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ABSTRACT

Natural Killer (NK) cells are an important population of the immune system, and NK cell-based therapy has shown great potential
in the treatment of cancers. However, to apply NK cells clinically, producing a large number of cells with high cytotoxicity remains
a challenge. Current strategies focus on employing different irradiated feeder cells to stimulate NK expansion, maturation, and
cytotoxicity. While co-stimulatory signals play critical roles in promoting NK cell proliferation and activating their functions, the
exploitation of these signals for expanding NX cells has not been fully explored. To identify the optimal engineered feeder cells
for expanding umbilical cord blood-derived NK cells, we generated different feeder cells expressing the co-stimulatory molecules
CD80, 4-1BBL, or membrane-bound IL-21 (mbIL21). We then evaluated the transduction efficacy of a chimeric antigen receptor
(CAR) construct into expanded NK cells using various lentiviral vectors. Our results showed that CD80, in combination with 4-
1BBL and mbIL21, induced the highest expansion of NK cells from cord blood. The expanded NK cells displayed higher cytotox-
icity toward target cells compared to T cells following CAR transduction using BaEV lentivirus.

1 | Introduction target virus-infected cells, tumors, and other abnormalities [1, 2].

NK cells have emerged as a safe and effective alternative to T cells
NK cells are key components of the innate immune system, known in adoptive transfer therapies. Unlike T cells, which are associ-
for their ability to detect and eliminate infected or abnormal cells ated with severe adverse effects such as graft-versus-host disease,
without prior sensitization. They play a vital role in immune sur- cytokine release syndrome, and immune effector cell-associated
veillance by balancing their activating and inhibitory receptors to neurotoxicity syndrome, NK cells can recognize and eliminate
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cancer cells independently of major histocompatibility complex
(MHC) compatibility [3]. They benefit from reduced or absent
MHC expression in certain tumors to enhance their killing ac-
tivity [3]. CAR-engineered NXK cells further amplify this cytolytic
potential, effectively eliminating cancer cells while avoiding the
limitations of CAR-T cells. Currently, over 40 clinical trials are
evaluating the safety and efficacy of adoptive NK cell therapy for
solid tumors, using either engineered or non-engineered NK cells
[4, 5]. Notably, positive outcomes have been reported in neuro-
blastoma patients receiving allogeneic NK cells combined with
GD2-targeting antibodies [6, 7]. Evidence from trials in hemato-
logic malignancies and ovarian cancer also suggests promising
outcomes of NK cell therapy [8-11].

A significant challenge in NK cell-based ‘off-the-shelf’ ther-
apy is producing large quantities of NK cells with enhanced
cytotoxicity for clinical use. NK cells typically comprise 10%-
15% of lymphocytes in adult peripheral blood but can make up
to 30% in umbilical cord blood [12]. Cord-blood NK cells often
exhibit an immature phenotype with lower CD16 expres-
sion compared to peripheral blood NK cells [13, 14]. NK cells
sourced from both sources can undergo in vitro expansion
using feeder-free or feeder-dependent methods. Feeder-free
approaches, reliant on cytokines like IL-2, IL-15, IL-21, along
with IL-12 or IL-18 yield limited expansion, despite resulting
in NK cells with enhanced cytotoxicity [15, 16]. Conversely,
expansion methods involving irradiated feeder cells have
demonstrated more robust yields, achieving over 40,000-
fold expansions. Feeder cells are often engineered to express
common ligands for co-stimulatory receptors such as 4-1BBL
(41BBL), OX40L, or membrane-bound cytokines like IL-15
and IL-21 [17, 18]. In these studies, the expansion capacity
of each stimulatory receptor or cytokine was assessed solely
in comparison to the wild-type phenotype of the feeder cell
line. While the search for novel NK cell expansion stimulators
continues, existing feeder systems should be integrated into a
standardized experimental design. Such an approach would
provide clearer insights into the expansion levels achieved by
each stimulatory factor and highlight the variability in their
efficiency within in vitro NK cell cultures.

Often recognized as a costimulatory molecule, CD80 exhibits
transient expression on B cells, macrophages, and dendritic cells
upon activation [19, 20]. Its upregulation provides a crucial co-
stimulatory signal to T cells, enhancing the activation initiated
by the T cell's recognition of presented antigens via the T cell
receptor. This sustains T cell responses with a lowered activa-
tion threshold, enhanced survival, and increased cytokine pro-
duction, notably IL-2 [21-24]. The role of CD80 holds immense
significance in tumor immune surveillance. The loss of CD80
alone enables tumors to evade immune cell attacks, leading
to anergy and apoptosis among tumor-infiltrating T cells [25].
Intriguingly, the presence of CD80 on tumor cells can enhance
recognition by NXK cells, resulting in tumor lysis [26]. Several
studies have highlighted the potential triggering effect of the
CD80 molecule on NK cells. Initial findings in mice demon-
strated that CD80 expression could prompt NK cell-mediated
cell lysis. Interestingly, this effect was observed to surpass the
protective role mediated by MHC class I molecules, as reported
in one study [27]. Subsequent research by Wilson et al. provided
further validation, showing that the introduction of human

CD80, CD86, or CD80/86 molecules into murine B16.F1 mela-
noma cells increased their susceptibility to lysis by human NK
cells [28]. Intriguingly, CD80 has not yet been explored as a tar-
get for engineering feeder cells used in NXK cell expansion.

