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To generate functional anti-protease-
activated receptor-4 (PAR4), a G protein-
coupled receptor, antibodies through
PAR4-mRNA-LNP immunization

Check for updates

En-Shuo Liu1,2,12, Kai-Wen Ho2,12 , Chin-Chung Wu3, Hsiao-Li Fan2, Ting-Yu Wang3, Yuan-Chin Hsieh4,5,
Bo-Cheng Huang2,6, Shih-Ting Hong2, Tzu-Yi Liao1,2, Yen-Ling Liu1,2, Yu-Tung Chen1,2, Chia-Ching Lee1,2,
Chiao-Yun Chen2,7,8, Chih-Lung Lin1,9,10 & Tian-Lu Cheng1,2,11

G protein-coupled receptors (GPCRs) are key therapeutic targets for various diseases, such as the
thrombin receptor protease-activated receptor 4 (PAR4) involved in thrombotic cardiovascular
disorders. However, the structural complexity of native GPCRs hinders recombinant protein
production, making peptide-based immunization insufficient for generating high-quality antibodies.
Here, we developed a PAR4-mRNA-LNP vaccine to express native PAR4 in vivo, thereby inducing
potent and specific anti-PAR4 antibodies. The PAR4-mRNA-LNP formulation showed 93.44%
encapsulation efficiency, an average size of 127.5 nm, and a polydispersity index (PDI) of 0.1033.
Native 55-kDa PAR4 protein with complete glycosylation was confirmed on the cell surface using
western blotting and flow cytometry. Mice immunized with PAR4-mRNA-LNP produced strong anti-
PAR4 antibody responses, as detected by cell-based ELISA. Finally, we established hybridoma cell
lines and identified five clones that significantly inhibited PAR4-mediated platelet aggregation. These
findings suggest that mRNA-LNP technology can be broadly applied to generate functional anti-
GPCR antibodies for therapy.

G protein-coupled receptors (GPCRs) play important roles in various
physiological processes, including sensory perception1, neurotransmitter2,
and hormone regulation3. Dysregulation or abnormal GPCR signaling is
associated with various diseases, such as cancer4, cardiovascular disorders5,
and neurological conditions6. Because of their role in disease progression,
GPCRs are important therapeutic targets. For example, protease-activated
receptor 4 (PAR4) is a GPCR required for platelet activation and has a
significant role in cardiovascular diseases, such asmyocardial infarction and
stroke. Therefore, targeting PAR4 with therapeutic antibodies represents a

promising approach. Developing antibodies against GPCRs is challenging
because of their structural complexity, which limits recombinant protein
production7. Peptides areoftenusedas substitutes, but their poormimicryof
the GPCR structure reduces binding specificity and antibody
effectiveness8–10. Innovative strategies are essential to preserve the native
structure of GPCRs. Huang et al. used murine 3T3 cells expressing human
CXCR2 with membrane-bound GM-CSF as an adjuvant to enhance anti-
body production by stimulating local inflammation and splenocyte
proliferation11. However, this approach may increase background noise,
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resulting in a weakening of the immune response and complicating the
identification of specific antibodies. Therefore, a strategy to enhance GPCR
antibody generation is needed that canmaintain the nativeGPCR structure,
reduce background noise, and act as a good adjuvant to produce a strong
antibody response.

During the COVID-19 pandemic, mRNA-LNP technology gained
prominence as a platform for delivering lipid nanoparticle–encapsulated
mRNA, enabling intracellular expressionof target proteins in vivo—often in
a membrane-embedded, glycosylated, and conformationally correct
state12–14. Unlike recombinant protein purification methods, which can
disrupt native protein conformations—particularly for complex trans-
membrane proteins such as GPCRs—mRNA-LNPs promote protein
synthesis within a physiological environment, thereby preserving mem-
brane topology, glycosylation, and receptor functionality. In addition, the
mRNAitself acts as apotent adjuvantbyactivating toll-like receptors 7 and8
(TLR7/8), thereby inducing a strong immune response and promoting the
generation of antigen-specific antibodies15. Based on this strategy, we
developed PAR4-expressing mRNA-LNPs (PAR4-mRNA-LNPs) to
immunize BALB/cmice and employed a hybridoma approach16 to generate
functional anti-PAR4 antibodies (Fig. 1). Initially, the structural integrity
and synthesis efficiency of PAR4-mRNA-LNP had been confirmed via gel
electrophoresis and particle characterization. Subsequently, we verified the
molecularweight and surface expressionof PAR4on293Tcells after PAR4-
mRNA-LNP using western blotting and flow cytometry, respectively.
Throughout the immunization timeline in BALB/c mice, antibody
responses had been quantified by PAR4-expressing cell-based ELISA,
monitoring response escalation following sequential boosts. To establish
sustained antibody production, hybridoma clones had been generated and
screened, confirming anti-PAR4 IgG/IgM and isotypes. Functional inhibi-
tion assays evaluated the antagonistic capability of anti-PAR4 antibodies on
platelet aggregation. This mRNA-LNP approach enhanced antibody spe-
cificity and efficacy by preserving the nativeGPCR structure and resulted in
the production of high-quality, functional antibodies.

