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ABSTRACT
A major challenge in natural killer (NK) cell immunotherapy is the limited persistence of NK cells in vivo. 
However, the proliferation of NK cells is dependent on cytokines such as interleukin-2 (IL-2). Although IL-2 
is a critical cytokine for NK cell activation and survival, IL-2 administration in adoptive NK cell therapy can 
induce adverse toxicities. To improve the persistence of NK cells and attenuate the systemic toxicity of IL- 
2, we constructed a cell-restricted artificial IL-2, named membrane-bound IL-2 (mbIL-2), comprising 
human IL-2 and human IL-2Rα joined by a classic linker. We found that mbIL-2-activated NK-92 cells 
can survive and proliferate in vitro and in vivo, independent of exogenous IL-2, while mbIL-2-expressing 
NK-92 cells do not support bystander cell survival or proliferation. Additionally, mbIL-2 enhanced NK-92 
cell-mediated antitumor activity by tuning the IL-2 receptor downstream signals and NK cell receptor 
repertoire expression. To conclude, our novel mbIL-2 improves NK-92 cell persistence and enhances NK-92 
cell-mediated antitumor activity. NK-92 cells genetically modified to express the novel mbIL-2 with 
potential significance for clinical development.
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1 Introduction

Natural killer (NK) cells are cytotoxic lymphocytes of the 
innate immune system, which play a vital role in anti-viral 
and antitumor responses, therefore, have promising clinical 
use.1,2 To recognize tumor cells, NK cells, unlike T cells, rely 
on a set of activating and inhibitory receptors, without prior 
sensitization or major histocompatibility complex (MHC) class 
I restriction.3–5 In humans, primary NK cell immunodeficiency 
is associated with increased risk of malignancy and exacerbated 
outcomes.6,7 In cancer patients, the degree of NK cell infiltra-
tion in tumor tissues is related to the prognosis of certain 
patient cohorts.8,9 Despite their strong antitumor activity, NK 
cells face significant challenges, including limited persistence 
in vivo and obstacles in reaching the tumor sites,10 which 
hamper their effectiveness. Therefore, different strategies have 
been developed to enhance NK cell activity and proliferation in 
cancer patients, such as modification of cytokines or their 
receptors to specifically activate NK cells.11–13

Cytokines are pivotal for the development, maturation, 
activation, proliferation, and survival of NK cells.14 Some cyto-
kines, including IL-2, IL-15, IL-18, IL-21, and IFN-γ, have been 
employed to restore attenuated NK cell function in tumor 
microenvironment.1,15 Among them, IL-2 is one of the most 
studied cytokine activators of NK cells and has several positive 
antitumor effects in NK cell immunotherapy. Studies have 
shown that NK cells in IL-2-deficient mice exhibit impaired 

cytotoxicity and IFN-γ production.16 IL-2 also improves NK 
cell proliferation and promotes the production of perforin and 
granzyme B.17,18 Numerous attempts have been made to use 
exogenous IL-2 to activate ex vivo NK cell proliferation or to 
administer IL-2 systemically to cancer patients in vivo to aug-
ment the proliferation and cytotoxic function of NK cells.19–21 

However, IL-2 could induce regulatory T (Treg) cell activation 
and lead to severe toxicity, including severe vascular leak 
syndrome and neurotoxicity.14,22,23 Studies have shown that 
IL-2 activated Treg cell inhibit NK cell antitumor or antiviral 
responses. Mechanistically, Treg cell suppress NK cell antitu-
mor activity through cell–cell contact and TGF-β. Depletion of 
Treg cell combination with IL-2 therapy promoted NK cell 
mediated antitumor activity.24–26

To limit the systemic toxicity of IL-2 and to avoid bystander 
cell activation, Konstantinidis et al. constructed an endoplas-
mic reticulum (ER)-retained IL-2.12 They demonstrated that 
ER-retained IL-2 provided NK-92 cell autocrine growth stimu-
lation without support for bystander cell growth. Moreover, 
the cytotoxicity of ER-retained IL-2 expressed NK-92 cells was 
not changed compared with parental NK-92 cells. Youssef et al. 
engineered a chimeric IL-2-IL-2Rβ fusion protein. Compared 
to the secreting-IL-2, chimeric IL-2-IL-2Rβ fusion protein- 
expressing NK-92 cells were more activated and cytotoxic, 
and they displayed superior antitumor effects in vivo.27 

Although the mechanism behind chimeric IL-2-IL-2Rβ fusion 
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protein for NK activation is unclear, this study offers 
a potential strategy to activate NK cells and avoid the side 
effects caused by IL-2.27

IL-2 displays its activity through three classes of IL-2 recep-
tor complexes: a low-affinity receptor IL-2Rα, an intermediate- 
affinity dimeric receptor complex containing IL-2Rβ and IL- 
2Rγc, and a high-affinity trimeric receptor complex formed by 
IL-2Rα, IL-2Rβ, and IL-2Rγc. The high-affinity trimeric IL- 
2Rαβγc is highly expressed by Treg cells, whereas activated NK 
cells mostly express the intermediate-affinity dimeric receptor 
complex IL-2Rβγc.14,28,29 However, the low-affinity receptor 
IL-2Rα is essential for the sensitivity of human NK cells.30 To 
simulate the biological process of high-affinity trimeric recep-
tor complex in NK cells and avoid the side effects caused by IL- 
2, we constructed a cell-restricted artificial IL-2, named mem-
brane-bound IL-2 (mbIL-2), by fusion of human IL-2 and 
human IL-2Rα with a (G4S)3 linker. Here, we demonstrated 
that mbIL-2 can vigorously improve NK-92 cell survival and 
proliferation, as well as enhance NK-92 cell-mediated antitu-
mor activity by tuning IL-2 receptor downstream signals and 
NK cell receptor repertoire expression. To conclude, the novel 
mbIL-2 was indicated as a useful strategy for improving adop-
tive NK cell immunotherapy.

2 Material and methods

2.1. Cell lines and cell culture conditions

K562, 293 T, PC3, HO-8910, A375, SK-mel-28, A549, PC9, 
SW620, HCT116, U87, LN18, LN229, and NK-92 cells were 
purchased from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). K562, PC3, and PC9 cells were 
maintained in RPMI-1640 medium supplemented with 10% 
fetal bovine serum (FBS). 293 T, HO-8910, A375, SK-mel-28, 
A549, SW620, HCT116, U87, LN18, and LN229 cells were 
maintained in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% FBS. NK-92 cells were maintained in 
α-minimum essential medium (α-MEM) supplemented with 
0.2 mM inositol, 0.1 mM 2-mercaptoethanol, 0.02 mM folic 
acid, 200 U/ml recombinant human IL-2 (PeproTech, 
Cranbury, NJ, USA), 12.5% horse serum, and 12.5% FBS.

