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The matrix protein 2 (M2) is a preferred target for developing a universal vaccine against the influenza A virus
(IAV). This study aimed to develop a method for assessing antibody‐dependent cell‐mediated cytotoxicity
(ADCC) associated with M2‐based immunization in mice. We first established a stable cell line derived from
mouse lymphoma cells (YAC‐1) expressing M2 of H3N2. This cell line, designated as YAC‐1‐M2, was generated
using a second‐generation lentiviral tricistronic plasmid system to transduce the M2 gene into YAC‐1 cells. The
ADCC effect induced by polyclonal antibodies targeting matrix protein 2 ectodomain (M2e) was demonstrated
by YAC‐1‐M2 cell lysis by natural killer cells (NK) derived from mice, in the presence of anti‐M2 antibodies
obtained from mice immunized with an mRNA vaccine based on M2e. This ADCC effect was found to be stron-
ger compared to the effect induced by monoclonal antibodies (14C2) against M2. Moreover, the ADCC effect
was enhanced as the effector‐to‐target ratio of NK to YAC‐1‐M2 cells increased. In conclusion, we established a
novel method to detect ADCC of M2 of IAV, which paves the way for the development of an M2‐based universal
vaccine against IAV and an in‐depth analysis of its mechanism of broad‐spectrum immune protection in mice.
© 2024 Chinese Medical Association Publishing House. Published by Elsevier BV. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction the host cells and contributes to the maturation and assembly of the
The matrix‐2 (M2) protein of influenza A virus (IAV) is a non‐
glycosylated protein present on the virus surface and consists of three
distinct regions: extracellular domain (M2e), transmembrane domain,
and intracellular domain [1]. M2 exhibits proton‐selective channel
activity and plays a crucial role in maintaining pH balance within
the cytoplasm and Golgi apparatus. This facilitates viral entry into
virus, followed by replication and amplification within the host cell
[2,3]. The sequence of the M2e domain is highly conserved and con-
sists of 23 amino acids [4]. Despite lacking neutralizing activity [5],
serum or monoclonal antibodies generated by M2/M2e immunization
show significant protective effects when passively transferred to
animals [6–9], and can lead to the elimination of virus‐infected cells
through antibody‐dependent cell‐mediated cytotoxicity (ADCC) [10].

The process of ADCC unfolds in several steps. Initially, the Fab
region of the antibody recognizes the target cell, leading to cross‐
linking of the antibody's Fc segment with its receptor FcR expressed
on the surface of effector cells. Ultimately, the Fc‐FcR interaction trig-
gers cytotoxic effects resulting in target cell destruction [11]. Several
cell types in the peripheral blood express Fc receptors (FcRs) associ-
ated with the triggering of ADCC. Natural killer (NK) cells character-
ized by a high expression of FcγRIIIa (CD16) are the optimal
mediators of ADCC [11]. Currently, the various established methods
for detecting ADCC are typically categorized into two types: those
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HIGHLIGHTS

Scientific question

Low expression of matrix protein 2 (M2) in cells infected

with the influenza virus hampers studies.

Evidence before this study

The protective role of influenza virus M2 through

antibody-dependent cell-mediated cytotoxicity (ADCC) is

demonstrated. Inducing ADCC can effectively clear virus-

infected cells, serving as a vital bridge between humoral

and cellular immunity, as previous studies have

suggested. Therefore, the selection of candidate vaccines

capable of eliciting both broad neutralizing antibodies

and potent ADCC is crucial for controlling influenza A

virus outbreaks.

New findings

A stable cell line (YAC-1-M2) capable of sustaining M2

expression was established. The optimal effector-to-

target cell ratio for this target cell is 20:1, and the IgG2a

subtype is more effective in inducing ADCC compared to

the IgG1 subtype.

Significance of the study

This study facilitates comprehension of the immunopro-

tective mechanisms associated with M2 and lays the

groundwork for the development of vaccines and drugs

based on non-neutralizing antibody protection

mechanisms.
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based on target cells and those based on effector cells. The methods
based on target cells are the chromium release assay [12], flow
cytometry using dye‐labeled cells [13–15], and lactate dehydrogenase
(LDH) release assay [16]. The most advanced methods for detecting
ADCC based on effector cells are esterase release [17], perforin depo-
sition [18], and CD107a degranulation [19] assays.

