assay. However, as TRPM4 
channel contains 6 transmembrane segments, it remains a challenge to obtain full-length channel with proper 
folding. Studies using Ab6 (M4H) on HBMVECs showed that the humanized antibody effectively inhibited 
ATP depletion-induced cell swelling by inhibiting TRPM4 currents. Thus, TRPM4 humanized antibodies can 
yield a protective function on native human cells and shows promise for therapeutic applications. The actual 
therapeutic dose shall be optimized in animal models.

Fig. 5.  Dose-dependent inhibition of human TRPM4 by Ab2 and Ab6 (M4H). (A) Current-voltage 
relationship of HEK 293 cells expressing human TRPM4 that were incubated with 5 µg/ml control IgG or 
M4M at concentrations of 0.1–20 µg/ml for 30 min before ATP depletion was induced. Voltage ramps from 
– 80 to 80 mV were applied at 0 min and 7 min. N = 7, 6, 6, 6, 6, 6, 6, 6 for IgG and different concentrations 
of M4M. (B) Dose-response curve (from A) shows that M4M inhibits the ATP depletion-induced increase in 
human TRPM4 currents in a dose-dependent manner. Values are normalized to IgG. IC50 was calculated from 
fit of dose–response curve to the Hill equation. (C) Current-voltage relationship of human TRPM4 before and 
after 7-min ATP depletion. The cells were treated with control IgG (5 µg/ml) or Ab2 at doses of 0.1–10 µg/ml 
for 30 min before ATP depletion in HEK 293 cells. N = 7, 6, 6, 5, 7, 6, 6 for IgG and different concentrations 
of Ab2. (D) The dose-response curve (from C) of Ab2 treatment. Values are normalized to IgG. IC50 was 
calculated from fit of dose–response curve to the Hill equation. (E) Current-voltage relationship of human 
TRPM4 with treatment of control IgG or Ab6 (M4H) at concentrations of 0.1–10 µg/ml for 30 min before ATP 
depletion in HEK 293 cells. N = 7, 7, 6, 5, 7, 8 for IgG (5 µg/ml) and different concentrations of Ab6 (M4H). (F) 
The dose-response curve (from E) of Ab6 (M4H) treatment. Values are normalized to IgG, IC50 was calculated 
from fit of dose–response curve to the Hill equation.
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In conclusion, we have successfully humanized the anti-TRPM4 antibodies for potential use in humans. These 
humanized antibodies retain the properties of previously studied polyclonal and mouse monoclonal antibodies. 
The next stage would be to ensure the efficacy of the humanized antibody by in vivo studies using animal models 
of diseases. Previous in vivo studies on M4M were carried out in rats19. Being a mouse monoclonal antibody, 
M4M is less likely to produce adverse side effects in rodents. Although we have generated a humanized rat 
model to carrying human TRPM4 sequence, the immune system remains to be of rodent origin. Potential 
immunogenicity may arise when the humanized antibodies are introduced into the rodents, particularly under 
repeated injections38,39. If the humanized antibodies are used in managing acute diseases with a single dose 
injection such as in stroke, the effect of immunogenicity can be greatly reduced. Furthermore, humanized 
antibodies may have different pharmacokinetic and pharmacodynamic properties in rodents, which may affect 
therapeutic efficacy in preclinical studies40–42.

Data availability
All data reported in this paper are available from the corresponding author, P.L., upon reasonable request.
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