In addition to the challenge of expanding NX cells, their innate
defense mechanisms, guided by pattern recognition receptors,
make them resistant to viral transduction. This resistance poses
a significant challenge for the development of CAR NK-based
cell therapies [29, 30]. Recent exploration into different lentivi-
ral systems as alternatives to the broadly tropic VSV-G systems
has led to the identification of the Baboon envelope pseudotyped
lentivirus, proving notably more effective in transducing pri-
mary human NK cells [31, 32].

In this study, we assessed the potential of CD80 as a stimulator
for expanding and boosting cord-blood NX cells from different
donors by expressing the gene, both alone and in combination
with 41BBL and membrane-bound IL-21 (mbIL21), within the
K562 cell line. Additionally, we explored the transduction of a
CAR construct targeting carcinoembryonic antigen (CEA) into
expanded NXK cells using various lentiviral vectors. We further
demonstrated the functionality of these cells post-transduction,
comparing them with CAR-T cells in both 2D and 3D models.

2 | Materials and Methods
2.1 | Cell Lines

K562 cells were from ATCC. Engineered K562 cells expressing
CD80, 41BBL, or mbIL21—individually or in combination—
were generated via lentiviral transduction and sorted using the
WOLFG2 Cell Sorter. These cells were cultured in RPMI 1640
(Gibco, USA) with 10% heat-inactivated FBS and 1% penicil-
lin-streptomycin at 37°C with 5% CO, and validated by flow cy-
tometry using anti-CD80 (#375409), 41BBL (#311505), and IL21
(#513003) antibodies (BioLegend). Lenti-X293T cells (Takara
Bio, USA) were maintained in DMEM (Gibco, USA) with 10%
FBS and 1% penicillin-streptomycin. MKN-45 cells were pro-
vided by Dr. Phu-Hung Nguyen (Thai Nguyen University of
Science, Vietnam) and cultured in RPMI 1640 with 10% FBS
and 1% penicillin-streptomycin. MCF-7 cells, courtesy of Dr.
Thuy-Vy Nguyen (Ho-Chi-Minh City University of Science,
Vietnam), were maintained in DMEM with 10% FBS and 1%
penicillin-streptomycin. All cell lines were tested and con-
firmed mycoplasma-free.

2.2 | NKCell Isolation and Expansion

Umbilical cord blood, collected with CPDA-1 anticoagulant, was
diluted 1:2 with PBS and layered onto Lymphoprep (Stemcell
Technologies, Canada) at a 2:1 ratio. Density-gradient centrif-
ugation was performed for 30 min at 1000g without the brake.
Mononuclear cells were isolated from the white ring at the inter-
face between Lymphoprep and plasma and washed with PBS. NK
cells were isolated with the MojoSort Human NK Cell Isolation
Kit (Biolegend, USA) and were cultured in AIM-V medium
(Gibco, USA) with 10% heat-inactivated FBS (Cytiva, Sweden)
and 2001U/mL IL-2 (PeproTech, USA), with feeder cells. NK
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cells in the feeder-free group were cultured with 500 1U/mL IL-2
and 20ng/mL IL-15. The medium was refreshed every 2days.
For feeder-cell-dependent expansion, NK cells were stimulated
ata 1:5 ratio with K562 or engineered K562 cells, irradiated with
100Gy, and replenished every 7days. Phenotype analysis was
performed by staining for CD3, CD56, NKG2D, NKp46, NKp30,
CD16, NKG2A, and TIGIT (Biolegend) markers, followed by
flow cytometry analysis.

2.3 | RNA Sequencing

RNA from NXK cells cultured with wild-type, 41BBL-mbIL21,
and CD80-41BBL-mbIL21 K562 cells at D14 was isolated using
Quick DNA/RNA Miniprep (Zymo). Total RNA was subjected to
the NEBNext Poly(A) mRNA Magnetic Isolation Module (New
England Biolabs) to isolate intact poly(A)+ RNA. RNA librar-
ies were prepared using the NEBNext Ultra Directional RNA
Library Prep Kit for Illumina (New England Biolabs) and se-
quenced paired-end at 50x on the MGI DNBseq-G400 platform.
Clean reads were obtained with Cutadapt (v3.4) and aligned
to the GRCh38 reference genome using STAR (v2.7.9a). Reads
mapped were counted with featureCounts (Subread v2.0.1) using
GENCODE 43 gene annotation (Ensembl 109). Differentially
expressed genes (DEG) were identified with the edgeR pack-
age (v4.1.2) [33]. Low-expression genes were excluded, and
data were normalized using TMM. DEGs between groups were
identified with glmQLFit in edgeR, applying an FDR-adjusted
p-value <0.05 and llog,FCI > 1. Genes related to CD28 activity,
signaling, proliferation, cytokine production, and cytotoxicity
were visualized using volcano plots and heatmaps in R.

