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interferon-γ production in natural killer cells 
via improving translation efficiency
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Abstract 

Background Ex vivo cultivation is a promising strategy for increasing the number of NK cells and enhancing their 
antitumor activity prior to clinical application. Recent studies show that stimulation with 25KDa branched polyethyl‑
enimine (25KbPEI) generates NK cells with enhanced antitumor activity. To better understand how 25KbPEI primes NK 
cells, we explored the mechanism underlying increase in production of IFN‑γ.

Methods Chemical priming was performed on NK‑92MI cells by incubating them with 5 μg/ml of 25KbPEI. The 
production of IFN‑γ was evaluated by RT‑qPCR, ELISA, and Flow cytometry. By evaluating the effect of pharmacologi‑
cal inhibition of ERK/mTOR‑eIF4E signaling pathways on IFN‑γ translation, the function of these signaling pathways in 
IFN‑γ translation was examined. To comprehend the level of 25KbPEI activity on immune‑related components in NK 
cells, RNA sequencing and proteomics analyses were conducted.

Results 25KbPEI enhances the production of IFN‑γ by NK cells without transcriptional activation. Activation of ERK 
and mTOR signaling pathways was found to be associated with 25KbPEI‑mediated calcium influx in NK cells. The 
activation of ERK/mTOR signaling was linked to the phosphorylation of 4E‑BP1, which resulted in the activation of 
translation initiation complex and subsequent IFN‑γ translation. Analysis of RNA sequencing and proteomics data 
revealed that the activity of 25KbPEI to improve translation efficiency in NK cells could be extended to additional 
immune‑related molecules.

Conclusions This study provides substantial insight into the process by which 25KbPEI primes NK cells. Our data 
demonstrated that the 25KbPEI mediated activation of ERK/mTOR signaling and subsequent stimulation of eIF4E is 
the primary mechanism by which the chemical stimulates translation of IFN‑γ in NK cells.
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Background
Natural killer (NK) cells are innate immune cells whose 
cytolytic activity eliminates abnormal cells such as tumor 
cells and virus-infected cells. The association between 
decreased NK cell activity and increased cancer suscep-
tibility and poor patient survival suggest that NK cells 
play an essential role in cancer immunosurveillance [12, 
15, 22]. Due to their inherent ability to recognize and 
eliminate cancer cells without prior sensitization, immu-
notherapy using adoptively transferred NK cells is con-
sidered to be a promising treatment for cancer. Various 
strategies are employed to improve the therapeutic effi-
cacy of NK cells against cancers, including ex  vivo pre-
conditioning with cytokines and genetic engineering to 
express chimeric antigen receptors. When NK cells are 
activated, integrated signals derived from two distinct 
types of receptors, noted activating and inhibitory recep-
tors, are transmitted to a cascade of intracellular signal-
ing pathways. Activation of these intracellular signals is 
directly linked to the cytotoxic activity of NK cells either 
via accumulation of granzyme/perforin or secretion of 
cytokines [11, 19]. Therefore, strategies that maximize 
the activities of these intracellular signals are expected to 
enhance NK cell cytotoxicity against cancer cells, thereby 
improving the efficacy of NK cell-based therapies.

Extracellular signal-regulated kinases (ERK) 1/2, 
major subgroups of Mitogen-activated protein kinases 
(MAPKs), play essential roles in a variety of biological 
processes, including cell proliferation, oncogenesis, and 
activation of immune cells [14, 31]. Binding of NK cell 
activating receptors to their respective ligands triggers 
propagation of intracellular signals through ERK1/2 pro-
tein-mediated phosphorylation cascades, leading to mat-
uration and polarization of secretory granules towards 
the immune synapse [5, 21].

In addition to ERK1/2 signaling, mammalian target of 
rapamycin (mTOR) signaling plays essential role in NK 
cell activity. Akt/mTOR signaling is highly active in reac-
tive NK cells under both steady-state and stimulated con-
ditions, and decreased phosphorylation of Akt/mTOR 
signaling results in loss of NK cell activity [25]. Further-
more, mTOR is recognized as the molecular rheostat 
of NK cells, translating activating stimuli into quantita-
tive tuning of responsiveness [2, 25]. Specifically, mTOR 
mediates the phosphorylation of eukaryotic translation 
initiation factor 4E-binding protein 1 (4E-BP1), which 
leads to the formation of translation initiation com-
plex by releasing eukaryotic translation initiation factor 
4E (eIF4E), the translation initiation factor [20, 32, 37].

As representative key signaling pathways that regulate 
diverse biological processes in response to extracellular 
cues, Ras-ERK and phosphoinositide 3-kinases (PI3K)-
mTORC1 signaling pathways are mutually compensatory, 

and engage in extensive crosstalk to regulate each other 
either positively or negatively [27]. During cancer patho-
genesis for example, the extent of interplay between 
ERK1/2 and mTOR signaling pathways is associated with 
cancer progression and metastasis [35]. However, it is 
unclear whether crosstalk between ERK 1/2 and mTOR 
signaling is implicated in NK cell activity.