2.2. Plasmid construction

To construct the membrane-bound IL-2 (mbIL-2), human IL-2 
(GenBank NM_000586.3) was fused to a classic linker (G4S)3
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that was directly linked to human IL-2Rα (GenBank 
NM_000417.3). After validating the sequence, mbIL-2 was 
cloned into the pCDH-MSCV-MCS-EF1α+Puro plasmid 
(SBI, Palo Alto, CA, USA) for lentiviral production (Figure 1a).

2.3. Lentivirus production and transfection

Lentivirus were produced in 293 T cells as previously 
described,32 then NK-92 cells were transfected using the spi-
noculation method. Briefly, 2 × 105 NK-92 cells were seeded in 
24-well plates (Corning, Corning, NY, USA) with 5 μg/mL 
polybrene and the lentiviral supernatants. The plates were 
centrifuged at 1000 × g for 60 min at room temperature and 

cultured at 37°C, as described above. NK-92 cells were infected 
with lentivirus carrying mbIL-2 (NK-92-mbIL-2) or empty 
vector (NK-92-VEC).

2.4. Cell proliferation and apoptosis assay

To detect cell proliferation, 1 × 104 NK-92-VEC or NK-92- 
mbIL-2 cells were seeded in 96-well plates per well. After 24, 
48, and 72 h of incubation, cell activity was tested using the Cell 
Counting Kit-8 (Dojindo, Mashiki, Japan) following the man-
ufacturer instructions.

To detect apoptosis levels, the cells were harvested and 
stained with Annexin V-APC and 7-AAD (BioLegend, San 
Diego, CA, USA) following the manufacturer instructions, 
and then analyzed using a NovoCyte flow cytometer.

2.5. Immunoblot

Cells were lysed in RIPA lysis buffer with fresh protease inhi-
bitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and 
SuperNuclease (SinoBiological, Beijing, China) on ice for 
30 min. We measured protein samples using a standard 
bicinchoninic acid assay (Thermo Fisher, Waltham, MA, 
USA). Proteins were separated by sodium dodecyl sulfate– 
polyacrylamide gel electrophoresis, and proteins were trans-
ferred to polyvinylidene fluoride membranes. The membranes 
were blocked with tris-buffered saline with 0.1% Tween® 20 
Detergent plus 5% nonfat dry milk for 2 h, followed by incuba-
tion with primary antibodies overnight at 2–8°C. All primary 
antibodies were purchased from Abcam (Cambridge, UK) or 
Cell Signaling Technology (Danvers, MA, USA) unless other-
wise indicated. Species-specific horseradish peroxidase- 
conjugated secondary antibodies (1:10,000) were incubated 
with the membranes for 1 h at room temperature. 
Immunoreactive signals were detected using an enhanced che-
miluminescence (ECL) system using an ECL kit (Millipore, 
Burlington, MA, USA). All loading samples were normalized 
to the internal reference protein, glyceraldehyde 3-phosphate 
dehydrogenase.

2.6. Cytotoxicity assay

To evaluate the in vitro lytic activity of NK-92-VEC and NK- 
92-mbIL-2 cells, we performed a cytotoxicity assay as pre-
viously described.33 Briefly, the target cells were co-cultured 
with effector cells in a U-bottom 96-well plate for 4 h at 37°C at 
different ratios. Each experiment was performed in triplicates. 
After co-culture, cells were collected and stained with 7-AAD 
(BioLegend, USA). The cell mixture was analyzed using 
a NovoCyte flow cytometer. Dead target cells were determined 
as GFP-negative and 7-AAD-postive. Spontaneous target cell 
lysis in the absence of effector cells was subtracted to calculate 
specific cytotoxicity.

2.7. ELISA and cytokine releasing assay

IL-2 was detected using an ELISA kit (MultiSciences Biotech 
Co., Hangzhou, Zhejiang Province, China) according to the 
manufacturer instructions. To detect NK cell cytokine release, 
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NK-92-VEC or NK-92-mbIL-2 cells were co-cultured with 
K562 target cells at effector: target ratios of 1:1 for 12 h. The 
supernatant of the co-culture system was harvested. The 
expression levels of IFN-γ were detected using an ELISA kit 
(MultiSciences, China), according to the manufacturer 
instructions.

2.8. Degranulation assay

We co-cultured 1 × 105 NK-92-VEC or NK-92-mbIL-2 cells 
with 1 × 105 K562 cells in 200 μl of K562 culture medium with 
allophycocyanin-conjugated anti-CD107a antibody 
(BioLegend, USA). After 1 h, 100 ug/ml monensin (BD 

Biosciences, San Jose, CA, USA) was added to the co-culture 
system and incubated for 4 h and the cells were analyzed by 
flow cytometry. All GFP+-CD107a+ cells were degranulated 
NK cells. Spontaneous NK cell degranulation in the absence 
of target cells was subtracted to calculate specific proportion of 
NK cell degranulation.

2.9. RNA sequencing analysis

NK-92-VEC cells were cultured with 200 U/ml recombinant 
human IL-2 as per ATCC recommendation, and NK-92-mbIL 
-2 cells were cultured without exogenous IL-2 condition med-
ium. The cells were collected and washed thrice with phosphate 

Figure 1. MbIL-2 maintains NK-92 cells survival and proliferation in vitro. a: Schematic representation of mbIL-2 expression plasmids. b: Representative flow cytometry 
analysis showing the expression of mbIL-2 in NK-92 cells. NK-92 cells transduced with lentiviral for flow cytometry analysis. c: CCK8 assay of NK-92-VEC cell proliferation 
(n = 6). NK-92-VEC cells maintained with or without 200 U/ml IL-2 for assays. d–e: Analysis of the proportion of NK-92-VEC apoptotic cells under IL-2 culture conditions. 
NK-92-VEC cells maintained with or without 200 U/ml IL-2 for assays. d: Representative flow cytometry analysis showing the proportion of NK-92-VEC apoptotic cells 
under IL-2 condition culture after three days. e: Quantification and statistical analysis of the data (n = 3). f: CCK8 assay of NK-92-mbIL-2 cell proliferation (n = 6). NK-92- 
mbIL-2 cells maintained with or without 200 U/ml IL-2 for assays. g–h: Analysis of the proportion of NK-92-mbIL-2 apoptotic cells under IL-2 culture conditions. NK-92- 
mbIL-2 cells maintained with or without 200 U/ml IL-2 for assays. g: Representative flow cytometry analysis showing the proportion of NK-92-mbIL-2 apoptotic cells 
under IL-2 condition culture after three days. h: Quantification and statistical analysis of the data (n = 3).
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buffered saline, and total RNAs were extracted using TRIzol 
reagent (Invitrogen, Waltham, MA, USA). Subsequently, they 
were treated with DNase I to remove genomic DNA. The 
Majorbio Company (Shanghai, China) performed library con-
struction and RNA sequencing using Illumina NovaSeq 6000 
(Illumina, San Diego, CA, USA). The raw data were processed 
by Fastp and SeqPrep with the default parameters and aligned 
to the reference genome (http://asia.ensembl.org/Homo_ 
sapiens/Info/Index) in orientation mode using Bowtie2. For 
bioinformatics analysis, fragments per transcript per million 
reads were used to calculate the expression levels, which were 
quantified using RSEM tools. The differential gene expression 
analysis of NK-92-VEC and NK-92-mbIL-2 cells was per-
formed using DESeq2 software, with a fold-change≥2 and 
adjusted p-value < 0.05.

