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Abstract The susceptibility of cancer cells to natural killer
(NK) cell-mediated cytotoxicity depends on the balance of
activating and inhibitory ligands expressed on their surface.
Although many types of cancer cells are killed by NK cells,
non-small-cell lung cancer (NSCLC) cells are relatively
resistant to NK cell-mediated cytotoxicity. In this study, we
showed that several NSCLC cell lines have differential sen-
sitivity to NK cell-mediated cytotoxicity: NCI-H522 cells
were highly sensitive, but A549, NCI-H23, NCI-H1915, and
NCI-H1299 were resistant. Among activating ligands such
as CD48, HLA-A/B/G, ICAM-1, MICA/B, and ULBPs, only
CD48 rendered NCI-H522 cells susceptible to NK cell-
mediated cytotoxicity, which was proved by using CD48
siRNA and neutralizing antibody. CD48-positive NCI-H522
cells established a more stable contact with NK cells than
did CD48-negative A549 and CD48 siRNA cell-transfected
NCI-H522 cells. Taken together, these data demonstrate that
CD48-positive NSCLC cells might be susceptible to NK
cell-mediated cytotoxicity, which provide information on
how to stratify NSCLC patients potentially responsive to
NK-cell therapy.
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Introduction

Non-small-cell lung cancer (NSCLC) accounts for about
85% of all lung cancers and remains the leading cause of
cancer death worldwide, despite the advances in surgery,
chemotherapy, and radiotherapy (Pockley et al. 2020; Tri-
pathi et al. 2020). Recently, immune checkpoint inhibitors
targeting PD-1 or PD-L1, either as single agents or in com-
bination with chemotherapy, have emerged as an important
treatment option, but only approximately 15% of patients
with NSCLC respond to this combination therapy (Poznan-
ski et al. 2021; Lin et al. 2020; Yang et al. 2020). Natural
killer (NK) cell therapy might help to overcome the limita-
tion of this combination therapy for NSCLC (Hamilton and
Plangger 2021).

NK cell cytotoxicity against cancer cells is regulated by
signals from activating (e.g., CD226, 2B4, NKG2D) and
inhibitory receptors (e.g., NKG2A, TIGIT, KLRG-1), which
are concomitantly expressed on individual NK cells at differ-
ent densities (Claus et al. 2016; Kim et al. 2019c¢; Bae et al.
2019; Phung et al. 2020). After engagement of activating
receptors, NK cells may induce the death of cancer cells
by several mechanisms: releasing perforin and granzymes,
direct binding to death receptors including Fas and TNFR
on cancer cells, and induction of complement- or antibody-
dependent cell-mediated cytotoxicity (Bradley et al. 1998;
Talanian et al. 1997; Abel et al. 2018). Although several
clinical trials of human NK cells in combination with other
therapies have shown a prolonged survival of patients with
NSCLC, the overall survival of patients with advanced
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NSCLC remains less than 2 years (Pockley et al. 2020;
Multhoff et al. 2020; Xie et al. 2019; Shevtsov et al. 2019).

Tonn et al. (2013) established an allogeneic NK cell
therapy, which was based on the NK-92 cell line, originally
derived from a malignant non-Hodgkin’s lymphoma. Unlike
primary NK cells, whose expansion capability varies among
donors, NK-92 cells can be continuously expanded with phe-
notypical and functional characteristics similar to those of
primary NK cells (Yang et al. 2020). Importantly, the lack
of most of the inhibitory receptors enables high cytotoxicity
of NK-92 cells against cancer cells (Yang et al. 2020). Safety
and antitumor activity of NK-92 cells to various types of
cancers have been reported in preclinical and clinical trials,
but a substantial proportion of patients with NSCLC do not
profit from NK-92 cell therapies (Klingemann et al. 2016).
This resistance of NSCLC to NK cell therapy might be due
to the genetic alterations in activating/inhibitory ligands on
NSCLC cells (Lee 2020; Campbell and Hasegawa 2013).