Most research on ADCC detection methods involves influenza virus
hemagglutinin (HA), with only a few studies associated with the M2
protein. No applicable and convenient method is available to assess
ADCC associated with M2‐based immunization in mice, which is likely
attributable to the low expression of M2 in cells infected with the influ-
enza virus. Additionally, a significant challenge arises from the limited
availability of target cells that can efficiently express influenza virus
M2 at scale. To address these challenges, the study constructed a stable
expression system for the IAV M2 protein using a lentiviral vector
(pLV3‐CMV‐M2‐FLUC, psPAX2, and pMD2). YAC‐1 cells (a murine
lymphoma cell line) were engineered as target cells to assess ADCC
of influenza virus M2. Mouse NK cells served as effector cells and
ADCC efficacy was evaluated using monoclonal and polyclonal anti-
bodies against the M2 ectodomain. This platform is expected to pro-
vide a viable approach to investigate the immune‐protective
mechanisms induced by M2.

2. Materials and methods

2.1. Cloning of the M2 gene sequence

The IAV M2 gene sequence was obtained from influenza virus A3/
Beijing/30/95 (H3N2) [20] and optimized using mammalian codons.
The Gluc2 signaling peptide was introduced [21]. The T2A sequence
was used to link the downstream M2 gene to the Firefly Luciferase
gene (F‐Luc) (GenBank: M15077.1), resulting in Gluc2‐M2‐T2a‐Fluc.
EcoRI restriction sites were introduced at both ends of the sequence
to facilitate subsequent gene cloning. The gene sequence was synthe-
sized using GenScript, and the gene fragment was inserted into the
eukaryotic expression vector pcDNA3.1 to construct the recombinant
plasmid pcDNA3.1‐M2‐FLUC.

2.2. Construction of a lentiviral vector containing the M2 gene

The Gluc2‐M2‐T2a‐Fluc fragment from EcoRI‐cleaved pcDNA3.1‐
M2‐FLUC plasmid was inserted into EcoRI‐linearized pLV3‐CMV‐MC
S‐3 × FLAG‐CopGFP‐Puro vector plasmid (Miaoling Biology, Wuhan,
China) by ligation. The resulting ligation product was transformed into
DH5α competent bacteria that were subsequently cultured overnight
on LB agar plates supplemented with ampicillin (100 mg/mL) at 37 °C.
Positive clones were identified by colony polymerase chain reaction
(PCR) and selected for plasmid extraction, enzyme digestion, and
sequencing confirmation. The resulting plasmid was designated
pLV3‐CMV‐M2‐T2A‐FLUC‐3 × FLAG‐CopGFP‐Puro (pLV3‐M2‐FLUC).

2.3. Lentivirus packaging and titer determination

A second‐generation lentiviral tricistronic plasmid system compris-
ing pLV3‐M2‐FLUC, psPAX2, and pMD2 was used for lentivirus pack-
aging. Plasmid pLV3‐M2‐FLUC contains the target gene M2, human
Immunodeficiency virus (HIV) core elements 50 long terminal repeat
(LTR) and 30 LTR, and accessory elements such as the HIV envelope
protein, gp41. Plasmid psPAX2 harbors coding sequences for the major
HIV viral protein Gag and the polymerase Pol. Additionally, plasmid
pMD2.G carries the envelope gene, VSV‐G. The three plasmids (pLVX,
pSPAX2, and pMD2.G) were transfected in a ratio of 4:3:1 (1.00 μg :
0.75 μg : 0.25 μg) and mixed with transfection reagent HP (Roche)
in a ratio of 50 μL : 150 μL. After thorough mixing, the mixture was
incubated at room temperature for 15 min and added dropwise to
293 T cells at 80 % confluency. The cells were gently shaken, placed
in a 37 °C incubator, and observed under an inverted fluorescence
microscope for CopGFP (Copepoda green fluorescent protein) expres-
sion. Cell culture supernatants were collected after 48 h. After centrifu-
gation to remove cell debris, the supernatant was concentrated using a
lentivirus concentration kit (Bomeid). This process yielded lentiviruses
expressing the M2 protein (Lentivirus‐M2, LV‐M2). The viral titer of
LV‐M2 cells was determined using an infectious titer assay [22]. The
lentiviral titer was calculated based on the CopGFP expression rate
as follows: lentiviral titer (IU/mL) = seeded cell count × infected cell
percentage (%) / inoculated virus volume.