The gene set enrichment analysis (GSEA) was enriched in 
gene lists extracted from MSigDB to determine enrichment in 
gene sets from the immunologic signatures. The enrichment 
analysis of Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways was conducted and 
visualized using the clusterProfiler package.

For quantitative real-time polymerase-chain reaction (qRT- 
PCR), total RNA was extracted using TRIzol reagent 
(Invitrogen, USA) and cDNA was synthesized using the 
PrimeScript™ RT reagent Kit (TAKARA, Beijing, China). qRT- 
PCR was conducted using TB Green Premix Ex Taq II 
(TAKARA, China) according to the manufacturer instructions. 
Each reaction was performed in triplicates. The primer 
sequences used for the qRT-PCR are listed in Supplementary 
Table S1.

2.10. Xenograft model

Six- to eight-week-old female NCG mice (NOD/ShiLtJGpt- 
Prkdcem26Cd52Il2rgem26Cd22/Gpt) were purchased from 
ChengDu GemPharmatech Co. Ltd. The experimental protocol 
was approved by the Ethics Committee of West China 
Hospital, Sichuan University, China. To detect cell prolifera-
tion in vivo, NK-92-VEC and NK-92-mbIL-2 cells were col-
lected and 5 × 106 NK-92-VEC or NK-92-mbIL-2 cells were 
injected intravenously (n = 5). After 21 days of inoculation, 
tissue-resident NK-92-VEC or NK-92-mbIL-2 cells were 
examined by flow cytometry. To compare the cytotoxicity of 
the cells in vivo, K562-luc cells were collected, and 1 × 106 cells 
suspended in RPMI-1640 with Matrigel Matrix (Corning, 
USA) were subcutaneously injected to establish a xenograft 
model. After the volume of the tumors reached 100– 
200 mm3, 5 × 106 NK-92-VEC or NK-92-mbIL-2 cells were 
injected intratumorally (n = 5). Subsequently, the volume of 
the tumors was measured periodically. To detect the cytotoxi-
city of the cells in the in-situ model in vivo, K562-luc cells were 
collected, and 1 × 106 cells suspended in RPMI-1640 were 
injected intravenously to establish an in-situ model of leuke-
mia. After four days, 5 × 106 NK-92-VEC or NK-92-mbIL-2 
cells were injected intravenously (n = 5). Tumor burden was 
measured by in vivo bioluminescence using the Xenogen-IVIS 

Imaging System. All experiments were performed following the 
guidelines of the Animal Care and Use Committee of the West 
China Hospital, Sichuan University, China.

2.11. Statistical analysis

Data were processed using GraphPad Prism (version 8.0) and 
expressed as the mean ± standard deviation (n ≥ 3). Statistical 
analyses were performed using Student’s t-test or two-way 
analysis of variance (ANOVA). Differences were considered 
statistically significant at P < 0.05.

3 Results

3.1. Construction of mbIL-2 and preparation of NK-92- 
mbIL-2 cells

Mechanistically, IL-2 initially binds to IL-2Rα and then recruits 
IL-2Rβ and IL-2Rγc to form high-affinity trimeric receptor 
complexes.34 To simulate this biological process, mbIL-2 was 
constructed by the fusion of human IL-2 and human IL-2Rα 
with a (G4S)3 linker (Figure 1a). NK-92 cells, whose survival 
and proliferation depend on exogenous IL-2,35 were infected 
with lentiviruses carrying mbIL-2 (NK-92-mbIL-2) or empty 
vector (NK-92-VEC) DNAs. For the lentiviruses had GFP 
reporter gene, after transduction, the GFP+-NK-92 cells were 
enriched and expanded for subsequent experiments 
(Figure 1b).

3.2. Role of mbIL-2 in NK-92 cell survival and proliferation

Consistent with previous studies, exogenous IL-2 is 
required for the proliferation of NK-92 cells.36 When exo-
genous IL-2 was applied to the cell culture, NK-92-VEC 
cells proliferated normally and avoided apoptosis 
(Figures 1c–e). However, without exogenous IL-2, NK-92- 
VEC cell proliferation was significantly inhibited and apop-
tosis gradually increased with culture time (Figures 1c–e). 
In contrast, NK-92-mbIL-2 cells proliferated normally and 
avoided apoptosis irrespective of exogenous IL-2 condi-
tional culture (Figures 1f-h). These data suggested that 
mbIL-2 supported NK-92 cell survival and proliferation, 
which were exogenous IL-2 independent. Moreover, NK- 
92-mbIL-2 cells were maintained without exogenous IL-2 
for more than one year in our lab. Unless otherwise speci-
fied, the NK-92-VEC cells were maintained with 200 U/ml 
recombinant human IL-2, and the NK-92-mbIL-2 cells were 
maintained without exogenous IL-2 for subsequent 
experiments.

To determine the persistence of NK-92-mbIL-2 in vivo, we 
examined their distribution in vivo. DiR-labeled NK-92-mbIL 
-2 cells were injected into immunocompromised NCG mice 
tail vein. After three days of infusion, NK-92-mbIL-2 cells were 
distributed mainly in the liver and spleen (Figure 2a). 
Subsequently, 5 × 106 NK-92-VEC or NK-92-mbIL-2 cells 
were systemically engrafted into immunocompromised NCG 
mice by intravenous inoculation. Mice were sacrificed 21 days 
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after transplantation, and tissue-resident NK-92-VEC or NK- 
92-mbIL-2 cells were examined by flow cytometry (Figure 2b). 
As expected, NK-92-mbIL-2 cells preferentially resided in the 
liver and spleen. In contrast, NK-92-VEC cells were not 
detected in the liver or spleen (Figures 2c–f). Compared to 
those of NK-92-VEC controls, the spleens of NK-92-mbIL-2 
groups showed an increase in size (Figure 2b). However, NK- 
92-VEC or NK-92-mbIL-2 cells were not detected in the blood 
of the mice (Fig. S1). These data suggest that NK-92-mbIL-2 
cells reside primarily in the liver and spleen, and exhibit long- 
term persistence in vivo.