Previously, we reported that 25KDa branched poly-
ethylenimine (25KbPEI) primes NK cells, resulting in 
enhanced cytotoxicity via stimulation of calcium influx 
into the cytosol [6]. NK cells primed with 25KbPEI accu-
mulate mature perforin molecules in the absence of tar-
get cells, and this phenotype is linked directly linked to 
calcium influx. Calcium is an essential signaling mol-
ecule that orchestrates numerous biological processes by 
triggering various intracellular signaling cascades. Even 
though 25KbPEI induces calcium influx and subsequently 
enhances the antitumor activity of NK cells, the molecu-
lar mechanisms by which 25KbPEI-mediated calcium 
influx enhances NK cell cytotoxicity remain unclear.

Here, we report that 25KbPEI-mediated calcium influx 
activated the ERK1/2 and mTOR signaling pathways. The 
activity of these signaling was directly linked to the phos-
phorylation of eIF4E and subsequent enhancement of 
translation efficiency of IFN-γ. RNA sequencing and pro-
teomics analyses suggested that the effect of 25KbPEI on 
ERK/mTOR/eIF4E axis in NK cells might be extended to 
other immune-related proteins.

Materials and methods
Cell culture
The human NK cell line NK-92MI, the human breast 
cell line MDA-MB231, and the human ovarian can-
cer cell lines OVCAR3 and SKOV3 were obtained from 
the American Type Culture Collection (ATCC, Manas-
sas, Virginia). Human ovarian cancer A2780 cells were 
obtained from European Collection of Authenticated 
Cell Cultures (ECACC, Salisbury, UK). NK-92MI cells 
were cultured in Minimum Essential Medium-alpha 
(Gibco/Life Technologies, Grand Island, New York) 
supplemented with 2  mM L-glutamine (Gibco/Life 
Technologies), 0.1  mM beta-mercaptoethanol (Gibco/
Life Technologies), 0.02  mM folic acid (Sigma-Aldrich, 
St. Louis, Missouri), 0.2  mM inositol (Sigma-Aldrich). 
MDA-MB231 and A2780 cells were cultured in Dulbec-
co’s Modified Eagle’s Medium (Gibco/Life Technologies) 
and Roswell Park Memorial Institute 1640 (Gibco/Life 
Technologies), respectively. SKOV3 cells were cultured in 
McCoy’s 5A (modified) medium (Gibco/Life Technolo-
gies), and OVCAR3 cells were cultured in Roswell Park 
Memorial Institute 1640 (ATCC modification) medium 
(Gibco/Life Technologies) supplemented with 0.01  mg/
ml bovine insulin (Sigma-Aldrich). All culture media 
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were supplemented with 10–20% heat-inactivated fetal 
bovine serum (FBS), along with 1% penicillin/streptomy-
cin (Gibco/Life Technologies).

Chemical reagents
A stock solution of branched 25KDa Polyethylenimine 
(25KbPEI, 408727, Sigma-Aldrich) was prepared at a 
concentration of 10 mg/mL. 1 ×  106 NK-92MI cells were 
treated with 5 μg/ml of 25KbPEI for 12 h in order to gen-
erate Chem_NK. After being washed twice with Dulbec-
co’s Phosphate Buffered Saline (DPBS, 14190-250, Gibco/
Life Technologies), Chem_NK cells were resuspended in 
NK cell culture medium.

The MEK inhibitor U0126 (9903S, Cell Signaling Tech-
nology, Danvers, MA), the mTOR inhibitor rapamycin 
(37094, Sigma-Aldrich), the MNK inhibitor CGP57380 
(S7421, Selleckchem, Houston, TX), or the eIF4E-eIF4G 
binding inhibitor 4EGI-1 (HY-19831, MedChemEx-
press, Princeton, NJ) were added to the culture medium 
of NK-92MI cells prior to treatment with 25KbPEI. The 
TRPM2 channel inhibitor, 2-Aminoethyl diphenylb-
orinate (2-APB, D9754, Sigma-Aldrich) was treated with 
NK cells. To detect intracellular IFN-γ, NK cells were co-
treated with 25KbPEI and Brefeldin A (420601, BioLeg-
end, San Diego, CA) to inhibit cytokine secretion. The 
translation elongation inhibitor, cycloheximide (CHX, 
C7698, Sigma-Aldrich) was added for the indicated 
times after treatment with 25KbPEI. For calcium-free 
conditions, NK cells were cultured in Suspension Mini-
mum Essential Medium (Gibco/Life Technologies) sup-
plemented with 1  mM ethylene glycol-bis(β-aminoethyl 
ether)-N,N,N′,N′-tetraacetic acid (EGTA) (Gibco/Life 
Technologies).