2.4 | Lentivirus Production and NK Cell
Transduction

Lentiviruses were generated by transfecting Lenti-X293T cells
(Takara Bio, US) with pMDLg/pRRE, pMD2.G, pRSV-Rev plas-
mids (NovoPro Bioscience, China), and pCDH-EFla-DNAM-1
CAR-IRES-EGFP constructs (Epoch Life Science, USA) to ex-
press a CAR targeting CEA, consisting of VH and VL of aCEA, a
CD8a hinge, DNAM-1 transmembrane domain, and 2B4/CD3¢
intracellular domain. For BaEV-pseudotyped lentiviral vectors,
transfection included BaEVRLess plasmid along with pMDLg/
PRRE, pRSV-Rev, pCDH-EF1a-DNAM-1 CAR-IRES-EGFP, and
optionally pMD2.G. The BaEVRLess plasmid was provided
by Prof. Verhoeyen Els and Dr. Francois-Loic Cosset (CIRI,
Inserm—U1111, Ecole Normal Supérieure, Lyon, France).

NK cell expansion for transduction was performed using CD80-
41BBL-mbIL21 K562 cells at a 1:2 ratio for 5days in AIM-V me-
dium with 10% FBS and 200 IU/mL IL-2. Restimulation was done
with CD80-41BBL-mbIL21 K562 cells at a 1:1 ratio for 2days be-
fore transduction with CAR-lentivirus. Transduction occurred
in 24-well plates precoated overnight with Retronectin (Takara
Bio, USA) at 5pug/cm?. Lentiviral supernatant was added to the
wells and centrifuged at 2000 g for 1.5h at 4°C before adding NK
cells, which were then centrifuged at 1000 x g for 1h at 32°C.
The medium was refreshed the next day and every 3days there-
after, with CAR expression assessed 5days post-transduction.

2.5 | Cytotoxicity Assay

NK, CAR-NK, and CAR-T cells were co-cultured with MKN-
45 or MCF-7 cells labeled with CellTrace Far Red or CFSE
(Invitrogen, USA) at various Effector:Target (E:T) ratios. After
5h, cells were harvested, stained with Zombie Red (Biolegend,
USA) for viability, and analyzed by flow cytometry. The cyto-
toxicity index was calculated by comparing target cell death
in co-culture to the death rate in target cell monoculture,
plus 100%.

For cytotoxicity assessment using the Cell Counting Kit-8
(CCK-8) assay, MKN-45 cells were co-cultured with NK cells
at various E:T ratios for 4-5h. After medium replacement
with CCK-8, plates were incubated for 1h. Absorbance (Abs)
at 450nm was measured using a GloMax Discover Reader.
Cytolysis (%) was calculated as: % Cytolysis =100 — [(Abs of test
group — Abs of background) / (Abs of control group — Abs of
background)] x 100.

2.6 | ELISpot Assay

NK cells cultured with WT, 41BBL-mbIL21, and CD80-41BBL-
mbIL21 K562 at D14 were transferred to an ELISpot plate
(Mabtech, Sweden) and incubated for 5h at 37°C. The ELISpot
assay was performed using the ELISpot Pro: Human IFN-y
(ALP) kit (Mabtech, Sweden) following the manufacturer's pro-
tocol. Reactivity was determined by comparing the number of
spots in the different NX cell groups.

2.7 | Spheroid Formation

Spheroid formation was conducted as described [33]. MKN-
45 cells were cultured in RPMI 1640 with 10% FBS and 1%
penicillin-streptomycin. Upon confluency, cells were tryp-
sinized and suspended in serum-free RPMI 1640 with MaxGel
(Sigma-Aldrich, USA) at a 1:100 ratio, 100ng/mL EGF, and
20ng/mL FGF. Parental cells were seeded at 1000 cells per
well in an ultra-low attachment plate (Corning, USA). Labeled
NK/T effector cells were incubated with spheroids for 48h.
After washing and trypsinization, suspended cells were an-
alyzed by flow cytometry, with effector cell percentage indi-
cating infiltration.

2.8 | Spheroid Infiltration and Cell Death Induced
by Immune Cells

T cells and NK cells were washed with PBS and resuspended in
AIM-V medium with 10% FBS. Each spheroid was co-cultured
with 10* immune cells for 48 h. After incubation, cells were col-
lected, trypsinized, and stained with anti-CD3 or anti-CD56 an-
tibodies to quantify T cell and NK cell infiltration. Cell death
was assessed using Zombie Red fixable viability dye (BioLegend,
USA). Infiltration was measured as the percentage of CD3*
Zombie~ or CD56% Zombie™ cells, and cell death as the percent-
age of CD3~ Zombie™ or CD56~ Zombie™ cells, both analyzed by
flow cytometry.
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2.9 | Statistical Analysis

Statistical analyses were performed using Prism-GraphPad ver-
sion 10.0.0 (GraphPad Software, USA). Data are presented as
mean + SEM. Two-tailed Student's t-tests were used for compar-
isons between two groups, and one-way ANOVA was used for
three or more groups. Results were considered significant if the
p-value was <0.05.