To summarize, these data indicate that mbIL-2 alone can 
support NK-92 cell proliferation and persistence both in vitro 
and in vivo.

3.3. Role of mbIL-2 in bystander cell survival and 
proliferation

As mbIL-2 was predicted to localize to the cell membrane, 
similar to IL-2Rα, we further determined the subcellular loca-
lization of mbIL-2. During NK-92-mbIL-2 cell culture, the 
supernatants were evaluated for IL-2 by ELISA at different 

Figure 2. MbIL-2 supports NK-92 cells long-term persistence in vivo. a: Representative fluorescence images of mice after intravenous injection of DiR-labeled NK-92-mbIL 
-2 cells after three days. b: NCG mice implanted intravenously with NK-92-VEC or NK-92-mbIL-2 cells. The mice were sacrificed 21 days after transplantation for analysis. 
NK-92-VEC maintained with 200 U/ml IL-2 and NK-92-mbIL-2 maintained without IL-2 in vitro for experiments. c: Representative flow cytometry analysis showing the 
proportion of NK-92-VEC or NK-92-mbIL-2 cells residing in the spleen. d: Quantification and statistical analysis of the data in C (n = 5). e: Representative flow cytometry 
analysis showing the proportion of NK-92-VEC or NK-92-mbIL-2 cells residing in living cells. f: Quantification and statistical analysis of the data in E (n = 5).
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Figure 3. MbIL-2 does not support bystander cell survival and proliferation. a: ELISA detects IL-2 in NK-92-mbIL-2 cell culture supernatants at different times (n = 3). NK- 
92-mbIL-2 maintained without IL-2 and collected culture supernatants for assays. b: Representative confocal laser images of 293 T-NT, 293 T-GFP, and 293 T-mbIL-2-GFP. 
293 T-NT represent 293 T cells not-transduced lentiviral. 293 T-GFP represent 293 T cells transduced empty lentiviral carrying GFP reporter gene. 293 T-mbIL-2-GFP 
represent 293 T cells transduced lentiviral carrying mbIL-2-GFP fusion protein. c: Schematic diagram of NK-92-mbIL-2 cell co-culture with NK-92 cells. At the co-culture 
time, IL-2 was not added. d: Representative flow cytometry analysis showing the proportion of NK-92-mbIL-2 in co-culture assays shown by C. GFP positive cells 
represent NK-92-mbIL-2 cells which carrying GFP reporter gene. GFP negative cells represent non-transduced NK-92 cells. e: Quantification and statistical analysis of the 
data in D (n = 3). f: Representative flow cytometry analysis showing the proportion of apoptotic non-transduced NK-92 cells in co-culture assays shown in C. g: 
Representative flow cytometry analysis showing the proportion of apoptotic NK-92-mbIL-2 cells in co-culture assays shown in C. h: Quantification and statistical analysis 
of the data in F and G (n = 3).
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times. As expected, the IL-2 concentrations in the supernatant 
did not change significantly over time, and the values were 
below the detection limits of the ELISA kit (Figure 3a). These 
data suggest that mbIL-2 is a non-secretory fusion protein. 
And flow cytometry analysis showed that mbIL-2 can be 
detected on the cell surface (Fig. S5). For better observation, 
we constructed an mbIL-2-GFP fusion protein, in which the 
mbIL-2 C-terminus was linked to the GFP protein N-terminus 
with a linker. After lentiviral transduction of 293 T cells, the 
mbIL-2-GFP fusion protein localized to the cell membrane and 
formed aggregates (Figure 3b). As a control, 293 T cells trans-
duced with GFP lentiviral vector showed green fluorescence 
distributed throughout the cell (Figure 3b). These data suggest 
that mbIL-2 is a non-secretory fusion protein that is to some 
degree localized on the cell membrane.

Considering the systemic toxicity of IL-2 limiting its 
application,22,23 we evaluated whether NK-92-mbIL-2 cells 
would support the survival and proliferation of bystander non- 
transduced NK-92 cells. NK-92-mbIL-2 and non-transduced 
NK-92 cells were co-cultured at a 1:1 ratio and analyzed at 
different points of time (Figure 3c). As the co-culture time 
increased, the proportion of NK-92-mbIL-2 cells increased, 
and the proportion of non-transduced NK-92 cells decreased 
gradually (Figures 3d–e). Additionally, the proportion of apop-
totic non-transduced NK-92 cells increased gradually over 
time (Figures 3f-h) and the proportion of apoptotic NK-92- 
mbIL-2 cells was maintained at a lower ratio (Figures 3g–h). In 
the co-culture system, the non-transduced NK-92 cells have 
similar apoptosis proportion compared with non-transduced 
NK-92 cells cultured alone (Fig. S4A). After 15 days co- 
culturing, non-transduced NK-92 cells almost undetectable 
by flow cytometry (Fig. S4B). These data suggest that in the co- 
culture system, non-transduced NK-92 cells could not main-
tain normal growth and proliferation.

To summarize, these data indicate that mbIL-2 can be 
detected on the cell membrane and mbIL-2-transduced NK- 
92 cells did not maintain normal growth and proliferation of 
bystander non-transduced NK-92 cells.

3.4. Role of mbIL-2 in NK-92 cell-mediated cytotoxicity

Since IL-2 is critical for NK cell activation, we tested whether 
mbIL-2-expressed NK cells enhanced their cytotoxicity against 
tumor cells and the difference between mbIL-2-expressed NK 
cells and exogenous IL-2 activated NK cells. After NK-92-VEC 
or NK-92-mbIL-2 cells were co-cultured with K562 cells at 
different ratios, K562 cell lysis was detected. And IL-2 was 
added to NK-92-VEC cells, but not NK-92-mbIL-2 cells at 
the time of co-culturing. Compared with exogenous IL-2-acti-
vated NK-92-VEC cells, NK-92-mbIL-2 cells exerted superior 
neutralization of K562 cells (Figure 4a). To confirm the 
enhanced cytotoxic activity of NK-92-mbIL-2 cells, we mea-
sured CD107α degranulation and IFN-γ secretion by NK cells 
against K562 cells. After cell culture, NK-92-mbIL-2 cells had 
a higher proportion of CD107α-positive cells and higher levels 
of IFN-γ was released compared to the corresponding results of 
NK-92-VEC cells activated by exogenous IL-2 (Figures 4b-c). 
These data indicate that mbIL-2 enhanced NK-92 cell- 

mediated cytotoxicity in vitro and was superior to exogenous 
IL-2.