Results
Characterization of the PAR4-mRNA-LNP
To express native PAR4 on the cell surface in vivo, we designed a human
PAR4 (a type of GPCR) mRNA that contained the PAR4 signal peptide
along with the full-length human PAR4 gene to facilitate surface expression
and a Flag-tag for detection. In addition, the 5’ cap, UTR, and poly (A) tail
were synthesized on the mRNA of PAR4 to optimize its stability and
transcription efficiency17,18 (Fig. 2A). To confirm that the PAR4mRNAwas
successfully constructed, 1,182 base pairs were detected using agarose gel
electrophoresis (Fig. 2B, completefigure on Supplementary Fig. 1). Next, we
encapsulated the mRNA of PAR4 into lipid nanoparticles (LNP) to form

PAR4-mRNA-LNP. The encapsulation efficiency of PAR4-mRNA-LNP
was 93.44%, the mean size was 127.5 nm, and the PDI was 0.1033, which
complies with FDA guidelines (PDI should remain below 0.3)19. The results
indicated that all nanoparticles were of similar size and demonstrated a
monodispersed size distribution (Fig. 2C). Thus, the PAR4-mRNA-LNP
was successfully developed and ready for cell transfection and PAR4 surface
expression.

PAR4 surface expression following PAR4-mRNA-LNP
transfection
To confirm PAR4-mRNA-LNP-expressing native PAR4 on the cell
surface, different doses (0.5, 1, 2 μg) of PAR4-mRNA-LNP were
transfected into 293 T cells, and the native structure and surface
expression of PAR4 were evaluated by western blot analysis and flow
cytometry. For western blot analysis, we used an anti-Flag antibody
(clone: 9A3) to verify the correct molecular weight of Flag-PAR4. Two
bands were observed at 55 kDa and 40 kDa in the PAR4-expressing
cells (293T-Flag-PAR4 cells, used as a positive control), which corre-
sponded to the presence or absence of native PAR4 glycosylation.
PAR4-mRNA-LNP effectively expressed a 55 kDa band representing
PAR4 with complete glycosylation in a dose-dependent manner
(Fig. 3A, complete figure on supplementary figure 2). To further assess
the surface expression of PAR4, the 293T-Flag-PAR4 group and dif-
ferent transfection doses of PAR4-mRNA-LNP were analyzed using a
commercial anti-PAR4 antibody (clone: 5F10) and evaluated by flow
cytometry. The results indicated that both 293T-Flag-PAR4 cells and
different transfection amounts of PAR4-mRNA-LNP increased the
intensity of FITC fluorescence, which confirmed surface PAR4
expression in a dose-dependentmanner (Fig. 3B). The results indicated
that PAR4-mRNA-LNP results in complete glycosylation of native
PAR4 on the cell surface.

Anti-human PAR4 antibody responses following PAR4-mRNA-
LNP immunization
BALB/c mice (n = 6) were administered three intramuscular injections of
10 μg PAR4-mRNA-LNP, followed by a final (4th) 3 μg boost. Serum was
collected during the 2nd, 3rd, and final boosts to measure anti-PAR4
antibody responses. PAR4-expressing cells were seeded into a 96-well plate
and various dilutions of mouse serum were added to screen for anti-PAR4
antibody responses using horseradish peroxidase (HRP)-conjugated anti-
mouse IgG antibody. The results indicated that anti-PAR4 antibodies were
produced in two mice (No. mouse-2 and mouse-5) after the 2nd boost
(Fig. 4A). Following the 3rd boost, five mice produced anti-PAR4 antibody
responses (Fig. 4B). After the final boost (4th), all mice exhibited anti-PAR4
antibody responses. Notably, 5 of 6mice produced high antibody responses

Fig. 1 | PAR4-mRNA-LNP immunization can
generate functional anti-PAR4 antibodies to pre-
vent platelet aggregation. We developed human
PAR4-mRNA-LNPs to immunize mice via intra-
muscular injections, enabling the transfection of
PAR4-mRNA intomouse cells in vivo. This resulted
in the surface expression of the native human
PAR4 structure, effectively inducing an antibody
response and leading to the generation of various
anti-human PAR4 antibodies. We selected the most
effective functional anti-PAR4 antibody to serve as a
PAR4 antagonist, which was capable of inhibiting
platelet aggregation.
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at a 30,000-fold dilution (absorbance 405 nm > 1), with the exception of
mouse-3 (absorbance 405 nm<1) (Fig. 4C). The results indicate that PAR4-
mRNA-LNP effectively induces anti-human PAR4 antibodies following
immunization.