3 | Results

3.1 | K562 Cells Co-Expressing CD80, 41BBL,

and mbIL21 Enhance the Expansion of NK Cells
Derived From Umbilical Cord Blood Collected From
Multiple Donors

To develop a novel feeder cell for NK cell expansion, we estab-
lished a platform of K562-based feeder cells. Co-stimulatory
receptors, including CD80, 41BBL, and mbIL21, were se-
lected for NK cell expansion and were engineered to express
in K562 cells as single genes or in combination through con-
secutive transductions (Figure 1A). These transductions
generated seven feeder cell pools with strong expressions of
CD80, 41BBL, and mbIL21, either as a single molecule (41BBL,
mbIL21, or CD80) or in combinations (41BBL-mbIL21, CD80-
mbIL21, CD80-41BBL, or CD80-41BBL-mbIL21) for culturing
NK cells (Figure S1). To evaluate the ability of these feeder
cells to expand NK cells, we next used them to culture umbil-
ical cord blood NK cells from six donors. NK cells from each
donor were expanded for 14 days, with irradiated feeder cells
replenished on Day 7 (Figure 1A).

Although there was high variability in NK cell expansion rates
among the six donors, even when stimulated with the same
feeder cells, NK cells cultured with K562 feeder cells showed
higher levels of expansion compared to the feeder-free approach.
Among the seven tested feeder cell types, CD80-41BBL-mbIL21
K562 consistently demonstrated the highest expansion rates
across all six donors (Figure 1B). When comparing fold expan-
sions normalized to wild-type K562 cells, CD80-41BBL-mbIL21
exhibited the highest fold change among the seven tested feeder
cells (Figure 1B). NK cells exhibited significantly higher expan-
sion rates when cultured with CD80-41BBL-mbIL21 compared
to the conventional 41BBL-mbIL21 K562 cells commonly used
by many research groups (34.1+9.0 versus 5.1+1.8, p=0.0003,
Figure 1B). These data suggest that the co-expression of the co-
stimulatory molecules CD80 in the conventional 41BBL-mbIL21
feeder cells significantly enhances NK cell expansion across dif-
ferent donors.

3.2 | Expression Profiles of Activating
and Inhibitory Receptors Were Similar Among
Feeder Cell-Expanded NK Cells

We next examined whether culturing NX cells with the seven
tested feeder cells altered the expression profiles of activating
and inhibitory receptors. After 14 days of in vitro culture, we per-
formed flow cytometry staining to assess the expression of NK

activating receptors (CD16, NKG2D, NKp46, NKp30, DNAMI,
2B4, Figure S2) and NK inhibitory receptors (NKG2A, PD-1,
and TIGIT, Figure S3). After gating on CD56+ cells, we did not
observe any significant differences in the proportion of NK cells
expressing either activating or inhibitory receptors when cul-
tured with these feeder cells (Figure 1C).

3.3 | CD80-41BBL-mbIL21 K562 Cells Enhanced
the Expression of Genes Regulating NK Cell
Proliferation and Effector Function