ELISA
NK-92MI cells were treated with 25KbPEI for 12 h, after 
which time 1 ×  106 cells were co-incubated (for 4  h at 
37  °C/5%  CO2) with target A2780, OVCAR3, SKOV3, 
and MDA-MB231 cancer cells at an effector:target (E:T) 
ratio of 10:1. Then, the cell culture supernatants were 
harvested to measure secreted IFN-γ using the Human 
IFN-γ ELISA Set (555142, BD Biosciences, San Jose, CA). 
Absorbance was measured in a microplate reader (Bio-
chrome, Berlin, Germany) at a wavelength of 450 nm.

Quantitative RT‑PCR
Total RNA was extracted from cells using Trizol (INV-
15596-018, Thermo Fisher Scientific, WALTHAM, MA), 
and converted into cDNA using the Super Premium 
Express  1st Strand cDNA Synthesis System (6250-20, 

LeGene biosciences, San Diego, CA). Quantitative RT-
PCR was performed using iQ SYBR Green PCR Master 
mix (RT500M, Bio-Rad, Hercules, CA). Data were nor-
malized against the housekeeping gene GAPDH. The oli-
gonucleotide primers used are listed in Additional file 1: 
Table S1.

Immunoblot analysis
Cells were lysed in cell lysis buffer (9803S, Cell Signaling 
Technology) supplemented with a protease and phos-
phatase inhibitor cocktail (87786, Thermo Fisher Sci-
entific). The protein concentration was measured using 
a Pierce BCA Protein Assay Kit (23228, Thermo Fisher 
Scientific). Cell lysates were separated in acrylamide gels 
and transferred to polyvinylidene difluoride membranes 
(1620177, Bio-Rad). After blocking in bovine serum albu-
min for 1  h at room temperature, the membrane was 
incubated overnight at 4  °C with appropriate primary 
antibodies, followed by incubation for 1 h at room tem-
perature with the secondary antibody. Immunoblots were 
imaged by enhanced chemiluminescence (ECL). The 
antibodies used are listed in Additional file 1: Table S2.

Flow cytometry analysis
NK cells were stained for 20  min (37  °C/5%  CO2) with 
7-AAD (A1310, Thermo Fisher Scientific) to distinguish 
live and dead cells. Cells were fixed using 1% paraform-
aldehyde, washed with FACS buffer (0.09% sodium azide 
and 2% FBS in DPBS), and permeabilizated with FOXP3 
Perm buffer (353097, BioLegend) for 20  min at room 
temperature. Cells were then resuspended, incubated 
for 30  min at room temperature in the dark with a flu-
orochrome-conjugated antibody, and washed twice with 
FACS buffer. Cells were analyzed using a CytoFLEX flow 
cytometer (Beckman Coulter, Brea, CA) and data were 
analyzed using CytExpert (Beckman Coulter) and FlowJo 
software (Treestar Inc, Ashland, Oregon). The antibodies 
used are listed in Additional file 1: Table S3.

Transwell assay
The migration activity of NK-92MI cells was analyzed in a 
24-well insert Transwell chamber (8.0 μm; 353097, Corn-
ing, Newark, NJ). Cancer cell lines A2780, OVCAR3, and 
SKOV3 were seeded into the bottom chamber in com-
plete medium and incubated for 24  h. NK-92MI cells 
in serum-free medium and stained with 1 μM cell trace 
CFSE (C34554, Thermo Fisher Scientific) were loaded 
into the upper Transwell insert. After 12 h, the number of 
CFSE-stained cells in the bottom chamber was counted 
by a Luna cell counter (Logus, Anyang-si, Republic of 
Korea).



Page 4 of 13Ko et al. Cell Communication and Signaling          (2023) 21:107 

RNA‑seq analysis
For RNA profiling, mRNA libraries were analyzed using 
mRNA-Seq (Ebiogen, Seoul, Republic of Korea) and 
ExDEGA software (Excel Based Differentially Expressed 
Gene Analysis, Ebiogen). Total RNA was isolated from 
NK cells using Trizol reagent (Thermo Fisher Scientific) 
and mRNA libraries were constructed using the Quant-
Seq 3′ mRNA-Seq Library Prep Kit (Lexogen, Vienna, 
Austria). High-throughput sequencing was performed 
(single-end 75 sequencing) using NextSeq 550 (Illumna, 
San Diego, CA). QuantSeq 3′ mRNA-Seq reads were 
aligned using Bowtie2 [18]. Bowtie2 indices were either 
generated from genome assembly sequences or repre-
sentative transcript sequences prior to aligning with the 
genome and transcriptome. The RNA sequencing (RNA-
seq) data reported in this article have been deposited in 
National Center for Biotechnology Information (NCBI)’s 
Gene Expression Omnibus (GEO).