Establishment of hybridoma cells producing monoclonal anti-
PAR4 antibodies
To stably generate monoclonal anti-PAR4 antibodies, we collected sple-
nocytes from mice and fused them with FO myeloma cells at a 4:1 ratio to

establish hybridomas using the ECM-2001 Hybridoma System. The fused
cells were distributed into 1152 wells in twelve 96-well plates and incubated
inHATmedium to select the surviving hybridoma cells and establish single
clones. A total of 92 single clones were screened for anti-PAR4 antibodies
using a cell-based ELISA and 293T-Flag-PAR4 cells. Fifteen candidate
clones were identified. After incubating the clones in a 6-well plate, they
were tested with horseradish peroxidase (HRP)-conjugated IgG + IgM
antibody to confirm the production of anti-PAR4 antibodies. The results
indicated that 13 of the 15 hybridoma clones produced anti-PAR4 IgG or

Fig. 2 | Characterization of PAR4-mRNA-LNP. A Schematic of the PAR4 mRNA
sequence design, which consists of the full-length human PAR4 gene, the
PAR4 signal peptide, and a Flag-tag for PAR4 surface expression. The 5′ cap, 5′UTR,
3’ UTR, and poly(A) tail were optimized for stability and transcription efficiency.

B The mRNA of PAR4 (1,182 base pairs, bp) was detected using agarose gel elec-
trophoresis. M: RNA ladder. C The parameters of PAR4-mRNA-LNP included
encapsulation efficiency, size average mean, and polydispersity index (PDI).

Fig. 3 | PAR4 surface expression following PAR4-mRNA-LNP transfection.We
transfected 0.5, 1, and 2 µg of PAR4-mRNA-LNP into 293 T cells. A To assess the
molecular weight of PAR4, an anti-Flag-tag antibody (clone: 9A3) was used to detect
Flag-PAR4. In 293T-Flag-PAR4, which served as a positive control, bands were
observed at 40 kDa (representing native PAR4 without glycosylation) and 55 kDa
(representing native PAR4with glycosylation). The PAR4-mRNA-LNP transfection
groups exhibited a major band at 55 kDa, indicating the presence of the native
PAR4 structure with complete glycosylation. Themock group, which did not receive

PAR4-mRNA-LNP, served as a negative control. M: Protein ladder, 10–180 kDa.
B Surface expression of PAR4 was assessed by flow cytometry using an anti-PAR4
antibody (clone: 5F10, MABS1298). The FITC fluorescence intensity indicated the
surface expression of PAR4, which increased in a dose-dependent manner with
PAR4-mRNA-LNP transfection. The 293-T cell group acted as a negative control,
whereas the 293T-Flag-PAR4 group served as a positive control.
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IgM (Fig. 5A). To identify the isotypes of the anti-PAR4 antibodies, an
HRP-conjugated anti-mouse IgG antibody was used to determine the
presence of anti-PAR4 mouse IgG. Consequently, 10 of the 15 hybridoma
clones generated anti-PAR4 IgG (Fig. 5B). Both assays showed no non-
specific binding in 293-T cells, confirming the successful establishment of
hybridoma cells that stably express specific anti-PAR4 IgG and IgM.

Screening of the functional anti-PAR4 antagonist antibody and
identification of its isotype
To determine whether the 13 anti-PAR4 IgG and IgM antibodies from Fig. 5
act as PAR4 antagonists to inhibit PAR4-mediated platelet aggregation, we
pretreated human platelet suspensions with the antibodies, followed by sti-
mulation with 100 µM protease-activated receptor 4 agonist peptide (PAR4-