To investigate the in vivo antitumor activity of NK-92-mbIL 
-2 cells, we constructed a K562-luc xenograft model. Mice were 
grouped into two types (five mice per group), one group type 
received one intratumoral infusion (5 × 106/mouse) of NK-92- 
VEC and the other group type received NK-92-mbIL-2 cells. 
Then, the NK-92-VEC group mice were intraperitoneally 
administrated with IL-2 (1000 U/mouse) for every 2 days 
until the end of experiment. And the volume of the tumors 
was measured periodically (Figure 4d). Compared to the mice 
treated with NK-92-VEC, mice treated with an infusion of NK- 
92-mbIL-2 cells showed significantly suppressed tumor burden 
(Figures 4e–f). As the K562 cell line is a human erythroleuke-
mia cell line, we constructed a K562-luc orthotopic leukemia 
model by intravenous injection. With similar grouping of mice 
as mentioned above, one group type received one intravenous 
infusion (5 × 106/mouse) of NK-92-VEC and the other group 
type received NK-92-mbIL-2 cells. Then, the NK-92-VEC 
group mice were intraperitoneally administrated with IL-2 
(1000 U/mouse) for every 2 days until the end of the experi-
ment. And tumor growth was monitored by measuring 
changes in tumor bioluminescence (Figure 4g). Sixteen days 
after NK cell infusion, the tumor bioluminescence of NK-92- 
mbIL-2-treated groups was significantly lower than that of NK- 
92-VEC-treated groups (Figures 4h–i). These data suggest that 
mbIL-2 enhances NK-92 cell-mediated cytotoxicity in vivo.

To summarize, these data indicate that mbIL-2 enhances 
NK-92 cell-mediated cytotoxicity in vitro and in vivo and 
superior to exogenous IL-2-activated NK-92 cells.

3.5. Role of mbIL-2 in NK-92 cell-mediated pan-cancer 
antitumor activity

After establishing that mbIL-2 enhances NK-92 cell-mediated 
cytotoxicity, we tested whether mbIL-2 enhances NK-92 cell- 
mediated pan-cancer antitumor activity. We detected NK-92- 
mbIL-2 and NK-92-VEC cell-mediated cytotoxicity in prostate 
cancer (PRAD), ovarian cancer (OV), melanoma (SKCM), 
lung cancer (LUAD), colorectal cancer (COADREAD), and 
glioblastoma (GBM). As shown in Figs. S2A–F, NK-92-mbIL 
-2 cells had better antitumor activity than NK-92-VEC cells 
against these cancer cells. In this study, LN18 cell line was 
found to be an NK-insensitive GBM cell line. However, LN18 
cells became sensitive to mbIL-2-expressed NK-92 cells (Fig. 
S2F). These data indicate that mbIL-2 enhances NK-92 cell- 
mediated pan-cancer antitumor activity.

3.6. Role of mbIL-2 in NK-92 cell IL-2 receptors 
downstream signals

To understand the mechanism by which mbIL-2 activates NK 
cells, we suspected that mbIL-2 activates NK cells dependent 
on IL-2-receptors downstream signals. Indeed, the bioactivity 
of IL-2 relies on IL-2 receptor-related JAK-STAT kinases and 
initially for the Janus family tyrosine.37 Some studies have 
shown that tofacitinib, a JAK3 kinase inhibitor,37 can inhibit 
the IL-2 signaling.38 NK-92-VEC+IL-2 or NK-92-mbIL-2 cells 
cultured with 1 μM tofacitinib and detected at different points 
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of time (Figure 5a). As the culture time increased, the propor-
tion of apoptotic NK-92-VEC or NK-92-mbIL-2 cells increased 
gradually (Figures 5a–b) while the proliferation of NK-92-VEC 
and NK-92-mbIL-2 cells was inhibited (Figure 5c). These data 
suggest that similar to exogenous IL-2, mbIL-2 activates NK-92 
cells through the classical IL-2-receptor JAK-STAT signaling 
pathway.

To further determine the differences between mbIL-2 and 
exogenous IL-2 activated downstream signals, we compared 
the global gene expression profiles of NK-92-VEC (n = 3) and 

NK-92-mbIL-2 cells (n = 3) (Figures 6a–b). A total of 1625 
differential genes were identified (fold-change ≥ 2 and p-value 
< 0.05), which included 932 upregulated genes and 693 down-
regulated genes (Figure 6c). For the GSEA analysis, the 
“Unstim vs IL-2 stim NK cell UP” gene set represent up- 
regulated genes in NK cells activated by exogenous IL-2. And 
the “Unstim vs IL-2 stim NK cell DN” gene set represent down- 
regulated genes in NK cells activated by exogenous IL-2.39 

Compared with exogenous IL-2 activated NK-92-VEC cells, 
the “Unstim vs IL-2 stim NK cell UP” gene set negatively 

Figure 4. MbIL-2 enhances the antitumor activity of NK-92 cells. a: Direct lysis of NK cells against target cells K562. Effector and target cells were co-incubated for 4 h at 
the indicated effector: target ratio. Flow cytometric analysis of the proportion of GFP−7-AAD+ cells (n = 3). b: Flow cytometry analysis of the proportion of GFP+-CD107α+ 

cells after NK cells were co-incubated with target cells at 1:1 for 5 h (n = 3). c: ELISA data showing the release of IFN-γ by NK cells after co-incubation with target cells at 
1:1 for 12 h (n = 3). d–f: In vivo studies using K562-luc cells in a mouse subcutaneous xenograft model treated with NK-92-VEC and NK-92-mbIL-2 cells. d: Schematic 
diagram of the study. 1 × 106 K562-luc cells with Matrigel Matrix were subcutaneously injected to establish a xenograft model. After the volume of the tumors reached 
100–200 mm3, 5 × 106 NK-92-VEC or NK-92-mbIL-2 cells were injected intratumorally (n = 5). Subsequently, the volume of the tumors was measured periodically. e: 
Representative image of tumor burden after the mice were sacrificed (n = 5). f: Tumor burden was periodically determined (n = 5). g–i: In vivo study using K562-luc cells 
in a mouse orthotopic xenograft model treated with NK-92-VEC and NK-92-mbIL-2 cells. g: Schematic diagram of the study. 1 × 106 K562-luc cells were injected 
intravenously to establish an in-situ model of leukemia. After four days, 5 × 106 NK-92-VEC or NK-92-mbIL-2 cells were injected intravenously (n = 5). Tumor burden was 
measured by in vivo bioluminescence using the Xenogen-IVIS Imaging System. h: Representative bioluminescent image of the tumor burden after mice were treated 
(n = 5). i: Quantification and statistical analysis of the data in H (n = 5).
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correlated with NK-92-mbIL-2 cells. However, “Unstim vs IL-2 
stim NK cell DN” gene set were exactly opposite (Figure 6d). 
These data suggest that, in contrast to those of exogenous IL-2, 
the downstream signals of mbIL-2-activated IL-2 receptors 
might be weaker.