Proteomics analysis
Peptide libraries were analyzed using LC–MS/MS (Ebio-
gen) and ExDEGA software. Specifically, total cell lysates 
were prepared in cell lysis buffer (8 M urea/0.1 M Tris–
HCl buffer, pH 8.5) containing a protease inhibitor cock-
tail (Roche Diagnostics, Indianapolis, IN). The digestion 
step was performed using Filter Aided Sample Prepara-
tion on a Microcon 30 K centrifugal filter device (Milli-
pore, Burlington, Massachusetts). Next, 100 μg of protein 
was reduced with Tris (2-carboxyethyl) phosphine and 
alkylated with iodoacetic acid. Then, proteins were 
digested with trypsin (Promega, Madison, Wisconsin) 
and the resulting peptides were analyzed on an UltiMate 
3000 RSLC nano LC system (Thermo Fisher Scientific) 
coupled to a Q Exactive plus mass spectrometer (Thermo 
Fisher Scientific). MS/MS raw files were analyzed using 
Proteome Discoverer™ software (ver. 2.5).

Statistical analysis
GraphPad Prism (GraphPad Software, San Diego, CA) 
software version 7 was used for all statistical calcula-
tions. The details of the statistical tests performed are 
indicated in the figure legends. Data are presented as 
the mean ± standard deviation (SD). Significance was 
defined as follows: *P < 0.05; **P < 0.01; ***P < 0.001 or 
****P < 0.0001. NS, not significant.

Results
25KbPEI enhances the production of IFN‑γ by NK cells 
without transcriptional activation
Previously, we reported that 25KbPEI enhances the 
antitumor activity of NK cells [6]. Specifically, NK cells 

chemically primed with 25KbPEI (Chem_NK) exhibited 
an enhanced migration activity toward A2780 ovarian 
cancer cells both in  vitro and in  vivo [6]. As one of the 
primary function of IFN-γ is to recruit NK cells to target 
cancer cells [7, 8, 30], we questioned whether Chem_NK 
secretes more IFN-γ than control NK cells (C_NK). We 
generated Chem_NK by treating NK-92MI cells for 12 h 
with 5 μg/ml 25KbPEI (Fig. 1A). As expected, Chem NK, 
when co-cultured with ovarian (A2780, OVCAR3, and 
SKOV3) and triple-negative breast cancer cells (MDA-
MB231), released considerably more IFN-γ than C_NK 
(Fig.  1B). Additionally, IFN-γ production of Chem_NK 
was higher than that of C_NK in the absence of target 
cells (Fig. 1C), indicating that 25KbPEI affects the IFN-γ 
expression machinery in NK cells. Therefore, we investi-
gated the mechanism by which 25KbPEI increases IFN-γ 
production in NK cells. Treatment with 25KbPEI for 
12  h did not increase the number of IFN-γ transcripts 
in NK cells; however, the level of IFN-γ protein began to 
increase 2 h after exposure to 25KbPEI (Fig. 1D, E). The 
rate of IFN-γ protein degradation in the presence of the 
translation elongation inhibitor cycloheximide was com-
parable between Chem_NK and C_NK cells (Fig.  1F; 
Additional file  1: Fig. S1), implying that the mechanism 
by which 25KbPEI increases IFN-γ protein is unrelated to 
the stability of the IFN-γ protein.

25KbPEI increases IFN‑γ production by activating ERK/
mTOR signaling pathways
Since 25KbPEI began increasing IFN-γ production 2  h 
after treatment in the absence of transcriptional activa-
tion, we investigated whether IFN-γ production is caused 
by the 25KbPEI-mediated activation of signaling path-
ways associated with NK cell activity. We noted that ERK 
and mTOR pathways, which are major signalings in acti-
vated NK cells [21, 25, 27], were phosphorylated immedi-
ately after 25KbPEI treatment (Fig. 2A).

To confirm whether activation of these two signal-
ing pathways is associated with IFN-γ production, we 
next examined the effect of chemical inhibition of ERK/
mTOR on 25KbPEI-mediated production of IFN-γ. As 
shown in Fig.  2B, C, the ERK inhibitor U0126 and the 
mTOR inhibitor rapamycin significantly diminished the 
effect of 25KbPEI on IFN-γ production (Additional file 1: 
Fig. S2). These findings suggest that IFN-γ production of 
Chem_NK is dependent on 25KbPEI-mediated activa-
tion of ERK and mTOR signaling pathways. We noted 
that U0126 inhibited the effect of 25KbPEI on mTOR 
signaling activation and rapamycin inhibited the effect of 
25KbPEI on ERK signaling activation (Fig. 2D, E). Despite 
the low target specificity of rapamycin [4], our results 
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indicate that 25KbPEI-mediated IFN-γ production may 
be the result of crosstalk between these two signaling 
pathways. Taken together, we conclude that 25KbPEI 
induces IFN-γ production by activating ERK and mTOR 
signaling pathways (Fig. 2F).