Fig. 4 | Anti-human PAR4 antibody responses
following PAR4-mRNA-LNP immunization.
After immunizing BALB/c mice (n = 6) with PAR4-
mRNA-LNP through intramuscular injection, a
PAR4-expressing cell-based ELISA was used to
measure the anti-PAR4 antibody responses with
horseradish peroxidase (HRP)-conjugated anti-
mouse IgG antibody for detection. A Following the
2nd boost, two mice exhibited anti-PAR4 antibody
responses. B After the 3rd boost, five mice produced
anti-PAR4 antibody responses.C Following thefinal
boost, all mice exhibited anti-PAR4 antibody
responses; specifically,mice 1, 2, 4, 5, and 6displayed
extremely high PAR4 antibody responses, even at a
30,000-fold dilution.
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AP). If the anti-PAR4 antibodies act as antagonists, they may compete with
PAR4-AP to inhibit platelet aggregation. The results indicated that five
functional anti-PAR4 IgG antibodies (8-9B, 1F-2B, 12A-6D, 12A-9B, and
12A-10E) inhibited platelet aggregation in the presence of PAR4-AP. Nota-
bly, clones 8-9 B and 12A-10E completely inhibited platelet aggregation and
inhibited PAR4-mediated aggregation (Fig. 6A, Supplementary Fig. 3).
PAR1-AP was used to confirm the specificity of the five anti-PAR4 IgG
antibodies for PAR4 compared with other platelet-agonist receptors. The
antibodies had no significant effect on inhibiting PAR1-AP (5 μM)-induced
platelet aggregation (Fig. 6B). Moreover, we confirmed that the five anti-
PAR4 antibodies specifically bind to native PAR4 on the surface of 293T-
PAR4 cells by confocal microscopy (Supplementary Fig. 4). Finally, we
determined the mouse IgG isotype of the PAR4 antagonist antibodies (8-9B,
1F-2B, 12A-6D,12A-9B, and12A-10E)usingaMouseMonoclonalAntibody
Isotyping Test Kit. Clone 8-9B exhibited an IgG2a isotype with a kappa light
chain,whereas the other clones (1F-2B, 12A-6D, 12A-9B, and12A-10E)were
of the IgG2b isotype, also with kappa light chains (Table 1, Supplementary
Fig. 5). Taken together, these findings suggest that PAR4-mRNA-LNP can
immunize mice and induce PAR4 antagonist IgG antibodies.

Discussion
We describe a PAR4-mRNA-LNP approach that efficiently generates high-
responses, functional anti-PAR4 antibodies, and overcomes the structural
and specificity challenges of GPCRs. The adjuvant properties of mRNA-
LNP further enhance the immune response, and mRNA can be used to
express any complex protein (like GPCRs). for antibody development
through in vivo expression. This simple and convenient mRNA-LNP
strategy will accelerate the development of any targeted antibody, particu-
larly against complex proteins.

The mRNA of mRNA-LNP acts as an adjuvant and is potentially
recognized by toll-like receptors 7 and 8 (TLR7/8) in the endosomes, which
triggers an immune response and affects vaccine effectiveness20–24. Upon
activation, TLR7/8 recruits the adaptor protein MyD88, which leads to the
activation of the transcription factorNF-κB25–28 and plays an important role
in B cell activation by promoting B cell proliferation, differentiation, and
antibody production, thereby driving an effective immune response29–32.
Therefore, mRNA-LNP technology is widely used for vaccines and is
effective againstCOVID-19 andother infectiousdiseases, such asZika,HIV,
and influenza33–37 by triggering a strong immune response.Our results show

Fig. 5 | PAR4-expressing cell-based ELISA to
evaluate anti-PAR4 antibody from
hybridoma cells. Fifteen clones were screened using
a PAR4-expressing and 293 T alone cell-based
ELISA. A The anti-PAR4 antibodies were measured
using HRP-conjugated anti-mouse IgG + IgM.
BTheHRP-conjugated anti-mouse IgG Fc fragment
identified the isotypes of the anti-PAR4 antibodies
in the supernatants from each hybridoma cell.
Thirteen hybridoma clones produced high levels of
specific anti-PAR4 IgG (10 clones) or IgM (3
clones). Anti-PAR4 Ab served as a positive control.
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that following the 4th booster, antibody responses remained significantly
strong and maintained effectiveness even when diluted 30,000-fold. This
highlights the potential of our approach to generate high antibody
responses, which are well-suited for efficient hybridoma screening during
subsequent stages. Overall, the PAR4-mRNA-LNP platform streamlines
antibody development and leverages the adjuvant properties of mRNA-
LNPs to activateTLR7/8, enhancing the immune response, and enabling the
production of high-responses, specific antibodies against complex GPCR
proteins.

mRNA-LNP technology provides a convenient and versatile alter-
native to traditional GPCR protein production methods and bypasses the
need for detergent solubilization and complex purification steps38,39. Tra-
ditional approaches face significant challenges, such as turkey β1-adrenergic
receptor (β1AR), human adenosine A2A receptor (A2AR), and rat neuro-
tensin receptor (NTSR1), which must be solubilized from the cell surface
usingdetergents, a process that candisrupt theprotein’s native structure and
reduce its functionality38–41. Affinity purification is required to isolate the
GPCR; however, this step can be complicated by the presence of con-
taminants or improperly folded proteins42,43. Our PAR4-mRNA-LNP
strategy addresses traditional challenges by delivering mRNA directly into
cells, where PAR4 is naturally synthesized, properly folded, and fully gly-
cosylated on the cell surface.This approachpreserves the structural integrity
of PAR4, ensures it remains in its native conformation, and significantly

streamlines the production of antibodies against complex GPCR targets. In
addition, mRNA-LNP technology has promise for generating antibodies
against challenging targets, including unstable multi-pass membrane pro-
teins and glycosylated proteins43,44, as well as low-immunogenic, low-
abundance proteins, such as viral antigens45–47.