2.4. Screening and identification of stable M2-FLUC cell lines

YAC‐1 cells were inoculated into a 48‐well plate and varying puro-
mycin concentrations (0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and
5.0 μg/mL; Thermo Fisher Scientific, USA) were added to individual
wells. Cell viability and counts were determined daily under a micro-
scope. The minimum puromycin concentration resulting in complete
cell death was determined as the selective pressure screening concen-
tration. YAC‐1 cells were infected with lentivirus LV‐M2. The fresh
selection medium was replenished every three days, and the propor-
tion of viable cells was monitored daily. LV‐M2‐infected cells exhibit-
ing strong green fluorescence were isolated using flow cytometry to
obtain monoclonal cell lines. FLUC activity was assessed following
the expansion of the culture. YAC‐1‐M2 cells were seeded at a density
of 1 × 104 cells/200 μL per well in a 96‐well plate, with three parallel
wells. After overnight incubation, D‐lucifer in potassium salt (100 μL)
was added to each well, followed by incubation at 37 °C for 10 min.
Fluorescence values were determined using a multifunctional micro-
plate reader to quantify relative FLUC expression. The cell lines with
high FLUC expression were selected for further expansion and
cultivation.
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2.5. Quantitative real-time polymerase chain reaction (RT-qPCR)

Primers for the M2 gene and the internal reference gene β‐actin
were designed using Primer Premier 5.0 software and synthesized by
Qingke Biology Co., Ltd. The primers for M2 were M2‐F: 50‐GTCTCT
GCTGACCGAGGTG‐30 and M2‐R: 50‐AAACTCTCAGTGGTGGTGGTG‐30

, while those for β‐actin were F: 50‐CATGTACGTTGCTATCCAGGC‐30

and R: 50‐CTCCTTAATGTCACGCACGAT‐30. The mRNA was extracted
from 15th‐generation YAC‐1‐M2 cells using a nucleic acid extraction
kit (Tianlong Science and Technology Co., Ltd., China) and subjected
to one‐step qRT‐PCR using SYBR Green PCR kit (Novozymes). The
amplification conditions were as follows: reverse transcription at
50 °C for 3 min, denaturation at 95 °C for 30 s, followed by 40 cycles
of 95 °C for 10 s and 60 °C for 30 s, with melting curve analysis at 95 °C
for 15 s, 60 °C for 60 s, and 95 °C for 15 s.

2.6. Western blotting

The cell lysate was prepared by thoroughly mixing 1 mL of RIPA
(CellSolab) with 10 μL of protease inhibitor (phenylmethylsulphonyl
fluoride (PMSF), Solab). YAC‐1‐M2 cells were seeded in a 6‐well
plate at a density of 1 × 106 cells per well in 2 mL of medium
and cultured overnight until 70 % – 80 % confluency. Thereafter,
the cells were centrifuged, the supernatant was discarded, and
250 μL of lysis buffer was added to the cell pellet in each well.
The samples were subjected to ice bath lysis for 10 min, followed
by centrifugation at 12,000 g for 5 min at 4 °C. The supernatant
was aspirated, and 10 μL of 6 × sample loading buffer was added.
After thorough mixing, the samples were boiled for 10 min and sub-
jected to sodium dodecyl sulfate polyacrylamide gel electrophoresis
(80 V for 25 min, followed by 120 V for 1 h). Following elec-
trophoresis, the proteins were transferred onto a polyvinylidene flu-
oride membrane (Pall Company) and blocked with 5 % skim milk
at 25 °C for 2 h. The membrane was incubated overnight at 4 °C with
a 1:1,000 dilution of the influenza virus M2 monoclonal antibody,
14C2 (Abcam). After washing, the membrane was incubated at room
temperature for 1 h with a 1:5,000 dilution of goat anti‐mouse IgG
DyLight 800 (Sigma‐Aldrich). Protein bands were detected using an
Amersham ImageQuant 800 western blot imaging system.