25KbPEI‑mediated calcium influx induces activation 
of ERK and mTOR signaling pathways and increases IFN‑γ 
production
Prior to this study, we reported that 25KbPEI stimulates 
calcium influx into the cytosol of NK cells, which is an 
essential step for increased perforin accumulation [6]. 
Calcium is an essential signaling molecule that orches-
trates numerous biological processes by triggering intra-
cellular signaling cascades, especially ERK and mTOR 
pathways, in immune cells [12, 13, 36].

Therefore, we examined whether 25KbPEI-medi-
ated calcium influx is linked to activation of ERK and 

mTOR signaling pathways, and to production of IFN-
γ, in NK cells. When 25KbPEI was added to NK-92MI 
cells cultured in calcium-free media, neither ERK nor 
mTOR were phosphorylated, nor did IFN-γ produc-
tion increase (Fig.  3A–C). Since TRPM2 is the primary 
channel responsible for induction of 25KbPEI-mediated 
calcium influx [6], we next investigated whether chemi-
cally inhibiting TRPM2 with 2-APB affects activation of 
signaling pathways and production of IFN-γ. Treatment 
with 2-APB blocked the effect of 25KbPEI to phospho-
rylate ERK and mTOR, and to increase IFN-γ production 
(Fig. 3D–F). Despite that mTOR signaling of C_NK was 
also inhibited by 2-APB treatment (Fig.  3E), which may 
have been due to non-specific effects on other ion chan-
nels, such as potassium channels [42], we concluded that 
25KbPEI-mediated calcium influx primarily contributes 
to activation of ERK and mTOR signaling, and to produc-
tion of IFN-γ.

Fig. 1 25KbPEI enhances the production of IFN‑γ by NK cells without transcriptional activation. A Chem_NK cells were generated by treating 
1 ×  106 NK‑92MI cells for 12 h with 5 μg/ml of 25KbPEI. B IFN‑γ levels present in the co‑culture medium of NK cells and target cancer cells was 
measured by ELISA. C IFN‑γ levels in culture medium collected from C_NK and Chem_NK cells were measured by ELISA. Statistical analysis was 
performed using Student’s t‑test (vs. C_NK and Chem_NK). D IFN-γ transcripts in Chem_NK and C_NK cells were measured by qRT‑PCR. NK cells 
treated with PMA/ionomycin were used as a positive control for the analysis of IFN-γ transcripts [1]. Statistical analysis was performed using  
one‑way ANOVA with Tukey’s multiple comparisons test (vs. C_NK). E Intracellular IFN‑γ levels were quantified by flow cytometry after treatment 
of NK cells with 5 μg/ml 25KbPEI for the indicated times. Statistical analysis was performed using one‑way ANOVA with Dunnett’s multiple 
comparisons test (vs. 0 h). F Intracellular IFN‑γ levels were evaluated by flow cytometry following treatment for 12 h with 25KbPEI and incubation 
with cycloheximide (CHX) (100 μg/ml) for the indicated times. The IFN‑γ level at each time point is represented relative to the level at CHX 0 h. 
Statistical analysis was conducted using two‑way ANOVA with Sidak’s multiple comparisons test (vs. C_NK). All experiments were conducted at least 
three times. *P < 0.05; **P < 0.01; ***P < 0.001, and ****P < 0.0001
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Fig. 2 25KbPEI increases IFN‑γ production by activating ERK/mTOR signaling pathways. A Immunoblot analysis conducted to detect 
phosphorylation of ERK and mTOR signaling pathway molecules at the indicated times after 25KbPEI treatment of NK‑92MI cells (left). The bands 
were quantified using Image Lab, and the ratio of p‑ERK/total ERK or p‑mTOR/total mTOR is presented (right). Statistical analysis was conducted 
using two‑way ANOVA with Sidak’s multiple comparisons test (vs. 0 h). B, C NK‑92MI cells were pretreated for 1 h with U0126 (20 μM) or rapamycin 
(50 nM) and then incubated with 25KbPEI for 12 h. IFN‑γ levels in the cytosol were measured by flow cytometry. D, E NK‑92MI cells were pretreated 
with U0126 (20 μM) or rapamycin (50 nM) for 1 h, followed by 25KbPEI for 3 h. Then, p‑mTOR or p‑ERK levels in NK‑92MI cells were measured by flow 
cytometry. Statistical analysis was conducted using one‑way ANOVA with Tukey’s multiple comparisons test. F Schematic diagram showing the role 
of ERK and mTOR signaling in production of IFN‑γ by 25KbPEI‑treated NK‑92MI cells. All experiments were conducted at least three times. *P < 0.05; 
**P < 0.01; ***P < 0.001, and ****P < 0.0001
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25KbPEI‑mediated activation of ERK/mTOR‑eIF4E signaling 
pathways increases the efficiency of IFN‑γ translation
Since 25KbPEI increases IFN-γ production in the absence 
of transcriptional activation, we questioned whether 
25KbPEI-mediated activation of ERK/mTOR signaling 
pathways was related to increases in IFN-γ mRNA trans-
lation. Indeed, it is thought that ERK and mTOR path-
ways play a central role in regulating the abundance of 
proteins involved in innate or adaptive immunity [3, 17, 
29, 34]. First, we examined the phosphorylation status 
of eIF4E, considering that translation initiation factor 
eIF4E is a node for translational control of ‘eIF4E sensi-
tive’ mRNA subsets and eIF4E is activated by phospho-
rylation [33]. As expected, eIF4E was phosphorylated 
rapidly by 25KbPEI (Fig.  4A). Chemical inhibition of 
MNK1, an upstream kinase of eIF4E and a downstream 
kinase of MAP kinase [38, 41], significantly diminished 
the effect of 25KbPEI on IFN-γ translation, indicating 
that 25KbPEI-mediated IFN-γ translation is regulated by 
ERK signaling-mediated translational control (Fig.  4B; 
Additional file 1: Fig. S3).