CDA48 is the member of the signaling lymphocyte activa-
tion marker family and identified as an important molecule
in immune cell functions, with roles in cancer, autoimmun-
ity, and allergy (McArdel et al. 2016). CD48 exists in both
membrane-bound and soluble form, although how the solu-
ble CD48 is generated has been unknown (Low and Saltiel
1988). CD48 is downregulated in acute myeloid leukemia
and multiple myeloma cells, although the expression level of
CD48 in lung cancer cells has not been reported (Sanchez-
Correa et al. 2011). Anti-CD48 antibody kills multiple mye-
loma cells in vitro and inhibits their growth in vivo (Hosen
et al. 2012). CD48 ligands 2B4 (CD244), which is expressed
on NK cells, T cells, B cells, dendritic cells, and monocytes
(Sun et al. 2021).

In this study, we examined the susceptibility of NSCLC
cells to NK cell-mediated cytotoxicity by analyzing the
expression of activating and inhibitory ligands on their
surface. Our data demonstrate that CD48-positive NSCLC
cells were susceptible to NK-92 cell-mediated cytotoxicity
and suggest that the mechanism of this susceptibility might
rely on an increase in contact stability between NK-92 and
NSCLC by CD48.

Materials and methods
Cell lines and culture

NK-92 cells, an IL-2-dependent NK cell line, were pur-
chased from American Type Culture Collection (ATCC,
Manassas, VA, USA) and maintained in a-minimum essen-
tial medium without ribonucleosides or deoxyribonucleo-
sides, supplemented with 12.5% fetal bovine serum and
12.5% horse serum, 2 mM L-glutamine, 0.2 mM inositol,
0.02 mM folic acid, 0.1 mM 2-mercaptoethanol, 100 U/ml
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penicillin, 100 pg/ml streptomycin (Sigma-Aldrich, Burl-
ington, MA, USA), and 200 U/ml human recombinant IL-2
(Bayer HealthCare Pharmaceuticals, Emeryville, CA, USA).
NSCLC cell lines (A549, NCI-H23, NCI-H522, NCI-H1299,
and NCI-H1915), and human myeloid leukemia K562 cells
were purchased from ATCC and maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomy-
cin (Sigma-Aldrich).

Flow cytometry

Anti-CD56-PE, anti-2B4-PE, anti-LFA-1-FITC, anti-CD16-
FITC, anti-CD3-FITC, anti-ICAM-1-APC, anti-NKG2D-
APC, anti-2B4 antibodies, anti-IgG1-PE, anti-IgG2a-PE,
anti-IgG1-FITC, anti-IgG2a-FITC, anti-IgG2a-APC and
anti-IgG1-APC were purchased from BD Biosciences (San
Jose, CA, USA). Anti-ILT-2-PE, anti-KIR2DL4-APC, anti-
IgG2b-APC and anti-IgG1-APC antibodies were purchased
from Biolegend (San Diego, CA, USA). Cells were analyzed
using a FACSCalibur flow cytometer (BD Biosciences).
Data were processed using Cell Quest Pro software (BD
Biosciences) (Kim et al. 2018).

Degranulation assay

To analyze exocytosis, NK-92 cells (1 X 103 cells) were
mixed with target cells (1x 103 cells), centrifuged at 50xg
for 1 min, and incubated for 2 h at 37 °C in the presence
of anti-CD107a-PE antibody (BD Biosciences). Cells were
harvested, washed with medium, stained with anti-CD56-
APC antibody, and analyzed using a flow cytometer (Kim
et al. 2019Db).

Cytotoxicity assay

The cytotoxicity of NK-92 cells to target cells was assessed
using a lactate dehydrogenase (LDH) release assay (Takara,
Shiga, Japan). Target cells were plated at a density of 1 x 10
cells/well in a 96-well plate and co-cultured with NK-92
cells at various effector-to-target cell ratios for 4 h at 37 °C
(Kim et al. 2017). Cytotoxicity was calculated using the fol-
lowing equation: [(experimental release — effector spontane-
ous release — target spontaneous release) / (target maximum
release — target spontaneous release)] x 100%.

RT-PCR and western blotting

Total RNA was extracted from cells using TRIZOL Rea-
gent (Invitrogen, Waltham, MD, USA). For RT-PCR, cDNA
was synthesized from 300 ng total RNA using an RT kit
(Bioneer, Daejeon, Korea) and mRNA levels of activat-
ing and inhibitory ligands were assessed by PCR (Roche
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Applied Science, Penzberg, Upper Bavaria, Germany). PCR
products were fractionated on 1% agarose gels and stained
with 5 pg/ml ethidium bromide (Lee et al. 2020b).