To further investigate the impact of feeder cells on NK cell
characteristics beyond changes in cell surface receptors,
we performed RNA sequencing to comprehensively ana-
lyze the transcriptome of NK cells cultured with wild-type,
41BBL-mbIL21, or CD80-41BBL-mbIL21 K562 feeder cells.
Transcriptomic profiling revealed distinct clusters for NK
cells cultured with each feeder cell type, indicative of unique
transcriptional programs (Figure S4). As expected, NK cells
expanded with CD80-41BBL-mbIL21 K562 cells exhibited the
highest upregulation of the CD80 ligand, CD28, compared to
other conditions (Figure 2A,B). Consistent with our RNAseq
data, we observed a higher proportion of CD28-expressing
NK cells in the group expanded with CD80-41BBL-mbIL21
K562 feeders compared to 41BBL-mbIL21 K562 feeders
(75.75% +1.64% vs. 55.85% +4.48%) and a trend toward in-
creased CD28 expression (Figure S5). These findings suggest
CD80 enhances the expansion of CD28-expressing NK cells.
Furthermore, NK cells expanded with CD80-41BBL-mbIL21
feeders showed increased expression of CD28 downstream
signaling molecules, including FLNA, GRAP2, and VAVI.
These genes are critical for NK cell development and cytotoxic
function [34, 35]. Consistent with this observation, CD80-
41BBL-mbIL21 K562-stimulated NK cells demonstrated
significant induction of 33 proliferation-associated genes, in-
cluding CCDC88A, ARHGEF11, and FLNB—known regula-
tors of mitotic spindle assembly in NK cells [36] (Figure 2C).
Furthermore, genes implicated in cytokine production
(PIK3R3 [37], KRAS [38], PIK3CD [37], CD86 [39], CD44 [40],
and IRF4 [41]) and cytotoxic activity (SH2DIA [42], ZAP70
[43], and ITGB2 [43]) were also significantly upregulated in
CD80-41BBL-mbIL21 K562-stimulated NK cells (Figure 2C).
Expression levels of CD107a (LAMP-1), perforin (PRFI), and
granzyme B (GZMB) were comparable among the three feeder
cell groups (Figure S6), aligning with previous findings that
K562 cells without co-stimulatory molecules induce these
markers in NK cells [4]. Interestingly, granzyme H (GZMH) ex-
pression was significantly upregulated in NX cells stimulated
with CD80-41BBL-mbIL21 K562 cells (p<0.05; Figure S6),
indicating enhanced NX cell cytotoxicity via GZMH induc-
tion. Additionally, CD80-41BBL-mbIL21 feeders significantly
downregulated KIR expression in NK cells compared to wild-
type or 41BBL-mbIL21 K562 cells, suppressing inhibitory KIR
genes, including KIR2DL2, KIR2DL3, KIR2DL4, KIR2DPI,
KIR2DS4, KIR3DLI1, KIR3DL2, and KIR3DL3. These findings
suggest that CD80-41BBL-mbIL21 feeder cells enhance NK
cell activation by downregulating inhibitory KIR expression
and promoting CD28-mediated gene expression related to pro-
liferation, cytokine production, and cytotoxic activity.
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FIGURE 1

| Expansion and phenotype of expanded umbilical cord blood natural killer cells (NK) with different treatments. (A) Methods of NK

cell expansion with different irradiated feeder cells. (B) Heatmap showing fold change in NK cell expansion from six donors cultured with or with-

out engineered feeder cells, normalized to wild-type K562 feeders. (C) Heatmap showing the fold change in the percentage of NK cells expressing

activating or inhibitory receptors when cultured with different feeder cells, normalized to wild-type feeder cells. CD56+ NK cells were gated, and

double-positive percentages normalized to the wild-type group. Panels B and C present mean + SEM from six donors. Statistical significance was
assessed using one-way ANOVA with Tukey's multiple comparison test. NK cells co-cultured without feeders (Feeder-free) or with irradiated K562
derivatives: Wild-type; 41BBL; mbIL21; 41BBL-mbIL21; CD80; CD80-mbIL21; CD80-41BBL; and CD80-41BBL-mbIL21.

To confirm the RNA sequencing results, we examined the
production of IFN-y, an important effector cytokine, and the
cytotoxicity of NK cells after culturing with the target feeder
cells. NK cells cultured with CD80-41BBL-mbIL21 K562 cells
released the highest levels of IFN-y compared to the other two

feeder cell types, including wild-type and 41BBL-mbIL21 K562
(Figure 3A,B). To evaluate NK cell cytolytic capabilities, ex-
panded NK cells were incubated with wild-type K562 cells on
day 14 of the expansion and processed for 5h. The cytotoxicity
index was calculated as the percentage of dead K562 cells to
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FIGURE 2 | CD80-41BBL-mbIL21 K562 feeder cells induced the expression of genes associated with NK cell proliferation, cytokine production,
and cytotoxicity. (A) Volcano plots show three pairwise comparisons: Wild-type vs. 41BBL-mbIL21, wild-type vs. CD80-41 BBL-mbIL21, and 41 BBL-
mbIL21 vs. CD80-41BBL-mbIL21, highlighting genes linked to CD80 signaling. (B) Expression of CD80 signaling genes (CD28, FLNA, GRAP2, and
VAV1) was analyzed using one-way ANOVA with Tukey's test. (C) Heatmap showing gene expression across three groups: Proliferation, cytokine

production, and cytotoxicity pathways. Genes were considered differentially expressed if the FDR-adjusted p-value was <0.05 and Ilog,FC|>1.

Panels B and C present mean + SEM from three donors across three experiments. Statistical significance was determined by one-way ANOVA with
Tukey's multiple comparisons. NK cells were co-cultured with irradiated K562 derivatives: Wild-type, 41BBL-mbIL21, and CD80-41BBL-mbIL21.

live K562 cells during the incubation by flow cytometry method
(Figure 3C,D). NK cell cytotoxicity was also tested with the
cancer cell line, MCF-7 cells, which do not downregulate the
expression of HLA class I (Figure S7). As expected, NK cells
stimulated with CD80-41BBL-mbIL21 K562 cells showed sig-
nificantly higher cytotoxicity against both K562 and MCF-7
cells compared to NK cells stimulated with 41BBL-mbIL21 or
wild-type feeder cells. The data presented here support the con-
clusion that CD80 is crucial for achieving high levels of NK cell
proliferation and activity.