In its non-phosphorylated form, 4E-BP1 interferes 
with eIF4F complex assembly by disrupting the bind-
ing between eIF4E and eIF4G; when phosphorylated by 
mTORC1, they dissociate, allowing assembly of the active 
eIF4F complex [10]. 4E-BP1 in Chem_NK cells were 
phosphorylated significantly more than in C_NK cells 
(Fig.  4C). In addition to 4E-BP1, ribosomal protein S6 
(rpS6), a component of 40S ribosomal protein, was also 
phosphorylated by mTOR signaling (Additional file  1: 
Fig. S4). These findings suggest that stimulation of ERK 
and mTOR signaling by 25KbPEI contributes to activa-
tion of eIF4E via distinct pathways.

To further confirm that 25KbPEI-mediated IFN-γ pro-
duction is induced by translational activation, we examined 
the effect of inhibiting eIF4E and eIF4G binding to 4EGI-1 
on the effect of 25KbPEI to activate IFN-γ translation. In 
line with other results, treatment with 4EGI-1 significantly 
diminished the effect of 25KbPEI on IFN-γ translation 
(Fig.  4D). Taken together, the data suggest that 25KbPEI-
mediated activation of ERK/mTOR signaling pathway acti-
vates eIF4E to induce translation of IFN-γ (Fig. 4E).

Fig. 3 25KbPEI‑mediated calcium influx induces activation of ERK and mTOR signaling pathways and increases IFN‑γ production. A, B 
Phosphorylation of ERK and mTOR in 25KbPEI‑treated NK‑92MI cells cultured in calcium‑free culture medium; p‑ERK and p‑mTOR were quantified 
by flow cytometry. C IFN‑γ production by 25KbPEI‑treated NK‑92MI cells cultured in calcium‑free culture medium; IFN‑γ levels in the cytosol were 
measured by flow cytometry. D, E Phosphorylation of ERK and mTOR in 25KbPEI‑treated NK‑92MI cells cultured in the presence of a TRPM2 inhibitor, 
2‑APB (100 μM). p‑ERK and p‑mTOR were quantified by flow cytometry. F IFN‑γ production by 25KbPEI‑treated NK‑92MI cells cultured in the 
presence of 2‑APB (100 μM). IFN‑γ levels in the cytosol were measured by flow cytometry. Statistical analysis was conducted using one‑way ANOVA 
with Tukey’s multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001, and ****P < 0.0001
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Fig. 4 25KbPEI mediated activation of ERK/mTOR‑eIF4E signaling pathways increases IFN‑γ translation. A Immunoblot analysis conducted to detect 
phosphorylation of eIF4E in NK‑92MI cells treated with 25KbPEI for the indicated times (left). The bands were quantified using Image Lab, and the 
ratio of p‑eIF4E/total eIF4E is presented (right). Statistical analysis was performed using one‑way ANOVA with Dunnett’s multiple comparisons test 
(vs. 0 h). B Amount of IFN‑γ in NK‑92MI cells treated with 25KbPEI in the presence or absence of CGP57380 (right). NK‑92MI cells were pretreated for 
1 h with CGP57380 (10 μM) and then incubated with 25KbPEI for 12 h. Cytoplasmic IFN‑γ was quantified by flow cytometry. C Effect of 25KbPEI on 
phosphorylation of 4E‑BP1 in NK‑92MI cells. NK cells were treated with 25KbPEI for 3 h and p‑4E‑BP1 was quantified by flow cytometry. D Amount 
of IFN‑γ in NK‑92MI cells treated with 25KbPEI in the presence or absence of 4EGI‑1. NK‑92MI cells were pretreated for 3 h with 4EGI‑1 (50 μM) and 
then incubated with 25KbPEI for 12 h. Cytoplasmic IFN‑γ was quantified by flow cytometry. Statistical analysis was performed using Student’s t‑test 
(vs. C_NK), and one‑way ANOVA with Tukey’s multiple comparisons test. All experiments were conducted at least three times. *P < 0.05; **P < 0.01; 
***P < 0.001, and ****P < 0.0001. E Schematic diagram showing 25KbPEI‑mediated ERK/mTOR signaling, and the role of the downstream factor eIF4E 
in IFN‑γ production by NK‑92MI cells treated with 25KbPEI
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Inhibition of eIF4E‑mediated translation impairs the effect 
of 25KbPEI on NK cells
Previously, we have shown that various membrane recep-
tors associated with immune activation was enhanced 
in Chem_NK [6]. To determine whether the increase of 
these receptors is due to eIF4E-dependent enhancement 
of translation efficiency, mRNA and protein levels of 
these proteins were analyzed. As expected, the expres-
sion of activating and chemokine receptors, which are 
involved in immune response of NK cells, increased with-
out transcriptional activation; and inhibition of transla-
tion initiation complex by 4EGI-1 treatment impaired 
the accumulation of these proteins in Chem_NK (Fig. 5A; 
Additional file  1: Fig. S5). Furthermore, the migration 
activity of Chem_NK have significantly diminished in the 
presence of 4EGI-1 (Fig.  5B). These findings show that 