Using the native structure of GPCR as an antigen is essential for
accurately screening therapeutic anti-GPCR agonists and antagonists.
Traditional selection strategies often involve the use of GPCR peptides or
GPCR-expressing virus-like particles (VLPs). For example, Tohidkia et al.
used biotinylated peptides from the second extracellular loop of the GPCR
cholecystokinin-B receptor (CCK-BR) to screen an anti-GPCR scFv phage
library and isolate scFvs that recognized the native receptor48. Similarly,
Huang et al. synthesized a biotinylated N-terminal peptide of GPCR C5aR
to screen an anti-GPCR Fab phage library to produce IgG antibodies with
strong binding to C5aR-expressing cells49. However, GPCR peptides often
fail tomimic the complexnative structure of the target protein,which results
in antibodies that recognize linear rather than functional conformational
epitopes, reducing their specificity and therapeutic efficacy50,51. VLPdisplays
GPCRs in a membrane-like environment that closely mimics their natural
structure. Ho et al. developed a VLP system in HEK293 cells to efficiently
screen anti-GPCR antibodies by analyzing 210 GPCR GALR3 variants for
yield, stability, and functionality52. However, membrane protein impurities,
such as misfolded proteins, present significant challenges in VLP systems
and complicate the isolation of highly specific antibodies. Furthermore, the
process of isolating VLPs is inherently difficult and complex, which further
reduces the yield of therapeutically effective antibodies. To address these
limitations, our strategy involves using lentiviruses to stably express GPCRs
on the cell surface. This method preserves the native structure of GPCRs,
ensuring proper folding, post-translational modifications, and membrane
embedding. Figure 5 shows the use of a PAR4-expressing, cell-based ELISA
to evaluate anti-PAR4 antibody produced by hybridoma cells. This GPCR-
expressing, cell-based system enhances the selection of specific and func-
tional anti-GPCR antibodies, making the process more accessible and
efficient for research and therapeutic development.

PAR4 has an important role in platelet activation and thrombo
inflammation, and it has emerged as a potential target for anti-thrombotic
therapy. Unlike PAR1, whichmediates rapid but transient platelet activation,
PAR4 is associatedwith a slower,more sustained response that is essential for

Fig. 6 | Selective inhibition of 13 anti-PAR4 IgG and IgM antibodies on PAR4-
mediated human platelet aggregation. To determine whether the functional anti-
PAR4 antibodies can inhibit platelet aggregation, A human platelet suspensions
were pretreated with 13 supernatants from the hybridoma cells for 3 min and sti-
mulated with PAR4-AP (100 μM). Five clones (8-9B, 1F-2B, 12A-6D, 12A-9B, and
12A-10E) were identified as capable of inhibiting platelet aggregation and acting as

PAR4 antagonists. B To confirm the specificity of the five clones for PAR4 versus
other platelet-agonist receptors, PAR1-AP was used. They all showed an inhibitory
effect of less than 20% or did not affect PAR1-AP-induced platelet aggregation.
Control: FO cell culture medium. Values are presented as the mean ± S.E.M. (n ≥ 3).
*P < 0.05, **P < 0.01, ***P < 0.001, compared with the control.

Table 1 |Mouse IgGantibody isotypesof the hybridomaclones

Clone Mouse IgG isotype Mouse light chain isotype

8-9B IgG2a Kappa

12A-10E IgG2b Kappa

12A-9B IgG2b Kappa

12A-6D IgG2b Kappa

1F-2B IgG2b Kappa

The mouse IgG isotype of five anti-PAR4 antagonist antibodies was identified using a Mouse
Monoclonal Antibody IsotypingTest Kit. Clone 8-9Bexhibited the IgG2a isotype,whereas the other
clones (1F-2B, 12A-6D, 12A-9B, and12A-10E)were of the IgG2b isotype. All five cloneswere kappa
light chain antibodies.
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stable thrombus formation53–55. Although PAR1 inhibitors, such as Vor-
apaxar, prevent thrombotic events, they carry significant risks, including
hemorrhage, particularly intracranial bleeding56,57. This necessitates careful
patient selection and monitoring and highlights the need for safer ther-
apeutics that target PAR4. In addition to its distinct signaling characteristics,
PAR4 expression is significantly upregulated in various diseased tissues58–60,
including those associated with cardiovascular and thrombo-inflammatory
disorders61–63. This increased expression underscores the role of PAR4 in
diseasepathology and reinforces its potential as aneffective therapeutic target.
Our anti-PAR4 antibody specifically inhibits PAR4-mediated platelet acti-
vation, offering an effective approach for the safer management of throm-
boembolic events and cardiovascular conditions.