Whole cell lysates were prepared using total lysis buffer
(Lonza, Basel, Switzerland). Protein concentration was
measured by Bradford assay. Equal amounts of total pro-
tein were fractionated by 10% SDS-PAGE and transferred
to pure nitrocellulose membranes. Membranes were blocked
with 5% nonfat dry milk in TBS containing 0.1% Tween
20 (TTBS) for 1 h and then incubated overnight at 4 °C
with an appropriate dilution of primary antibody in 5% BSA
(in TTBS) for 2 h. Antibodies against human granzyme
A, granzyme B, and perforin were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA) and against
human HLA-G and CD48 from Abcam (Cambridge, UK).
Blots were incubated with biotinylated secondary antibody
for 1 h and then with HRP-conjugated streptavidin for 1 h
(Kim et al. 2019a; Ryu et al. 2020). Signals were detected
by enhanced chemiluminescence (Amersham Pharma-
cia Biotech, Piscataway, NJ, USA) using a Chemi Doc™
XRS +machine (Bio-Rad, Hercules, CA, USA).

Small interfering RNA (siRNA) and overexpression
of CD48

siRNAs targeting human CD48 and HLA-G was purchased
from Bioneer. The following sequences were used: CD48
(GenBank accession number NM 001778.2), 5'-CCU UCC
CAA AGG AGC UCC AdTdT-3', 5'-GUU GAA AAA
GAC UGG GAA UdTdT-3', 5'-CCA AGC CUG UCA UCA
AAA UdTdT-3'; HLA-G (GenBank accession number NM
002127.3), 5'-CAG GUG CUG UUU UUG UUC UdTdT-3',
5'-GAG AGA UUG AUG GGU UAA UdTdT-3', 5'-UGA
ACA GUA UGC CUA CGA UdTdT-3'; negative control,
5'-CCU ACG CCA CCA AUU UCG UdTdT-3'. Target cells
were transfected with 100 nM siRNAs using Lipofectamine
RNAiIMAX reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA) and incubated at 37 °C in a CO, incubator for
48 h (Lee et al. 2020a).

Human TrueORF™ CD48 plasmid was purchased from
OriGene Technologies (Rockville, MD, USA). The CD48
coding sequence was cloned into the expression vector
pCMV6-Entry to generate a construct with a C-terminal
Myc-DDK tag. A549 cells were transfected with 1 pg/ml of
the pPCMV6-CD48 plasmid using Lipofectamine 2000 rea-
gent (Invitrogen Life Technologies). Cells were incubated at
37 °C in a CO, incubator for 48 h.

Time-lapse imaging
Culture dishes (35 mm; Corning, Corning, NY, USA)

were pre-coated with 1% Matrigel® Basement Membrane
Matrix (BD Biosciences, Bedford, MA, USA) in serum-free

medium for 24 h at 4 °C. NK-92 cells were labeled with
5 M 5-chloromethylfluorescein diacetate (CMFDA) (Inv-
itrogen, San Diego, CA, USA) in serum-free medium for
10 min at 37 °C and washed twice with medium. Target cells
(1% 10° cells/ml) and NK-92 cells (2.5 10° cells/ml) were
added onto the Matrigel-coated dishes, and propidium iodide
(Life Technologies, Carlsbad, CA, USA) was added at 2 pg/
ml. Cells were pre-incubated for 30 min under a Biostation
IM-Q microscope equipped with a X20 magnification objec-
tive (numeric aperture 0.5). Images were acquired in three
channels (phase contrast; CMFDA, green filter; and propid-
ium iodine, red filter) every 2 min for 8 h and analyzed by
using Imaris software version 7.2 (Bitplane, Zurich, Switzer-
land). Propidium iodide—stained target cells were considered
dead. Cells were automatically tracked by using spot analysis
with the autoregressive motion algorithm, and broken tracks
were manually reconnected after removal of background
spots. The number of contacts that lasted for > 6 min was
counted (Kim et al. 2017).