3.4 | BaEV-Pseudotyped Lentivirus Enhanced
Transduction Efficiency in Expanded Cord
Blood-Derived NK Cells When Compared to
the VSV-Pseudotyped Lentivirus

To expand the therapeutic potential of NK cells expanded
with CD80-41BBL-mbIL21 feeder cells, we genetically engi-
neered them to express a CAR targeting carcinoembryonic
antigen (CEA) as a proof of concept (Figure 4A). Genetic engi-
neering has posed significant challenges in NK therapy [44].
Conventional lentiviruses using vesicular stomatitis virus gly-
coprotein (VSV-G) as the envelope glycoprotein have shown
unexpected inefficiency in transducing NK cells due to the
absence of the low-density lipoprotein (LDL) receptor in these
cells [45]. Recent studies have highlighted the BaEV-Baboon
retroviral envelope glycoprotein-pseudotyped lentivirus as a
promising vector for NX cells, as the BaEV receptor ASCT-2 is
reported to be present in activated NK cells [31]. Jo et al. pro-
posed combining VSV-G and BaEV within a single lentiviral
particle to counter the low titer resulting from syncytia forma-
tion in BaEV receptor-less viruses [46]. To determine the most
efficient virus, we transduced CD80-41BBL-mbIL21-K562
cell-expanded NK cells with a CAR construct targeting CEA
(Figure 4A) packaged in lentiviruses pseudotyped with BaEV,
VSV-G, or a combination of both (Figure 4B). Evaluation of
CAR construct expression through the GFP reporter gene at
5days post-transduction revealed BaEV lentivirus to be more
effective in NK cell transduction, with efficiencies ranging
from 24% to 60% across three different donors (Figure 4C,D).
However, the combination of BaEV and VSV-G did not im-
prove transduction efficiency in cord blood-derived NK cells
compared to the BaEV-based approach, often yielding a trans-
duction rate lower than 10% (Figure 4C,D).

We next assessed the cytolytic activity of NK cells follow-
ing transduction with BaEV-pseudotyped lentivirus by co-
culturing them with two target cell lines: The gastric cancer
cell line MKN-45, which exhibits high CEA expression, and
the breast cancer cell line MCF-7, which lacks CEA expression.

Microscopic observation revealed reduced density and distinct
apoptotic morphology of MKN-45 cells co-cultured with un-
transduced-NK cells (UTD-NK), which were more pronounced
in those transduced with the CAR construct (Figure 4E). CCK-8
assay analysis showed a dose-dependent reduction in MKN-
45 viability with CAR-NK, but not UTD-NK or mock-NK cells
(Figure 4F). Results were consistent with Zombie Red-based
flow cytometry. Furthermore, this effect was not observed in co-
cultures of CAR-NK cells with MCF-7 cells (Figure S8), which
do not express CEA. These results suggest that the specific cy-
tolysis is driven by the expression of the CEA-targeting CAR
construct.

3.5 | CAR-NK Cells Displayed Higher Cytolytic
Activity and Superior Infiltration Capacity
Compared to CAR-T Cells

Although NK and T cells utilize different cytotoxic mechanisms,
we investigated whether NX cells expanded using CD80-41BBL-
mbIL21 K562 feeder cells retain superior killing activity com-
pared to T cells when both are engineered to express CARs, as
shown in previous studies [47, 48]. To assess whether transduc-
ed-NK cells could outperform T cells engineered with the same
CAR construct, we conducted a cytotoxicity assay against MKN-
45 cells, which exhibit high levels of CEA. NK cells and T cells
were transduced with lentivirus packaged with CAR constructs.
Subsequently, CAR-expressing NK or T cells were isolated via
cell sorting. NK and T cells, both untransduced (UTD) and
CAR-expressing (CAR), were co-cultured with labeled MKN-
45 cells at an identical E:T ratio for 5h and then analyzed for
viability. MKN-45 cells displayed sporadic signs of cell shrink-
age upon co-culturing with untransduced T or NK cells and ex-
hibited more noticeable signs upon co-culturing with CAR-T or
CAR-NK cells (Figure 5A). Interestingly, CAR-NK cells signifi-
cantly induced higher death rates in MKN-45 cells compared to
CAR-T cells, resulting in a higher cytotoxicity index (8.6+1.4
versus 3.5+ 0.4, p=0.009, Figure 5B).