In conclusion, our mRNA-LNP strategy provides several key advan-
tages for the development of anti-GPCR antibodies.mRNA-LNPserves as a
potent adjuvant that stimulates a strong immune response.This approach is
also highly convenient as it only requires in vivo injection to efficiently
express the target GPCR. This method preserves the native structure of
GPCRs on the cell surface, ensuring proper folding and functionality, which
is necessary for generating specific antibodies. In addition, the system
maintains the native structure of GPCRs, making it ideal for the efficient
screening and selection of therapeutic antibodies. Targeting PAR4, which is
a promising candidate for diseases like cardiovascular and inflammatory
conditions, further emphasizes the relevance of this approach. Taken
together, we believe our strategy has the potential to accelerate the devel-
opment of GPCR-targeted antibodies for various diseases, such as myo-
cardial infarction, stroke, and cancer-associated thrombosis.

Methods
Cells and reagents
Weused293-T and FO cells for this study.We established 293T-Flag-PAR4
cells that stably expressed Flag-PAR4 on the 293-T cell surface by lentivirus
transduction. 293 T cells were seeded at 2 × 105 cells/well in a 6-well plate
and cotransfected with 2 µg of pLKO-AS3W-Flag-human PAR4-puro
(NCBI Reference Sequence: NM_003950.4), 0.2 µg pMD.G, and 1.8 µg
pCMV 8.91 using Lipofectamine™ 2000 Transfection Reagent (Thermo
Fisher, Inc). After 7 days, the culture medium was collected and filtered
through a 0.22-μmsyringe filter, mixedwith 8 μg/mL polybrene, and added
to 1 × 105 293 T cells for viral infection. The cells were selectedwith 2 μg/mL
puromycin. High-expressing Flag-PAR4 293 T cells were detected using
mouse anti-humanPAR4antibody (clone5F10;MABS1298) (1:50dilution)
andFITC-conjugated goat anti-mouse IgGFcγ (Jackson Immuno-Research
Inc. #115-095-008) (1:20 dilution) and sorted using a MoFlo™ XDP Cell
Sorter System (Beckman Colter) to generate 293T-Flag-PAR4 cells. The
cells were cultured in DMEM (Sigma-Aldrich) containing 10% heat-
inactivated bovine calf serum (GE Healthcare Life Science) and 1% peni-
cillin combined with streptomycin (Thermo Fisher Scientific) at 37 °C in a
humidified atmosphere containing 5% CO2.

Mouse
All BALB/c mice used in this study were obtained from the National
Laboratory Animal Center (NLAC), Taiwan. All animal procedures were
conducted in accordance with the guidelines approved by the Institutional
Animal Care and Use Committee (IACUC) of Kaohsiung Medical Uni-
versity, Taiwan. When animals reached humane endpoints—such as a
sudden loss of body weight (>20%), moribund condition, or severely
reduced mobility—euthanasia was performed using gradual-fill carbon
dioxide (CO₂) inhalation, in compliancewith theAVMAGuidelines for the
Euthanasia of Animals (2020) and NLAC guideline. The CO₂ flow rate was
maintained at 20–30% of the chamber volume per minute to minimize
distress. For procedures requiring immediate tissue collection, such as
spleen extraction for hybridoma generation, animals were first deeply
anesthetized with isoflurane (≥3%) until complete loss of reflexes (e.g., toe-
pinch), followed by cervical dislocation performed by trained personnel.
This approach adhered to institutional IACUC protocols and inter-
nationally accepted standards for humane euthanasia.

Design of the PAR4-mRNA-LNP
The PAR4-mRNA-LNP used in this study was synthesized by Dr. Ching-
JenYang at theDevelopment Center of Biotechnology (DCB), Taiwan, on a
contract basis. The PAR4 gene sequence was derived from the NCBI
Reference Sequence:NM_003950.4. ThePAR4-mRNAwasmodifiedwith a
5′ cap, untranslated regions (UTRs), and a poly(A) tail containing 50 ade-
nosine residues. The mRNAwas then encapsulated into lipid nanoparticles
(LNPs) using a formulation similar to that used by Moderna, consisting of
SM-102 (ionizable lipid), helper lipid, cholesterol, and PEG-lipid in amolar
ratio of 50:10:38.5:1.564. The encapsulation efficiency, particle size, and
polydispersity index (PDI) were evaluated by Dr. Yang’s team using
dynamic light scattering (DLS).