Statistics

Data represent the mean + SEM of at least 3 independent
experiments, each performed in triplicate; p values were cal-
culated using one-way ANOVA in GraphPad Software (San
Diego, CA, USA). Mann—Whitney test was used in Fig. 5.

Results

NSCLC cells have different susceptibility to NK-92 cell-
mediated cytotoxicity

First, we characterized effector NK-92 cells. Our NK-92
cells were CD3"CD16 CD56% (Fig. 1A) and expressed
the inhibitory receptors KIR2DL4 and ILT-2 (Fig. 1B),
the activating receptors NKG2D and 2B4, and the adhe-
sion molecule LFA-1 (Fig. 1C). NK-92 cells also expressed
the cytotoxic molecules granzyme A, granzyme B, and per-
forin (Fig. 1D). Then, we examined the cytotoxic potential
of NK-92 cells against NSCLC cells. NK-92 cells weakly
lysed A549, NCI-H23, NCI-H1915, and NCI-H1299 cells,
but they strongly killed NCI-H522 cells; the latter effect
was similar to the their killing potency against reference
target K562 cells (Fig. 1E). These data suggest that vari-
ous NSCLC cells might have different susceptibility to NK
cell-mediated cytotoxicity.

Sensitive NCI-H522 cells highly express CD48
Next, we examined why NCI-H522 cells were highly sus-

ceptible to NK-92 cell-mediated cytotoxicity. Consider-
ing the importance of activating and inhibitory ligands in
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Fig. 1 Differential susceptibil-
ity of NSCLC cells to NK-92
cell-mediated cytotoxicity. A
NK-92 cells were stained with
PE-conjugated CD56, FITC-
conjugated CD3, and FITC-
conjugated CD16 antibodies,
and their phenotypes were ana-
lyzed by flow cytometry. B, C
Expression levels of the inhibi-
tory receptors KIR2DL4 and
ILT-2 (B), activating receptors
NKG2D and 2B4, and adhesion
molecule LFA-1 (C) on NK-92
cells was analyzed by flow
cytometry. Filled histograms
represent isotype control. D
Detection of granzyme A, gran-
zyme B, and perforin in NK-92
cells by western blotting. All
images were manually arranged
according to the size. E NK-92
cells were co-cultured with the
NSCLC cell lines A549, NCI-
H23, NCI-H522, NCI-H1299,
and NCI-H1915 for 4 h at the
indicated effector-to-target
ratios. K-562 cells were used
as positive control. Viability of
target cells was analyzed by the
LDH assay (n=3)

Fig. 2 Expression of the
activating and inhibitory ligands
in NSCLC cells. A The mRNA
level of the activating ligands
CD438, ICAM-1, MICA, MICB,
and ULBPs, in A549 and NCI-
H522 cell lines was assessed by
RT-PCR. B Expression levels of
CD48 in six NSCLC cell lines
were assessed by RT-PCR. C
The protein levels of CD48 in
A549 and NCI-H522 cell lines
were assessed by western blot-
ting. D The surface expression
levels of CD48 in A549 and
NCI-H522 cells were deter-
mined by flow cytometry. E The
mRNA levels of the inhibitory
ligands HLA-A, -B, and -G in
A549 and NCI-H522 cell lines
were assessed by RT-PCR
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NK cell-mediated cytotoxicity (Claus et al. 2016; Kim
et al. 2019c¢), we analyzed the expression levels of several
ligands on NSCLC cells. Among several activating ligands,
CD48 was highly expressed in NCI-H522 cells but not in
other NSCLC cells (Fig. 2A-D). Among several inhibitory
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ligands, HLA-G was highly expressed in A549 cells, but
not in NCI-H522 cells (Fig. 2E). These data prompted us to
hypothesize that CD48 might render NCI-H522 cells highly
sensitive to or HLA-G might render A549 cells resistant to
NK-92 cell-mediated cytotoxicity. As an activating ligand,
ICAM-1 on cancer cells can binds LFA-1 on NK cells, which
increases the killing of cancer cells by NK cells (Minetto
et al. 2019). Our data showed that ICAM-1 expression was
decreased in NCI-H522 cells, which were susceptible to NK
cell-mediated cytotoxicity (Fig. 2A). Thus, we presumed
that ICAM-1 might not be involved in determination of the
susceptibility of NCI-H522 cells to NK cell-mediated cyto-
toxicity and excluded ICAM-1 in our next experiments.