the principal mechanism by which 25KbPEI primes NK 
cells is the enhancement of eIF4E-mediated translation 
efficiency of immune-related proteins.

25KbPEI stimulates translation of immune related factors 
in NK cells
To better understand the extent to which 25KbPEI stimu-
lates translation of proteins, we compared RNA-seq and 
proteomics data from Chem_NK. As shown in Fig.  6A, 
the change in protein expression in Chem_NK was more 
pronounced than that of the transcriptome. Fold-change 
analysis with a cut-off of 1.25 revealed that ~ 10% (360 
out of 3595) of proteins in Chem_NK showed increased 
expression, whereas only ~ 0.6% (154 out of 25,737) of 
genes showed increased transcription (Fig. 6B). Notably, 

Fig. 5 Inhibition of eIF4E‑mediated translation impairs the effect of 25KbPEI on NK cells. A Expression of the indicated receptors by C_NK and 
Chem_NK cells was analyzed by flow cytometry. Chem_NK was generated by treating NK‑92MI cells with 4EGI‑1 (50 μM) for 3 h prior to 25KbPEI 
treatment. Statistical analysis was conducted using one‑way ANOVA with Tukey’s multiple comparisons test. B Migration of C_NK and Chem_NK 
cells toward ovarian cancer cells in the presence or absence of 4EGI‑1 (50 μM) was analyzed in Transwell assay. Statistical analysis was conducted 
using two‑way ANOVA with Sidak’s multiple comparisons test. All experiments were conducted at least three times. *P < 0.05; **P < 0.01; ***P < 0.001, 
and ****P < 0.0001
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Fig. 6 25KbPEI stimulates translation of immune related factors in NK cells. A Comparison of ‑fold changes at the transcriptional (RNA‑seq) and 
translational (Proteomics) levels. B Volcano plot of the entire transcriptome (left) or proteome (right) differentially expressed between C_NK and 
Chem_NK cells. Factors significantly downregulated are shown in blue, and those that are significantly upregulated are shown in red. The vertical 
lines denote a ‑fold change of ± 1.25, and the horizontal lines denotes a P value of 0.05. The x‑axis represents the  log2 of the fold change, and the 
y‑axis represents the − log of the P value. C Pie graph showing expression of protein products of significantly regulated genes. The dot plots show 
upregulated Gene ontology (GO) terms enriched in DEGs, and the number of genes enriched within each GO term is represented by dot size 
and color. Translation‑associated GO terms are shown with a purple border. The x‑axis represents the  log2 of the enrichment ratio, and the y‑axis 
represents the − log of the FDR. D Heat map of gene expressions associated with immunity GO terms in protein level (upper panel), and in mRNA 
level (lower panel). The dotted line represents a ‑fold change of 1. *P < 0.05; **P < 0.01; ***P < 0.001, and ****P < 0.0001
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Gene Ontology (GO) terms analysis revealed that 42 
immunity-associated proteins were included in the ~ 10% 
of upregulated proteins in Chem_NK cells, whereas 
R-seq analysis revealed no change in transcription of 
these genes (Fig.  6C, D). We noted that translation-
associated factors in the GO terms included proteins 
upregulated in Chem_NK, suggesting that 25KbPEI 
stimulates the overall translation machinery involved in 
translational efficiency (Fig. 6C; Additional file 1: Fig. S6). 
This was supported by data showing that the total pro-
tein content of Chem_NK was significantly higher than 
that of C_NK (Additional file  1: Fig. S7). Thus, these 
findings suggest that increased translation of immunity-
related proteins may be the primary mechanism by which 
25KbPEI primes NK cells.