2.7. Immunofluorescence assay

YAC‐1‐M2 monoclonal cells were seeded in 24‐well plates. At
approximately 80 % confluency, the cells were fixed with 4 %
paraformaldehyde for 30 min. The expression of M2 protein in stable
cell lines was detected using an indirect immunofluorescence assay
with 14C2 as the primary antibody and a fluorescently labeled goat
anti‐mouse IgG (H + L) as the secondary antibody (Alexa Fluor™ Plus
594, Thermo Fisher Scientific).

2.8. Isolation and purification of mouse NK cells

Six to eight‐week‐old specific pathogen‐free female BALB/c mice
(Charles River Laboratories) were used under aseptic conditions for
spleen extraction. The spleens were minced and the resulting homo-
genate was transferred to a centrifuge tube. An equal volume of the
NK cell separation solution was gently added along the tube wall
using a pipette. Centrifugation was subsequently performed at 206
g for 30 min to allow for liquid stratification. The intermediate
cloudy white layer was carefully aspirated using a pipette. NK cells
were isolated by negative selection using an NK cell isolation kit
(Miltenyi Biotec, Germany). This involved labeling non‐NK cells in
a cell suspension with a mixture of biotin‐conjugated antibodies
and anti‐biotin microbeads. The cell suspension was passed through
a magnetic column, and the flow‐through containing the purified
NK cells was collected. High‐purity unmarked NK cells were isolated
by marking and removing non‐target cells. To identify NK cells, the
cell population was resuspended in 200 µL of 2 % fetal bovine serum
(FBS) in phosphate‐buffered saline (PBS). Subsequently, 5 µL of fluo-
rescein isothiocyanate (FITC) Rat Anti‐Mouse CD49b and 2 µL of allo-
phycocyanin (APC) Hamster Anti‐Mouse CD3e (both obtained from
BD Biosciences) were added to the suspension. Cells positive for
CD3e and CD49b (denoted as CD3e–CD49b+) were considered as
NK cells.

2.9. Antibody detection and immunoprotective effect

Forty female BALB/c mice, aged 6–8 weeks, were randomly
divided into two groups (n = 20 each) and immunized with 30 μg
of lipopolyplex (LPP)‐4M2eNP or LPP (negative control) via intramus-
cular injection. The initial immunization was followed by a booster
shot after a 4‐week interval, completing a total of two immunizations.
Five mice from each group were sampled two weeks after each immu-
nization for fluid immune response assessment using enzyme‐linked
immunosorbent assay (ELISA)[23]. Subsequently, two weeks after
the final immunization, the mice were challenged with PR8 (H1N1)
virus (20 × Lethal Dose 50 [LD50]) (10 mice per group). Continuous
observation for 14 days included recording changes in mouse body
weight and monitoring mortality.

2.10. IAV M2 ADCC assay

Isolated and purified NK cells were cultured in Roswell Park Memo-
rial Institute (RPMI) 1640 medium containing 10 % FBS and stimu-
lated overnight with 200 U/mL Interleukin 2 (IL‐2). The YAC‐1‐M2
cells were seeded at a density of 1 × 104 cells per well in 96‐well
plates. The NK cells (effector cells) were subsequently added to the
YAC‐1‐M2 culture wells at 20:1, 10:1, and 5:1 ratios of NK cells to tar-
get cells. Each well was supplemented with monoclonal antibody M2
(14C2) against IAV M2 or mouse serum (obtained from mice immu-
nized with 30 μg of LPP‐4M2eNP mRNA vaccine in two doses, pre-
pared by our laboratory, unpublished). Concurrently, wells were set
up with NK + YAC‐1‐M2 cells without antibodies, together with wells
with YAC‐1‐M2 cells alone. The cells were placed in a 37 °C, 5 % CO2

humidified incubator for 16 h. ADCC was assessed using the LDH‐Glo
Cytotoxicity Assay Kit (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. YAC‐1‐M2 wells were treated with 4 μL of
10 % Triton X‐100 and incubated for 15 min to lyse the cells as the
maximum release control wells. NK+ YAC‐1‐M2 and YAC‐1 cells were
used as spontaneous‐release control wells. Following centrifugation of
cell samples from the experimental wells NK + Ab + YAC‐1‐M2 and
others, 5 μL of supernatant was collected and diluted with 1 mL of LDH
buffer (200 mol/L Tris‐HCl, 10 % glycerol, and 1 % bovine serum albu-
min in PBS). Subsequently, 50 μL of the diluted samples were reacted
at room temperature with an equal volume of LDH detection reagent
for 45 min, and chemiluminescence intensity was measured using a
multifunctional enzyme‐linked immunosorbent assay reader. The cell
killing rate was calculated according to the following formula [24]:

Cell killing rate (%) = (LDH experimental group release − LDH effector cell spon-

taneous release − LDH target cell spontaneous release) / (LDH maximum release − LDH
natural release)
2.11. Statistical analysis

Data were analyzed using GraphPad Prism software (version 7.0).
Results are expressed as the mean ± standard deviation. A t‐test was
used to compare the two groups, and statistical significance was set
at P < 0.05.
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3. Results

3.1. Constructing recombinant plasmid and lentivirus packaging

The recombinant plasmid, denoted as pLV3‐CMV‐M2‐T2A‐FLUC‐
CopGFP, was constructed by EcoRI enzyme cleavage to excise the tar-
get fragment M2‐T2A‐FLUC from pCDNA3.1‐M2‐T2A‐FLUC, followed
by gel purification. The excised fragment was inserted into the
pLV3‐CMV‐MCS‐3 × FLAG‐CopGFP‐puromycin vector (Fig. 1A). Enzy-
matic cleavage identification and sequence analysis confirmed the
structural and genetic composition of the expression plasmid, desig-
nated as pLV3‐M2‐FLUC. Fluorescence images at 24 h and 48 h post‐
Lent‐M2 infection are presented in Fig. 1B. Flow cytometry was used
to assess CopGFP expression under different lentiviral dilution gradi-
ents (Fig. 1C). The determined viral titer was 9.18 × 105 IU/mL.

3.2. Screening of the M2-FLUC-CopGFP stable cell line

YAC‐1 cells were cultured with varying concentrations of puromy-
cin for four days, with 80 % cell death observed in the wells at
2 μg/mL. Consequently, 2 μg/mL was determined as the optimal pur-
omycin concentration for selective pressure screening. Lent‐M2 was
Fig. 1. Packaging and titration of lentivirus. A) Schematic of the lentivirus packa
lentivirus packaging. C) CopGFP expression in lentivirus-infected YAC-1 cells was d
FITC-A, fluorescein isothiocyanate-area; FSC-A, forward scatter-area; CopGFP, Cop
used to infect YAC‐1 cells, and green fluorescence was observed under
an inverted fluorescence microscope 48 h later, confirming the expres-
sion of CopGFP and indicating successful lentivirus infection. Follow-
ing one week of continued cultivation under puromycin pressure,
the cells were collected for FLUC expression analysis, which revealed
the successful expression of firefly luciferase. Subsequently, single‐
cell clones with high CopGFP expression were isolated by flow cytom-
etry (Fig. 2A), resulting in the acquisition of 70 individual clones. After
screening under hygromycin pressure (2 μg/mL), four clones exhibit-
ing elevated CopGFP expression were selected. Western blotting and
qPCR analyses revealed that all four monoclonal cell lines showed
detectable M2 expression (Fig. 2B, 2C). As clone 35 (C35) exhibited
the highest relative expression of M2 mRNA and protein, it was
selected for subsequent ADCC experiments. C35 cells were continu-
ously passaged up to the 5th generation for western blotting,
immunofluorescence, and flow cytometry analyses, demonstrating sus-
tained and stable expression of M2 (Fig. 3A‐C).

3.3. Isolation and identification of NK cells

Mouse splenocytes were isolated and ground through a 300‐mesh
stainless steel screen, followed by density gradient centrifugation for
ging plasmid containing M2. B) 24 h and 48 h fluorescence images showing
etected under different dilution gradients. Abbreviations: M2, matrix protein 2;
epoda green fluorescent protein.



Fig. 3. M2 expression in monoclonal cell line C35. A) Flow cytometry indicating the expression of CopGFP and M2. B) and C) Stable expression of M2 in the 35th

cell line detected by western blotting (B) and immunofluorescence (C). Abbreviations: M2, matrix protein 2; NC, negative control; FITC, fluorescein isothiocyanate;
CopGFP, Copepoda green fluorescent protein.