cytotoxicity (Fig. 3A) and induced less degranulation in
NK-92 cells than control NCI-H522 cells did (Fig. 3B).
AS549 cells were resistant to NK-92 cell-mediated cyto-
toxicity regardless of the transfection with HLA-G siRNA
(Fig. 3C). We also treated NK-92 cells with blocking anti-
body against 2B4, the receptor of CD48, which reduced
their cytotoxicity to NCI-H522 cells (Fig. 3D). When we
overexpressed CD48 in A549 cells (Fig. 3E and F), they
became sensitive to NK-92 cell-mediated cytotoxicity
(Fig. 3G) and induced higher degranulation in NK-92 cells
than control A549 cells (Fig. 3H). Overall, these data sug-
gest that CD48 is a key molecule that makes NCI-H522
cells susceptible to NK-92 cell-mediated cytotoxicity.

To check our hypothesis, we used siRNAs and block-
ing antibody. NCI-H522 cells transfected with CD48
siRNA became more resistant to NK-92 cell-mediated
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Fig. 3 Role of CD48 in the susceptibility of NSCLC cells to NK-92 cell-mediated cytotoxicity at the population level. A, B NCI-H522 cells
were transfected with CD48 siRNAs and then co-cultured with NK-92 cells for 4 h. The expression level of CD48 in NCI-H522 was assessed
by western blotting, and the viability of target cells was determined by the LDH assay (A). The expression level of CD107a in NK-92 cells,
which indicates their degranulation, was examined using a flow cytometer (B). C A549 cells were transfected with HLA-G siRNAs and then
co-cultured with NK-92 cells for 4 h. The expression level of HLA-G in A549 was assessed by western blotting, and the viability of target cells
was determined by the LDH assay. D NK-92 cells were treated with isotype or anti-2B4 antibodies (0.1-10 pg/ml) for 2 h. After washing, NK-92
cells were mixed with NCI-H522 cells for 4 h. Viability of NCI-H522 cells was determined by the LDH assay (n=3). E, H A549 cells were
transfected with the pPCMV6-CD48 plasmid for 48 h and then co-cultured with NK-92 cells. The expression level of CD48 on A549 cells was
assessed by western blotting (E). A549 cells were stained with FITC-conjugated CD48 antibodies, and their phenotypes were analyzed by flow
cytometry (F). A549 cells were cocultured with NK-92 cells for 4 h and their viability was determined by the LDH assay (G). The expression
level of CD107a in NK-92 cells was examined by flow cytometry (H). *p <0.01 vs control
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CD48-expressing NCI-H522 cells establish stable
contacts with NK-92 cells

Next, we examined the role of CD48 in the lysis of NCI-
H522 cells by NK-92 cells. CD48 is known as an inducer of
degranulation in NK cells as well as an adhesion molecule
(Hoffmann et al. 2011; Roda-Navarro et al. 2004). Using
time-lapse imaging, we examined the effect of CD48 on the
adhesive interaction between individual NSCLC and NK-92
cells. Over 8 h, NK-92 cells killed 44% of NCI-H522 cells
but only 2% of A549 cells (Fig. 4A and B; Movies S1-S4).
CD48 siRNA transfection of NCI-H522 cells or the presence
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Anti-2B4-NK + CD48 siRNA
NCI-H522

+ NCI-H522
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Cytotoxicity (%)
w
o

o
L

0Oh 4h 8h

of anti-2B4 blocking antibody reduced NK-92 cell-mediated
killing of NCI-H522 cells (Fig. 4A and B). All cytotoxic-
ity data at the single-cell level were similar to those at the
population level.