Discussion
The total amount of IFN-γ of a cell is determined by epi-
genetic, transcriptional, and post-transcriptional factors. 
With an epigenetically accessible IFN-γ locus, mature NK 
cells show low level constitutive expression of IFN-γ [40]. 
Until activated by external stimuli such as target cell rec-
ognition, NK cells retain pre-transcribed IFN-γ mRNAs 
that are not translated, indicating that pre-formed tran-
scripts are one of the mechanisms by which NK cells rap-
idly respond to activation [39]. To better understand the 
response of NK cells to activation stimuli, it is crucial to 
elucidate the mechanisms underlying translational regu-
lation of IFN-γ.

We showed here that 25KbPEI acts as a priming agent 
for NK cells to increase levels of immune related proteins 
such as IFN-γ. Well-known priming reagents include 
cytokine cocktails that can increase IFN-γ production by 
increasing the amounts of IFN-γ transcripts via activa-
tion of transcription factors or by promoting stability of 
IFN-γ mRNA [23, 26, 28]. IL-15 is reported to increase 
free intracellular calcium in NK cells, which may be used 
for second messenger signaling to stimulate IFN-γ pro-
duction [24]. Similarly, we found that 25KbPEI rapidly 
increased calcium influx, which is then linked to the 
phosphorylation of ERK/mTOR signaling, eIF4E activa-
tion, and increases in IFN-γ production. Considering 
that ERK1/2 and mTOR signaling primarily affects eIF4E 
activity to stimulate translation of an ‘eIF4E sensitive’ 
subset of mRNAs with highly structured 5′ UTRs [43], 
it would be an interesting question whether 25KbPEI 
selectively stimulates translation of immune related fac-
tors such as IFN-γ. In accordance with this prediction, 
transcriptomic and proteomic analyses indicated that the 
amounts of numerous immune related proteins increased 
in 25KbPEI-treated NK cells in the absence of transcrip-
tional activation (Fig. 6D). Moreover, 25KbPEI increased 

the amount of activating and chemokine receptors, 
which may contribute to the enhanced migration of NK 
cells in the absence of transcriptional activation (Fig. 5A, 
B; Additional file  1: Fig. S5). In fact, proteomic analysis 
revealed that proteins associated with the translational 
machinery accumulate in 25KbPEI-treated NK cells, and 
that the amount of total protein increased in propor-
tion with the duration of 25KbPEI-treatment (Fig.  6C; 
Additional file 1: Figs. S6 and S7). Our findings indicate 
that the regulatory mechanism controlling translation of 
immune related factors may be conserved in NK cells. 
In addition to eIF4E activity, non-eIF4E mechanisms are 
also implicated in the functions of immune cells [33]. 
Since our study focused on 25KbPEI-mediated activa-
tion of ERK1/2 and mTOR signaling in NK cells, and 
since these signaling pathways are involved primarily in 
eIF4E-dependent translational control, it remains to be 
investigated whether 25KbPEI-mediated stimulation of 
intracellular signaling activates non-eIF4E mechanisms 
to control the translatome in NK cells.

Our study provides significant insight into the rela-
tionship between calcium signaling and IFN-γ transla-
tion in NK cells. Indeed, several reports show that IFN-γ 
production by immune cells depends on calcium signal-
ing [9]. For instance, production of IFN-γ by cord blood 
mononuclear cells requires uptake of extracellular cal-
cium [16]. Moreover, extracellular calcium influx is the 
initial step in a series of biological processes that occur 
during NK cell activation upon recognition of target cells. 
Prior to the current study, we demonstrated that effect 
of 25KbPEI to enhance the antitumor activity of NK 
cells is associated primarily with calcium influx through 
TRMP2, which is directly linked to accumulation of per-
forin in the absence of target cell recognition [6, 36]. Our 
study demonstrated that the role of 25KbPEI-mediated 
calcium influx is not restricted to accumulation of per-
forin, but also includes eIF4E-dependent translation of 
numerous immune related factors such as IFN-γ and 
receptors associated with NK cell activation.

Conclusions
This study identified calcium influx-mediated phospho-
rylation of ERK/mTOR and subsequent activation of 
eIF4E as the primary mechanism by which the chemi-
cal induces translation of immune related factors in NK 
cells. Considering that calcium acts as a second mes-
senger in numerous cell types, including lymphocytes, 
several additional signaling routes may exist between 
calcium influx and various biological processes impli-
cated in 25KbPEI-mediated activation of NK cells. Clari-
fying these pathways would provide new insight into the 
sequence of events leading to activation of NK cells.
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