To examine whether CAR-NK cells might excel over CAR-T cells
in solid tumor contexts, we developed MKN-45 spheroid mod-
els (Figure 5C). MKN-45 spheroids were incubated with effec-
tor cells for 48 h, then collected and stained for CD56 and CD3
to quantify infiltrating NK and T cells. Generally, NK effector
cells exhibited superior infiltration compared to T cells, with the
highest infiltration rate observed in co-culture with CAR-NK
cells (7.2% £+ 1.1% versus 3.3% +0.3%, p=0.0024, Figure 5D,E).
To assess effector cell cytotoxicity, we stained trypsinized spher-
oids with a viability dye and gated on the CD56- and CD3- pop-
ulation. Corresponding with the infiltration trend, co-culture
of MKN-45 spheroids with NK cells resulted in a significantly
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FIGURE4 | Transduction rate and cytotoxicity of CAR-NK cells. (A) Illustration of the CAR construct expressing CEA. (B) Transduction scheme
of CAR construct into NX cells using BaEV, BaEV-VSV-G, and VSV-G lentiviral systems. (C) Representative FACS histograms of NK cells transduced
with the indicated lentiviruses. (D) Percentage of GFP+ NX cells assessed in three different donors 5days after transduction. (E) Microscopic obser-

vation of NK cell cytotoxic effects on MKN-45 cells. Red arrows indicate MKN-45 cells with damaged morphology. UTD: Untransduced NK cells;
BaEV: CAR-NK cells generated with BaEV lentivirus vector. Scale bar =200 um. (F) Cytotoxicity of NK cells (CCK-8 assay) after a 4-h co-culture with
MKN-45 cells at different effector-to-target cell ratios. UTD NK: Untransduced NK cells. Mock NK: NK cells with empty vector. CAR NK: NK cells
expressing CAR. Statistical significance in D and F was determined using one-way and two-way ANOVA, respectively, with Tukey's post hoc test.

higher cell death rate compared to T cell effectors, with the
highest rate achieved with CAR-NK cells (16% +1.15% versus
10% £0.58%, p=0.0222, Figure 5F). There appeared to be a cor-
relation between effector cell infiltration and observed cancer
cell death in our model. These findings confirmed the integral
functionality of transduced NK cells and highlighted the poten-
tial of CAR-NK cells in targeting cancer cells due to their higher
cytolytic effect and improved infiltration compared to T cells
and CAR-T cells.

4 | Discussion

Interest in NK-based cancer therapies is growing, driven by
clinical success in hematologic malignancies [49]. NK cells offer
a scalable, off-the-shelf alternative to CAR-T therapy, avoid-
ing severe toxicities like cytokine release syndrome and graft-
versus-host disease. However, their functionality depends on
the immunophenotype from expansion methods and their low
gene transfer efficiency with current genetic engineering tech-
niques [50].

In our study, we tackled these obstacles by creating a library of
genetically engineered feeder cells (Figure 1A). Our research
demonstrated that K562 cells, expressing both the co-stimulatory
molecule CD80, 41BBL, and mbIL21, offered optimal expansion
rates across various donor samples (Figure 1B). Previous stud-
ies have shown varying expansion rates using engineered K562
cells. Zhao et al. achieved a 2833-fold expansion with mbIL21
and 41BBL after 3weeks [51], Shman et al. reported a 171-fold ex-
pansion in 18 days [52], and Denman et al. observed a 31,747-fold
expansion by day 21 with mbIL21 alone [53]. These differences
arise from variations in culture methods and NX cell sources.
Uniquely, our study incorporated multiple stimulatory genes,
including the underexplored CD80. Remarkably, we achieved
a 60,421-fold expansion in just 14 days, highlighting CD80's po-
tential, especially alongside 41BBL and mbIL21, to enhance the
expansion of cord-blood-derived NK cells.

Despite the enhanced expansion of NK cells observed with
CD80-41BBL-mbIL21 feeder cells, we did not detect significant
changes in the expression of activating or inhibitory surface
receptors (Figure 1C). However, RNA-seq analysis revealed a
distinct transcriptional profile in NK cells expanded with CD80-
41BBL-mbIL21 K562 cells, characterized by the upregulation of
genes involved in three key signaling pathways: proliferation,
cytokine production, and cytotoxicity (Figure 2 and Figure S5).
This observation aligns with our findings of increased NK cell
expansion, IFN-y production, and cytotoxicity in response
to CD80-41BBL-mbIL21 K562 stimulation (Figure 3). The

upregulation of critical genes like CD28 and VAV1, known to
be downstream of CD80-CD28 signaling [54, 55], further sup-
ports the role of CD80 in activating these pathways. Notably,
prior research has demonstrated that CD28 is essential for NK
cell proliferation [56]. Our findings show that treatment with
CD80-41BBL-mbIL21 enhances CD28 expression compared
to stimulation with 41BBL-mbIL21 K562 cells. Moreover, the
induction of the PI3K signaling pathway, particularly PIK3CD
[57], is consistent with previous reports on its importance in NK
cell maturation and lytic function [37]. Additionally, the upreg-
ulation of TNFRSF9 and IRF4, which interact to regulate cyto-
kine production [41], suggests that CD80 stimulation promotes
a pro-inflammatory response in NXK cells. While CD107a, perfo-
rin, and granzyme B expression remained similar across groups
(Figure S6), this is likely due to K562 cells' known upregulation
of these markers, which may have masked group differences
[58]. However, granzyme H expression significantly increased
in CD80-41BBL-mbIL21 K562-stimulated NK cells. Granzyme
H functions in an alternative cytotoxic pathway [59, 60], and its
upregulation, along with KIR gene reduction, likely explains the
enhanced cytotoxicity in this group. These findings suggest that
CD80-mediated CD28 activation in NK cells promotes genes
related to proliferation, cytokine production, and cytotoxicity,
while reducing inhibitory markers. Overall, CD80 engagement
on feeder cells is crucial for NK cell activation, highlighting
the potential of CD80-based strategies in enhancing NK cell-
mediated immunotherapy.