Evaluate the PAR4 surface expression of PAR4-mRNA-LNP by
western blot analysis and flow cytometry
293-T cells were seeded at 2 × 105/mL in a 12-well growth plate and incu-
bated overnight. The medium was replaced with 750 µL of fresh medium.
After 30min, we added 250 µL of medium containing 0, 0.5, 1, or 2 µg of
PAR4-mRNA-LNP to the cells and incubated for 48 h. PAR4 expression
was detected by western blot analysis and flow cytometry. PAR4 expression
in 293-T cells transfected with PAR4-mRNA-LNP was assessed by western
blot analysis. The primary antibody was DYKDDDDK Flag-Tag (9A3)
mouse mAb (Cell Signaling Technology, Inc; #8146) and the secondary
antibody was Goat anti-mouse IgG Fcγ fragment specific-HRP (Jackson
Immuno-Research Inc. #115-035-008). After developing the blot by che-
miluminescence, the bands were quantified using a MultiGel-21 UVP
imaging system. The surface expression of PAR4 in 293 T cells by flow
cytometry following transfection with PAR4-mRNA-LNP and staining the
cells with mouse anti-human PAR4 antibody (clone 5F10; MABS1298),
followed by incubation with FITC-conjugated goat anti-mouse IgG Fcγ
(Jackson Immuno-Research Inc. #115-095-008). The surface fluorescence
intensity of viable cellswasmeasured using aMerckGuava easyCyte System
flow cytometer and the data were analyzed using FlowJo v10.8.1.

PAR4 antibody responses after immunization with PAR4-
mRNA-LNP
BALB/c mice (n = 6), aged 6–8 weeks, were immunized with three intra-
muscular (i.m) injections of 10 μg PAR4-mRNA-LNP, administered once
every 2 weeks for 6 weeks. At 8 weeks, a final (4th) intramuscular boost of
3 μg PAR4-mRNA-LNP was administered. Tail vein blood was collected
and the serum was stored at −80 °C one week after each booster. Anti-
human PAR4 antibody responses frommouse serumwere screened using a
cell-based ELISA. 293T-Flag-PAR4 cells (1 × 105 cells/well) were seeded in
96-well plates (Thermo Fisher Scientific Inc. #167008) coated with 50 μg/
mL poly-D-lysine and incubated overnight. The cells were fixed in 1%
paraformaldehyde in PBS for 5min at room temperature, followed by the
addition of 0.1M glycine to neutralize the paraformaldehyde for 30min at
room temperature. The plates were blocked with 5%milk and diluted anti-
human PAR4 antibody frommouse serum (in 2% skimmilk) was added to
each well and incubated for 50min at room temperature. Horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG Fcγ fragment specific-
HRP (Jackson Immuno-Research Inc. #115-035-008) (1:2000) was added
and incubated for 50min at roomtemperature. Following threewasheswith
PBS, ABTS, and H2O2 were added. The binding capacities of each serum
sample were evaluated using an ELISA reader and the data were analyzed
using GraphPad Prism software (v10.0).

Establishing a hybridoma using the ECM-2001 Hybridoma Sys-
tem for electrofusion
Splenocytes (1.6 × 107/ml) andFOmyeloma cells (4× 106/ml)weremixed at
a 4:1 ratio and washed twice with 20ml electrofusion medium (centrifuged
at 1400 rpm for 7min). The pellets were resuspended with 2mL of room
temperature CytofusionMediumC and the pellet was transferred to a 2mL
coaxial chamber. We immediately performed electrofusion (within
30 seconds) using the recommended parameters (Step-1. Pre-AC:
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V0 = 40 V, VF = 40V, T = 15 s, F = 1.4MHz; Step-2. Pre-AC: V0 = 70 V,
VF = 70V, T = 20 sec, F = 1.4MHz; DC-PULSE: V = 800V, T = 40 μs,
N = 1, I = 0; Post-AC: V0 = 70V, VF = 5V, T = 30 sec, F = 1.4MHz).
Finally, the fusionmixture was plated into twelve 96-well plates (1,152 total
wells) and cultured in HAT medium (Sigma-Aldrich) to screen for
hybridomas.