To validate whether the differences were related to JAK- 
STAT activation, we examined the levels of the phosphorylated 
JAK-STAT signaling pathway in NK-92-VEC and NK-92- 
mbIL-2 cells in response to exogenous IL-2 stimulation and 
non-stimulation. From Figure 6e, the JAK-STAT pathway 
(including JAK1, JAK3, STAT3, STAT5, and NF-κB) had simi-
lar phosphorylation levels in NK-92-VEC and NK-92-mbIL-2 
cells. Although not significantly different, NK-92-mbIL-2 had 
a lower phosphorylation ratio in JAK3 than in exogenous IL-2 
stimulated NK-92-VEC cells (Figure 6f). Consistently, the 
expression of IL-2 downstream genes CCND2 and CISH was 
downregulated in NK-92-mbIL-2 cells (Figure 6g). Of these, 
CISH is an important cytokine-induced, including IL-2 and IL- 
15,40 negative feedback inhibitor in NK cells.41 These data 
suggest that IL-2 receptors are activated by mbIL-2 with 
lower negative feedback than exogenous IL-2.

To summarize, these data suggest that mbIL-2, compared to 
exogenous IL-2, might tune NK cell IL-2 receptor downstream 
signals, resulting a change in corresponding genes expression.

3.7. Role of mbIL-2 in activating receptors for NK-92 
cell-mediated cytotoxicity

Upon establishing that mbIL-2 enhanced NK cell-mediated 
cytotoxicity better than exogenous IL-2, we determined that 
mbIL-2 and exogenous IL-2 activated the NK cell receptor 
repertoire, which is essential for NK cells to recognize tumor 
cells.3 Unsupervised cluster analysis revealed that most of the 
activating receptors were upregulated, and inhibitory 

receptors were downregulated in the NK-92-mbIL-2 groups 
(Figure 7a). The relative expression of these genes, detected 
by qPCR, was usually consistent with the cluster analysis 
results (Figures 7b–c and S3D). As the receptors are expressed 
on the cell membrane, we determined receptor expression by 
flow cytometry, which also revealed that activating receptors 
NKG2D and DNAM1 were upregulated in the NK-92-mbIL-2 
groups (Figures 7d). These data suggest that mbIL-2 upregu-
lates the activating receptors and downregulates the inhibi-
tory receptors of NK cells, which might explain why NK-92- 
mbIL-2 cells have greater cytotoxicity than NK-92-VEC con-
trol cells.

To validate whether mbIL-2 enhances NK-92 cell- 
mediated cytotoxicity depending on these receptors, receptor 
block experiments were conducted. After blocking the 
NKG2D receptor, which had the highest upregulated fold- 
change of these receptors (Figures 7b-d), the cytotoxicity of 
NK-92-VEC and NK-92-mbIL-2 cells was reduced 
(Figure 7e). Nevertheless, NK-92-mbIL-2 cells still showed 
higher cytotoxicity than NK-92-VEC cells (Figure 7e). The 
degranulation assay showed that the proportion of CD107α- 
positive cells decreased when the NKG2D receptor was 
blocked, and NK-92-mbIL-2 cells, compared to NK-92-VEC 
cells, had a higher proportion of CD107α-positive cells 
(Figure 7f). Furthermore, IFN-γ cytokines were detected to 
evaluate the NK cell activation status, revealing that the cyto-
kines released by NK-92-mbIL-2 cells were significantly 
higher than those released by NK-92-GFP cells, even though 
the NKG2D receptor was blocked (Figure 7g). However, 
cytokine secretion decreased under blocked NKG2D receptor 
compared to that in the groups where NKG2D receptor was 
not blocked (Figure 7g). These data suggest that blocking the 
NKG2D receptor would reduce mbIL-2-enhanced NK cell- 
mediated cytotoxicity. Other upregulated activating receptors 

Figure 5. MbIL-2 activation of NK cells relies on classic IL-2 receptor signal transduction. a: Representative flow cytometric analysis of NK-92-VEC and NK-92-mbIL-2 cells 
treated with tofacitinib. NK-92-VEC maintained with 200 U/ml IL-2 and add 1 μM tofacitinib for assays. NK-92-mbIL-2 maintained without IL-2 and add 1 μM tofacitinib 
for assays. b: Quantification and statistical analysis of data from A (n = 3). c: CCK8 assay of cell proliferation in NK-92-VEC and NK-92-mbIL-2 cells treated with tofacitinib 
(n = 6). NK-92-VEC maintained with 200 U/ml IL-2 and add 1 μM tofacitinib for assays. NK-92-mbIL-2 maintained without IL-2 and add 1 μM tofacitinib for assays.
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might explain why NK-92-mbIL-2 has higher cytotoxicity 
than NK-92-VEC cells under blocked NKG2D receptor 
conditions.

To summarize, these data suggest that mbIL-2 could upre-
gulate the expression of many activating receptors in NK-92 
cells, which are essential for mbIL-2 enhanced NK-92 cell- 
mediated cytotoxicity.

3.8. Role of mbIL-2 in chemotaxis of NK-92 cells

Reaching tumor sites is another challenge for NK cells.42 

KEGG and GO enrichment analyses of differentially expressed 

genes (p < .05) of NK-92-mbIL-2 cells compared with those of 
NK-92-VEC cells revealed that cell chemotaxis, cell–cell adhe-
sion, and cell migration terms were significantly enriched (Figs. 
S3A–B). These data suggest that mbIL-2 might enhances the 
chemotaxis and migration effects of NK-92 cells. To detect the 
relative expression of NK cell chemokine receptor genes, we 
found that ChemR23, CX3CR1, CXCR1, CCR7, and SELL were 
upregulated in NK-92-mbIL-2 cells compared to those in NK- 
92-VEC cells (Fig. S3C). Evidently, the adhesion molecule, 
ALCAM, was upregulated in NK-92-mbIL-2 cells. Among 
them, CXCR1, a chemokine receptor of the pro-inflammatory 
cytokine IL-8, improves the NK cell migration to tumor sites 