Genetic engineering has long been a significant challenge in NK
cell-based therapy. To deliver diverse transgenes, including cy-
tokines supporting cell persistence in vivo and genes countering
the suppressive tumor microenvironment, lentiviruses are often
preferred due to their higher efficiency compared to nonviral
methods. In our study, we investigated three different lentivi-
ruses: The conventional VSV-G pseudotype lentivirus, the BAEV
pseudotype, and a combination of both. Our findings indicated
that BaEV-pseudotyped lentivirus achieved superior transduc-
tion efficiency, stabilizing at 20%-30% (Figure 4C). This aligns
with previous reports consistently highlighting the superior effi-
cacy of BaEV pseudotype over VSV-G [31, 46, 61]. While VSV-G
binds to the low-density lipoprotein receptor LDL-R, which is
poorly expressed on activated NK cells, the Baboon-derived
BaEV envelope binds to both ASCT-1 and ASCT2 [31, 62, 63].
These receptors are found at significantly higher levels in NK
cells, potentially explaining the enhanced efficiency of trans-
duction in NX cells. Unexpectedly, lentivirus pseudotyped with
both BaEV and VSV-G resulted in a significant reduction in
transduction (Figure 4C,D). This decrease is likely due to aber-
rant virus particle formation arising from the co-expression of
both viral envelope proteins in the same producer cells.
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FIGURE 5 | Cytotoxicity of CAR-NK and CAR-T cells in 2D culture and spheroid models. (A) Microscopic observation of NK or T cell cytotoxic
effects on MKN-45 cells after 48-h co-culture in 2D culture. Scale bar=200um. (B) Cytotoxicity index of CAR-NK/T cells measured after 48-h co-
culture with MKN-45 cells. (C) Experimental procedure to assess the cytotoxicity of CAR-NK and CAR-T cells in cancer spheroids. (D) Confocal

images show CAR-NK/T cell infiltration (green) into 3D cancer spheroids stained with DAPI (blue) after 48 h of co-culture. Images represent three
experiments with three donors. Scale bar: 500 um. (E) Quantification of CAR-NK and CAR-T cell infiltration in 3D cancer spheroids. (F) Cell death
percentages in 3D cancer spheroids treated with CAR-NK/T cells. UTD: Untransduced; CAR: Chimeric antigen receptor. Data in B, E, and F are

Mean + SEM. Significance was analyzed using two-way ANOVA.

In addition to transduction of a CAR construct, we demon-
strated the cytotoxic effect specific to the CAR target by CAR-
transduced NXK cells. Even with a modest CAR expression rate
of 20%-30%, CAR-NK cells exhibited improved killing activity
against target cells (Figure 4E,F). At comparable levels of CAR
expression, NK cells proved more effective than T cells in elim-
inating target cells (Figure 5A,B). This difference is likely at-
tributed to the distinct response rates between CD8* T cells and
NK cells, as innate immunity highlights the rapid response of
NK cells, positioning them as the first responders to infections
[64]. Our results are consistent with previous findings showing
that NX cells lyse their target cells more rapidly than CD8* T cell
subsets [47]. Specifically, at a ratio of 1:1, CD8* T cells lysed ap-
proximately 20% of target cells, while NK cells eliminated over
60%. We observed a similar trend in our study. Furthermore,
research has shown that CAR-NK therapy demonstrates supe-
rior therapeutic efficacy compared to CAR-T in in vivo models
[48]. In a spheroid model, CAR-NK cells consistently exhibited
greater efficiency, demonstrating higher infiltration capacity
and increased spheroid cell death (Figure 5E,F).

Our study had some limitations. A larger sample size was dif-
ficult to obtain, and donor variability was substantial. Despite
this, CD80 expression in K562 feeder cells consistently achieved
high NK cell expansion rates across six donors. In addition to
CD80, other stimulatory molecules, including CD86, CD40, and
OX40L, may also complement 41BBL and mbIL21 in promot-
ing NK cell expansion. However, evaluating their contributions
would likely require a large library of genetically engineered
feeder cells and high-throughput screening platforms, which
we will explore in future studies. Transduction efficacy was
often below 40%, aligning with recent studies, but could poten-
tially improve with a second-generation retrovirus system using
fewer helper plasmids. We also did not evaluate CAR expres-
sion stability in transduced NXK cells, requiring further study
to optimize transduction. Lastly, validating differences in in-
filtration will need in vivo models to better mimic the tumor
microenvironment.
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