Evaluation of anti-PAR4 antibody secreted from hybridoma cells
After establishing hybridoma cells and observing their growth to approxi-
mately 50% confluency in 96-well plates over 1–2 weeks, the supernatants
were collected and the PAR4 antibodies were determined using a cell-based
ELISA. 293T-Flag-PAR4 cells (1 × 105 cells/well) were seeded into 96-well
plates (Thermo Fisher Scientific Inc. #167008) coated with 50 μg/mL poly-
D-lysine and incubated overnight. The cells were fixed in 1% paraf-
ormaldehyde in PBS for 5min at room temperature, followed by the
addition of 0.1M glycine to neutralize the paraformaldehyde for 30min at
roomtemperature.Theplateswereblocked in5%milk and the supernatants
were added to eachwell for 50min at room temperature. After three washes
with PBS, horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG+ IgM(H+ L) antibody(JacksonImmuno-Research Inc. #115-035-044)
(1:1,000) and horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG
Fc fragment antibody (Jackson Immuno-Research Inc. #115-035-008)
(1:1,000) were added and incubated for 50min at room temperature. After
threewasheswithPBS,ABTSandH2O2were added.Thebindingcapacities of
each serumwere evaluatedusing anELISA reader, and the datawere analyzed
using GraphPad Prism software (v10.0).

Screening for functional anti-PAR4 antagonist antibodies
Theprotocol for this studywas approvedby the InstitutionalReviewBoardof
Kaohsiung Medical University Hospital. Human blood anticoagulated with
acid citrate dextrose was obtained from healthy human volunteers, who had
not taken any drugs during the previous two weeks. The blood was cen-
trifuged at 450 × g for 15min and the supernatant was obtained as platelet-
rich plasma. The platelet-rich plasma was further centrifuged at 1800 × g for
15min in the presence of prostaglandin E1 (0.5 μM). The platelet pellet was
washedwithTyrode’s solution containing 2mMCa2+, 11.1mMglucose, and
3.5mg/ml bovine serumalbumin and centrifuged at 1200× g for 7min in the
presence of prostaglandin E1 (0.5 μM) and apyrase (0.15 U/ml). The platelet
pellet was washed again as described above except for the omission of
prostaglandin E1. The washed platelets were suspended in Tyrode’s solution
at 3 × 108 platelets/mL unless otherwise specified. Platelet aggregation was
measured turbidimetricallywitha light-transmissionaggregometer (Chrono-
Log Co., Havertown, PA, USA). The platelet suspension was pretreated with
anti-PAR4 antibodies in the supernatant at 37 °C for 3min while stirring
(1200 rpm), and 100 µM of PAR4-agonist peptide (PAR4-AP, sequence:
AYPGKF-NH2) or 5 µM PAR1-agonist peptide (PAR1-AP, sequence:
SFLLRN-NH2) was added to induce platelet aggregation. The extent of pla-
telet aggregationwasmeasured as themaximal increase in light transmission
within 5min following the addition of inducers.

Evaluation of five functional PAR4 antibodies target native PAR4
expressed on the cell surface
293T-Flag-PAR4 cells were seeded onto 18mm glass coverslips (Matsu-
nami Micro Cover Glass, 18mm) pre-coated with 20 μg/mL poly-D-lysine
and cultured overnight at 37 °C. The following day, cells were fixed with 1%
paraformaldehyde (PFA) for 5minutes at room temperature and neu-
tralized by 0.1M glycine, then incubated with 500 μL of hybridoma culture
supernatants containing one of the five anti-PAR4 monoclonal antibodies
for 50min. After PBS washing, cells were incubated with FITC-conjugated
goat anti-mouse IgG Fcγ secondary antibody (Jackson ImmunoResearch.
#115-095-008) for 50min at room temperature in the dark. Nuclei were
counterstained with DAPI Fluoromount-G® (SouthernBiotech. #0100-20),
and coverslips were mounted onto glass slides. Confocal fluorescence
images were acquired using a confocal microscope (LSM 700 Confocal
Microscope).

Identification of the mouse IgG isotype of the PAR4 antagonist
antibodies
The mouse IgG isotype of the PAR4 antagonist antibodies was determined
using the Mouse Monoclonal Antibody Isotyping Test Kit (Bio-Rad).
Freshly collected supernatant (150 µL) was pipetted into each development
tube and incubated at room temperature for 30 s. The tube was briefly
vortexed to ensure that the colored microparticle solution was completely
resuspended.An isotypic strip,witha solid red endat thebottom,wasplaced
into each development tube. The results were interpreted after 5–10min
once the positive flow control bands had appeared.

Statistical analyses
Statistical analyses were performed using GraphPad Prism software (v10.0)
and FlowJo v10.8.1. The results are expressed as themeans ± standard error
of the mean (S.E.M.). Data were analyzed by a one-way analysis of variance
(ANOVA), followed by Dunnett’s multiple comparison post-hoc test.
p < 0.05 was considered statistically significant.

Data availability
Data is provided within themanuscript or supplementary information files.

Code availability
No code was used in this study.
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