We next analyzed the contact modes of NK-92 and
A549 or NCI-H522 cells. Some NK-92 cells moved with-
out contact, some contacted target cells without killing
them, and some contacted and killed target cells (Fig. 5A;
Movies S5 and S6). The ratios of NK-92 cells contacting
target cells per total NK-92 cells show in the movies were
similar in all experimental groups, suggesting that CD48
did not affect the frequency of contacts between NK cells

Fluorescence images

B NK-92 + NCI-H522

[ ] NK-92 + CD48 siRNA NCI-H522
A Anti-2B4 Ab- NK + NCI-H522

@ NK-92 + A549

Time (h)

Fig. 4 Role of CD48 in the susceptibility of NSCLC cells to NK-92 cell-mediated cytotoxicity at the single-cell level. CMFDA-labeled NK-92
cells were co-cultured for 8 h with A549, NCI-H522, or CD48 siRNA-transfected NCI-H522 cells. CMFDA-labeled NK-92 cells were pre-
treated with anti-2B4 Ab for 2 h and co-cultured with NCI-H522 cells for 8 h. Propidium iodide (1 pg/ml) was added to the medium from the
beginning of co-culture to detect dead cells. Interactions between cells were filmed by Biostation IM-Q at 2-min intervals for 8 h (9 movies from
three independent experiments for group) and were analyzed by Imaris software. A Representative photos are shown (magnification, X100; scale
bar, 10 pm). Merged images of bright and fluorescence images are in left and fluorescence images in right. B Ratios of dead NSCLC cells were

calculated every 1 h. *p <0.01 vs NK-94 + NCI-H522 group
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Fig. 5 Role of CD48 in contact stability between NSCLC and NK-92 cells. NSCLC cells and NK-92 cells were imaged and analyzed as shown
in Fig. 4. A Representative photos of non-killing and killing contact (original magnification, 100 X ; electronically zoomed; scale bar, 10 pm). B
Ratios of NK cells contacting NSCLC cells (n=9 movies). C Ratios of killing contacts to total contacts (n=113, 81, 73 and 63 from the left). D
Representative images of stable and unstable contacts (original magnification, X100; electronically zoomed; scale bar, 10 pm). E Representative
profile of NK cell moving speed. F Ratios of stable contacts to total contacts (n=192, 134, 103, and 96 from the left). *p <0.01

and target cells (Fig. 5B). Each contact continued on aver-
age for 120 min regardless of CD48 expression. However,
the outcomes of the contacts depended on the types of
NSCLC cells: 73% of contacts led to the lysis of NCI-
H522 cells, but only 7% led to the lysis of A549 cells
(Fig. 5C). CD48 siRNA and anti-2B4 blocking antibody
reduced the ratios of killing contacts between NK-92 cells
and NCI-H522 cells (Fig. 5C).

Finally, we analyzed contact stability. Some NK-92
cells moved on the surface of target cells at a mean speed
of <2 pm/min (called stable contact), while others occa-
sionally moved at>2 pm/min (called unstable contact)
(Fig. 5D and 5E; Movies S7 and S8). NK-92 cells showed
more stable contacts with NCI-H522 cells than with A549
cells (Fig. 5F). CD48 siRNA and anti-2B4 blocking anti-
body decreased the ratios of stable contacts between
NK-92 cells and NCI-H522 cells (Fig. 5F). Overall, these
data suggest that NK-92 cells establish stable contacts

with efficiently kill CD48-positive NCI-H522 cells, but
not CD48-negative A549 cells.

Discussion

Quantifying the dying process of individual cancer cells in
defined conditions is useful for understanding the diversity
in the susceptibility of target cells to NK cell-mediated cyto-
toxicity. To this end, we employed time-lapse imaging to
compare the susceptibility of NSCLC cell lines to NK-92
cell-mediated cytotoxicity. We found that CD48-positive
NSCLC cells were sensitive to NK cell-mediated cytotox-
icity, but CD48-negative cells were resistant. As a potential
mechanism, we demonstrated that CD48 increased the sta-
bility of contacts between NSCLC cells and NK cells.
CD48, a member of the signaling lymphocytic activation
molecule family, participates in adhesion and activation of
immune cells (McArdel et al. 2016). How does CD48 on
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NSCLC cells increase their susceptibility to NK cell-medi-
ated cytotoxicity? Binding of CD48 to 2B4 on NK cells
induces the phosphorylation of immunoreceptor tyrosine-
based switch motifs in the latter, the recruitment of the adap-
tor protein SAP, and subsequent activation of downstream
signaling to increase cytotoxicity and cytokine production
by NK cells (Tangye et al. 1999). In addition, 2B4 is likely
important for integrin activation and the induction of a
high-affinity state of LFA-1 on NK cells, followed by the
enhanced adhesion to and killing of cancer cells by NK cells
(Hoffmann et al. 2011). Consistently, our data showed that
NK-92 cells established stable contacts with and efficiently
killed CD48-positive NSCLC cells.