Figure 6. MbIL-2 tunes IL-2-receptor downstream signals of NK cells. a: PCA of NK-92-VEC and NK-92-mbIL-2 cell transcriptome profiles (n = 3). NK-92-VEC cells 
maintained with 200 U/ml IL-2 and NK-92-mbIL-2 cells maintained without IL-2 for RNA-sequencing. b: Correlation analysis of the NK-92-VEC and NK-92-mbIL-2 cell 
transcriptome profiles (n = 3). c: Differential gene expression analysis of NK-92-VEC and NK-92-mbIL-2 cell transcriptome profiles (n = 3). d: The GSEA of NK-92-VEC and 
NK-92-mbIL-2 cell transcriptome profiles. The top gene set represent NK cells up-regulated genes activated by exogenous IL-2. The bottom gene set represent NK cells 
down-regulated genes activated by exogenous IL-2. e: Immunoblot analysis of JAK-STAT kinase phosphorylation in NK-92-VEC and NK-92-mbIL-2 cells. NK-92-VEC cells 
maintained with 200 U/ml IL-2 or without IL-2 condition culture 24 h for assays. NK-92-mbIL-2 cells maintained without IL-2 or with 200 U/ml IL-2 condition culture 24 h 
for assays. f: Quantification and statistical analysis of the data in E (n = 3). g: qPCR analysis of CCND2 and CISH gene expression in NK-92-VEC and NK-92-mbIL-2 cells. NK- 
92-VEC cells maintained with 200 U/ml IL-2 or without IL-2 condition culture 24 h for assays. NK-92-mbIL-2 cells maintained without IL-2 or with 200 U/ml IL-2 condition 
culture 24 h for assays.
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Figure 7. MbIL-2 regulates receptor repertoire to enhance NK cell cytotoxicity. a: Unsupervised cluster analysis of NK cell receptors in NK-92-VEC cells and NK-92-mbIL-2 
cell transcriptome profiles (n = 3). NK-92-VEC maintained with 200 U/ml IL-2 and NK-92-mbIL-2 maintained without IL-2 for RNA-sequencing. b: qPCR analysis of NK cell 
activating receptor gene expression in NK-92-VEC and NK-92-mbIL-2 cells (n = 3). NK-92-VEC maintained with 200 U/ml IL-2 and NK-92-mbIL-2 maintained without IL-2 
for assays. c: qPCR analysis of NK cell inhibitory receptor gene expression in NK-92-VEC and NK-92-mbIL-2 cells (n = 3). NK-92-VEC maintained with 200 U/ml IL-2 and 
NK-92-mbIL-2 maintained without IL-2 for assays. d: Flow cytometric analysis of NKG2D and DNAM1 expression in NK-92-VEC and NK-92-mbIL-2 cells. NK-92-VEC 
maintained with 200 U/ml IL-2 and NK-92-mbIL-2 maintained without IL-2 for assays. e: Direct lysis of NK cells against target cell K562. Effector cells were blocked with 
NKG2D antibody or isotype antibody for 1 h and then co-incubated with the target cells for 4 h at the indicated effector: target ratio. Flow cytometric analysis of the 
proportion of GFP−7-AAD+ cells (n = 3). At the co-culture time, exogenous IL-2 was added to the NK-92-VEC cells and not added to the NK-92-mbIL-2 cells for assays. f: 
Flow cytometric analysis of the proportion of GFP+-CD107α+ cells after NK cells were blocked by NKG2D antibody or isotype antibody for 1 h co-incubation with target 
cells at 1:1 for 12 h (n = 3). At the co-culture time, exogenous IL-2 was added to the NK-92-VEC cells and not added to the NK-92-mbIL-2 cells for assays. g: ELISA data 
showing the release of IFN-γ by NK cells blocked by the NKG2D antibody or isotype antibody for 1 h after co-incubation with target cells at 1:1 for 5 h (n = 3). At the co- 
culture time, exogenous IL-2 was added to the NK-92-VEC cells and not added to the NK-92-mbIL-2 cells for assays.
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and enhances NK cell antitumor responses.43 For functional 
assays, our results shown that mbIL-2 improved the chemo-
taxis of NK-92 cells induced by IL-8 (Figs. S3E and S3F).

To summarize, these data suggest that mbIL-2 upregulates 
chemokine receptor and adhesion molecule expression in NK- 
92 cells, which might improve the chemotaxis and migration of 
NK-92 cells.

4 Discussion

In adoptive NK cell immunotherapy, infused NK cells are 
present in vivo for less than two weeks after infusion.20,44 

Although the short lifespan of NK cells confers safety, it also 
limits the therapeutic efficiency of NK cells. IL-2 is a critical 
cytokine that activates NK cells and has been frequently used 
for NK cell proliferation.19 However, clinical trials on NK cell 
infusion by IL-2 have not yet been established.3 Although, IL-2 
can activate NK cells to improve the in vivo persistence and 
enhance the antitumor effects of NK cell immunotherapy, the 
administration of IL-2 can also induce Treg cell activation and 
severe toxicity.14,22,23 In despite of the high-affinity IL-2 recep-
tor complex formed by IL-2Rα, IL-2Rβ, and IL-2Rγc, activated 
NK cells mostly express IL-2Rβ and IL-2Rγc receptors.14,28,29 

Studies indicated IL-2Rα essential for the sensitivity of human 
NK cells.30 Therefore, we speculated that simulating high- 
affinity IL-2Rαβγc trimeric receptor complexes would benefit 
NK cell activation and persistence. In parallel, to limit the 
systemic toxicity of IL-2, we constructed a cell-restricted 
mbIL-2 by fusion of human IL-2 and human IL-2Rα with 
a (G4S)3 linker.

To validate the function of mbIL-2, we utilized a lentivirus 
carrying mbIL-2 to transfect NK-92 cells that otherwise depend 
on exogenous IL-2 for survival and proliferation.35 Similar to 
exogenous IL-2, mbIL-2 can support NK-92 cell survival and 
proliferation independent of exogenous IL-2. In vivo, NK-92 
cells expressing mbIL-2 primarily reside in the liver and spleen 
and show long-term persistence. We also observed spleen 
enlargement following the resistance of NK-92-mbIL-2 cells. 
Regarding NK-92 cell is a tumor-derived NK cell line, long- 
term persistence of NK-92-mbIL-2 might have the tumorigenic 
potential and raise safety concerns. To overcome this issue, we 
proposed four solutions: First, pre-irradiation NK-92-mbIL-2 
cells before application in vivo, which inhibit NK-92-mbIL-2 
cells proliferation and retain its anti-tumor cytotoxicity. 
Second, add safety switches, such as inducible suicide gene, to 
the NK-92-mbIL-2 cells. Third, use small-molecule, such as 
tofacitinib, to inhibit IL-2 receptors activity of NK-92-mbIL-2 
cells when the cell completed it bio-function or safety events 
occurred. Finally, a safer primary NK cell to replace NK-92 cell 
expression mbIL-2.

Considering that IL-2 receptors are expressed on multiple 
immune cells, including T and NK cells. Among of these cells, 
Treg cell are more sensitive to IL-2 because of their high- 
affinity IL-2-receptor complexes. Administration of IL-2 can 
regulate the function of these cells and induce adverse 
toxicity.14,22,23 We evaluated the bystander effect by mbIL-2. 
Our results suggest that mbIL-2 does not aid in the activation 
nor supports the survival and proliferation of bystander cells. 