Fig. 2. Screening for M2-FLUC-CopGFP cells. A) Flow cytometry sorting of cells. B) Relative M2 mRNA levels in monoclonal cell lines. Data are presented as
mean ± standard deviation; t-test, **** P < 0.001 in comparison to the control YAC-1 cells. C) Western blot showing M2 expression in the four selected
monoclonal cell lines. Abbreviations: M2, matrix protein 2; FITC, fluorescein isothiocyanate; CopGFP, Copepoda green fluorescent protein.
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initial screening. Subsequently, NK cells were isolated via negative
selection using magnetic beads (Fig. 4A). Flow cytometry analysis
revealed an increased purity of CD49b+/CD3e– cells (NK cells) to
71.1 % (Fig. 4B).
3.4. Antibody detection and immunoprotective effect

A significant increase in M2e‐specific antibodies (P < 0.001) was
observed post‐M2e immunization, with the titers escalating to 1 × 104

and 2.88 × 104 at 2 and 6 weeks post‐immunization, respectively
(Fig. 5A). Subtype analysis of antibodies IgG1 and IgG2a revealed that
theM2e immunized group had a higher titer ofM2e‐specific IgG2a,with
the IgG2a: IgG1 ratio significantly exceeding 1 (Fig. 5B). In the lethality
testwith 20×LD50 PR8 influenza virus, the control group ofmice began
to show mortality starting from 3 days post‐infection, with all mice
decreasing by day 6. In contrast, mice immunized with LPP‐4M2eNP
exhibited their lowest body weight around 4 days post‐infection, drop-
ping to approximately 90 % of their initial weight (Fig. 5C). Subse-
quently, their body weight gradually recovered. The mice in this group
experienced mortality between days 4 and 5 post‐infection, with a sur-
vival rate of 50 % (Fig. 5D), indicating that immunization with LPP‐
4M2eNP conferred protection to mice against the virus.
3.5. Function identification of M2-FLUC-CopGFP stable transmissible cell
line in vitro

The structural diagram of the influenza virus M2 [25] and a sche-
matic representation of the ADCC effect can be found in Fig. 5E, 5F.
The release of LDH in the cell culture supernatant was measured fol-
lowing co‐incubation with YAC‐1‐M2 and M2e antibodies and NK
cells. The M2e monoclonal antibody 14C2 exhibited marginal cytotox-
icity, whereas the M2e immune mouse serum demonstrated a more



Fig. 4. NK cell isolation. A) Schematic illustrating the process of NK cell isolation. The final illustration in the panel shows the ADCC effect. B) Efficacy of NK cell
isolation. Abbreviations: NK, natural killer; ADCC, antibody-dependent cell-mediated cytotoxicity; FITC, fluorescein isothiocyanate; APC, Allophycocyanin .
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pronounced cytotoxic effect. Cytotoxic efficacy displayed a dose‐
dependent relationship with antibody dilution. Additionally, an
increase in the effector‐to‐target ratio was associated with increased
cytotoxic efficiency. The results in Fig. 5H demonstrate that an
effector‐to‐target ratio of 20:1 provides a more robust response in
ADCC efficacy. Therefore, subsequent experiments adopted a 20:1
effector‐to‐target ratio to evaluate the ADCC efficacy using various
serum dilutions, as depicted in Fig. 5G.
4. Discussion

The protective role of influenza virus M2 through ADCC has been
demonstrated [26]. Establishing a reliable method for detecting ADCC
involving M2 is crucial to elucidate the protective mechanisms associ-
ated with M2. However, there is limited data available on the accurate
assessment of the efficacy of M2. The commonly employed target cells
in previous ADCC assessments of influenza viruses were MDCK cells
infected with the influenza virus. However, the surface expression of
M2 in such infected cells is relatively low [27], rendering them less
suitable for use as target cells. Plasmids containing influenza virus‐
specific genes have also been transiently transfected into target cells
[28]. However, transient transfection of target cells for each experi-
ment leads to poor stability and consistency, which may affect the
accuracy of the detection results. In this study, a stable cell line
expressing the M2 protein of the IAV (termed YAC‐1‐M2) was estab-
lished by infecting YAC‐1 cells with a lentivirus. The YAC‐1‐M2 cell
line exhibited high and enduring M2 expression, enabling convenient
and long‐term experimental investigations.