Our live-cell imaging data allowed us to explain the con-
tact dynamics of NK-92 cells around cancer cells at a sin-
gle-cell level. In an 8-h imaging experiment, non-contacting
NK-92 cells migrated randomly at a mean speed of 2.3 pm/
min (data not shown), lower than 5 pm/min reported for
IL-2-activated NK cells, which were isolated from mouse
spleen cells (Kim et al. 2017, 2018). Almost all of the NK-92
cells contacted NSCLC cells regardless of CD48 expres-
sion on target cells. Each NK-92 cells contacted multiple
targets and contacted the same target more than once (data
not shown). An interesting observation in our study was that
NK-92 cells showed similar contact duration (120 min on
average) with CD48-positive and -negative NSCLC cells,
but the outcomes were different: we observed strong killing
of CD48-positive NSCLC cells and weak killing of CD48-
negative cells. During the contact, NK-92 cells stayed at
the same position on the surface of CD48-positive NSCLC
cells (stable contact), but moved around on CD48-negative
cells (unstable contact). Our analysis of NK-92 cell behavior
on CD48-positive NSCLC cells allowed us to predict the
cytotoxic mechanisms of NK-92 cells from the point of view
of contact dynamics. We tentatively conclude that contact
stability is more important than contact duration for deliver-
ing a lethal hit to cancer cells.

Further studies will be required to understand the acti-
vation mechanisms of NK cells by CD48. First, on NK
cells, 2B4 has been described as both an activating and an
inhibitory receptor, either promoting or inhibiting target cell
lysis (Garni-Wagner et al. 1993; Schatzle et al. 1999; Lee
et al. 2004; Vaidya et al. 2005; Chlewicki et al. 2008; Sun
et al. 2021). Although SAP-Fyn signaling promotes and
EAT-2 signaling inhibits NK cell function, the molecular
mechanisms are not fully elucidated (Veillette 2010). Fur-
ther work is needed to understand how 2B4 regulates NK
cells positively and negatively. Second, CD48 has another
binding partner, CD2, on NK cells. Although CD48 binds
CD2 weakly (K;~90 pM) and 2B4 strongly (K, 8-16 pM),
further study is needed to examine the compensatory and
redundant effects of these interactions in NK cells (Brown
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et al. 1998; Arulanandam et al. 1993). Third, since both CD2
and 2B4 are also expressed on T cells (Heng et al. 2008;
Sun et al. 2021), it will be interesting to study the suscep-
tibility of CD48-positive NSCLC cells to T cell-mediated
cytotoxicity.

Although the prognostic significance of CD48 in lung
cancer patients has not been reported, several reports imply
the clinical meaning of CD48 in patients with acute mye-
loid leukemia (AML) (Sanchez-Correa et al. 2011; Wang
et al. 2020, 2021). The expression of 2B4 was decreased
on NK cells from AML patients and AML from the major-
ity of patients did not express CD48 (Sanchez-Correa et al.
2012). Over-expression of CD48 in AML activated NK cell
functions in vivo (Wang et al. 2020; Veillette 2010). These
results suggest that AML can escape immunosurveillance of
NK cells by decreasing CD48 expression (Sanchez-Correa
et al. 2011; Wang et al. 2020).

Significant progress in the NK cell therapy of NSCLC is
critically dependent on better understanding of the nature of
effector NK cells and target NSCLC cells. The effectiveness
of NK cells can be tempered by cancer-associated changes
in the expression of activating and inhibitory ligands. Our
data demonstrate that CD48-positive NSCLC cells are sus-
ceptible to NK cell-mediated cytotoxicity and suggest that
CD48 might be used as a good biomarker to stratify NSCLC
patients responsive to NK cell therapy.
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