The subcellular localization of mbIL-2, a non-secretory fusion 
protein located on the cell membrane, may explain how it 
prevents the activation of bystander cells. Unlike engineered 
soluble IL-2 mutation,45,46 the mbIL-2 exhibits cell-expression 
specificity. Based on this, our results highlight that this cell- 
restricted IL-2 strategy might favorable for CAR-NK cell and 
CAR-T cell immunotherapies, whose preparation need to be 
modified through genetic engineering. Therefore, CAR-NK 
cell or CAR-T cell modified with mbIL-2 no additional pre-
paration processing steps are required. Moreover, the mbIL-2 
improves long-term persistence and activation of these cells, 
which benefit for CAR-NK cell and CAR-T cell 
immunotherapies.

To validate the extensiveness of mbIL-2 for NK cell 
mediated antitumor activity, we tested several cancer cell 
lines, including PRAD, OV, SKCM, LUAD, COADREAD, 
and GBM. Our results indicate that mbIL-2 expressed NK-92 
cells showed superior cytotoxicity in all the tested cancer cells. 
In vivo, mbIL-2 can also enhance NK-92 cell-mediated cyto-
toxicity and superior to exogenous IL-2 activated NK-92 cells. 
In previous studies, Konstantinidis et al. constructed an endo-
plasmic reticulum (ER) retained IL-2 (ER-IL-2) for NK cells 
through linking IL-2 with ER retention signal ERRS.12 Youssef 
et al. constructed a CIRB for NK cells through fusing IL-2 with 
IL-2Rβ.27 Both ER-IL-2 and CIRB supported NK cells persis-
tence independent of exogenous IL-2 and do not support 
bystander cells survival. Moreover, CIRB-NK-92 cells have 
been shown to displayed superior antitumor effects than par-
ental cells. Besides of these studies, NK-92 cells also have some 
available formulations including NK-92MI (RRID: 
CVCL_3755), NK-92-41BB (RRID: CVCL_B5ZF), NK-92- 
CD16 (RRID: CVCL_B5ZE), NK-92.39 (RRID: CVCL_A0AP) 
and NoGFP-CD16.NK-92 (RRID: CVCL_V429). Among 
them, NK-92MI cells was engineered to express IL-2, which 
survival and persistence independent of exogenous IL-2. 
Studies have shown that NK-92MI cells are identical to the 
parental cells with similar cytotoxic activity, however, secreted 
IL-2 might cause systemic toxicity in vivo.47 Compared with 
NK-92MI cells, mbIL-2 is a novel cell-restricted IL-2 and do 
not support bystander cells survival, which imply the fewer side 
effects for application. Compared with ER-IL-2 and CIRB, 
mbIL-2 has been designed to simulate the high-affinity IL-2 
trimeric receptor complexes for NK cell through fusing IL-2 
and IL-2Rα. Similarly, mbIL-2 supported NK-92 cells persis-
tence independent of exogenous IL-2. Our studies provide an 
alternative strategy to design immunotherapeutic NK cells.

As the bioactivity of natural IL-2 relies on IL-2-receptor 
complexes and receptor-related JAK-STAT kinases.37 When 
JAK3 phosphorylation was inhibited, mbIL-2 and exogenous 
IL-2 did not support the survival and proliferation of NK-92 
cells, suggesting that mbIL-2 and exogenous IL-2 have similar 
initial signals. However, mbIL-2 and exogenous IL-2-activated 
NK-92 cells showed significant differences at the whole- 
transcriptome level. This is manifested by mbIL-2 negatively 
correlating IL-2 with the activated NK cell gene set and weaker 
negative feedback regulation of mbIL-2 activated NK-92 cells. 
We speculate that mbIL-2 might tune the NK-92 cell IL- 
2-receptor downstream signals, although the mechanisms by 
which it is achieved remain unknown. Given the complexity of 
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the mechanisms and such work digressed for this study, we did 
not select it for further study.

The recognition and neutralization of target (tumor) cells by 
NK cells relies on the activating and inhibitory receptor reper-
toire expressed on the cell membrane.3,48 Through analysis, we 
found that mbIL-2 activated NK-92 cells were upregulated in 
most of the activating receptors, such as NKG2D, NKp80, and 
DNAM1, and inhibited the expression of most of the inhibitory 
receptors, such as PDCD1 and TIGIT. Among the activating 
receptors, NKG2D, which is critical for NK cell activation and 
immune surveillance,49 showed the highest fold-change in the 
upregulated activating receptors. To validate this receptor attri-
bute to mbIL-2 enhanced NK-92 cell cytotoxicity, we used an 
NKG2D antibody to block NKG2D receptors, which resulted 
in reduced cytotoxicity for both mbIL-2 and exogenous IL-2 
activated NK-92 cells. However, mbIL-2 activated NK-92 cells 
still exhibit higher cytotoxicity than exogenously activated NK 
cells. As stated above, the function of NK cells depends on the 
receptor repertoire expressed by these cells. We speculate that 
the upregulated activating receptors attributed to mbIL-2 
enhanced NK-92 cell cytotoxicity, of which NKG2D is one of 
them, and downregulated inhibitory receptors may be attrib-
uted to reduced immune escape of the tumor cells from mbIL- 
2 activated NK-92 cells, for which further investigation is 
required.

In adoptive cell immunotherapy, migrating through obstacles 
to reach sites of solid tumors is another challenge for NK cells.42 

Our results suggest that mbIL-2 activated NK-92 cells upregulated 
the chemokine receptor and adhesion molecule gene expression. 
Among these, the adhesion molecule ALCAM has been validated 
as favorable for engineered T cells across the blood–brain barrier 

in GBM.50 Moreover, the chemokine receptor CXCR1 improves 
NK cell migration to tumor sites and enhances NK cell antitumor 
responses.43 Our study suggests that mbIL-2 can possibly improve 
the chemotaxis and migration of NK-92 cells, which is beneficial 
for solid tumor therapy using NK-92 cells.

To summarize our study, we constructed a membrane- 
bound IL-2 to simulate high-affinity IL-2 trimeric receptor 
complexes for NK cells (Figure 8). MbIL-2 was found to main-
tain NK-92 cell survival and persistence, and enhance NK-92 
cell-mediated antitumor activity by tuning IL-2-receptor 
downstream signals and NK cell receptor repertoire expres-
sion. Additionally, we found that mbIL-2 can possibly improve 
the chemotaxis and migration of NK-92 cells by upregulating 
genes. To conclude, mbIL-2 is a novel cell-restricted artificial 
IL-2 that improves NK-92 cell persistence and enhances NK-92 
cell-mediated antitumor activity. NK-92 cells genetically mod-
ified to express the novel mbIL-2 with potential significance for 
clinical development.
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