Currently, the Jurkat‐Lucia NFAT‐CD16 cell line is frequently used
as effector cells for assessing the effects of ADCC. This cell line
expresses the CD16 (FCγRIII) receptor (IgG Fc receptor). The binding
of the target, antibody, and receptor activates the Nuclear Factor of
Activated T‐cells (NFAT), driving the expression of luciferase. This sys-
tem provides a means of artificially establishing T cells expressing FcRs
[29,30]. However, there may be functional differences between artifi-
cially engineered T cells expressing FcRs and NK cells that inherently
express FcRs. Moreover, this cell line is relatively expensive, restricting
its widespread adoption in typical laboratories. In this study, activated
mouse NK cells were used as effector cells owing to their compara-
tively low cost and excellent reproducibility, facilitating broader appli-
cability in standard laboratory settings. This study directly assessed
cytotoxicity by measuring LDH release from target cells, providing
an immediate and accurate reflection of cytotoxic efficacy. This
method is theoretically superior to relying on indirect indicators, such
as effector cell activation. Of the various types and subtypes of anti-
bodies (including IgA, IgM, and IgG) that induce ADCC, IgG is the pre-
dominant ADCC mediator. In murine models, ADCC activity is
primarily facilitated by the interaction between mouse IgG2a and
mouse FcγRIV [31].



Fig. 5. Vaccine evaluation and antibody-dependent cell-mediated cytotoxicity. A) Detection of specific IgG induced by LPP-4M2eNP immunization. B) IgG1 and
IgG2a subtypes induced by LPP-4M2eNP immunization. C) Survival of LPP-4M2eNP-immunized BALB/c mice challenged with 20× LD50 of influenza A virus PR8.
D) Monitoring of body weight in mice after PR8 challenge. E) M2 structure. F) Illustration of antibody-dependent cell-mediated cytotoxicity assay. G) Cytotoxicity
at effector-target ratio of 20:1. H) Antibody-mediated killing rate of NK cells under different antibody dilution and target ratios. Abbreviations: NK, natural killer;
M2, matrix protein; LPP, lipopolyplex; MOCK, mock control; LD, lethal dose; E:T, effector-to-target ratio.
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In this study, the M2 mRNA vaccine demonstrated effective
immune protection against influenza virus attacks in mice, as evi-
denced by robust immune protection (unpublished results). The find-
ings of this study indicate that mice sera exhibit ADCC effects
induced by M2e‐based immunization, suggesting a potential mecha-
nism through which the vaccine confers immune protection. Further-
more, the use of the M2 monoclonal antibody 14C2 revealed a
diminished cytotoxic effect, implying a potential association with the
antibody subtypes.

Previous research findings suggest a correlation between the
antibody‐binding affinity and the mFcγRIV‐mediated ADCC in mice
[32,33]. The hierarchy of ADCC efficacy among the IgG subclasses is
IgG2a > IgG2b > IgG1. The 14C2 antibody belongs to the IgG1 sub-
type. Notably, the M2 mRNA vaccine‐induced antibodies comprised
both the IgG2a and IgG1 subtypes, with the IgG2a: IgG1 ratio signifi-
cantly exceeding 1. Consequently, antibodies induced by theM2mRNA
vaccine exhibited enhanced ADCC efficacy compared with the M2
monoclonal antibody, which demonstrated only marginal ADCC
effects. This observation aligns with previous research. In conclusion,
we successfully established a stable cell line (YAC‐1‐M2) sustaining
M2 expression. This cell line is a valuable tool to investigate the
immunoprotective mechanisms associated with influenza virusM2 pro-
tein and can help enhance our understanding of the mechanisms under-
lying ADCC in the context of influenza M2. Additionally, this approach
may apply to the study of other antigens or pathogenic agents.

In summary, we here developed a novel method to assess ADCC
associated with M2‐based immunization in mice, which paves the
way for the development of an M2‐based universal vaccine against
IAV and an in‐depth analysis of its mechanism of broad‐spectrum
immune protection in mice.
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