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Objectives: Over the past two decades, great progress has been made in advancing the early detection and multimodal treatment
of non-small cell lung cancer (NSCLC). However, overall cure rates and survival rates of NSCLC are still not satisfactory, and
research into new therapies is needed. This study attempted to construct human Fibroblast Activation Protein-Chimeric Antigen
Receptor Natural killer (NK)-92 cells (hFAP-CAR-NK-92 cells) and explore their potential therapeutic effects in NSCLC.
Methods: Immunohistochemistry analysis was carried out to examine fibroblast activation protein (FAP) and Gasdermin E
(GSDME) expression in clinical specimens of lung adenocarcinoma and squamous cell carcinoma tissue. Then the engineered
hFAP-CAR-NK-92 cells efficiency was determined in vitro with lactate dehydrogenase (LDH) cytotoxicity assay and the cell
morphology of A549, H226, and cancer-related fibroblast (CAF) was observed by electron microscopy. After the co-culture of
target cells and effect cells, flow cytometry was employed for examining the CD107a expression in the effect cells, and western
blotting was conducted for the cleavage levels of Caspase 3 and GSDME proteins in the target cells. The safety and efficacy of
hFAP-CAR-NK-92 cells adoptive transfer immunotherapy in a tumor-bearing mouse were evaluated.
Results: Clinical studies have shown FAP positivity in patients with NSCLC. Compared with A549 or H226 cells alone, FAP
expression was notably raised in A549+CAF cells or H226+CAF cells in nude mice, respectively (p< 0.05). The killing efficiency
of K562 cells was not significantly different between hFAP-CAR-NK-92 and NK-92 cells (p> 0.05). The hFAP-CAR-NK-92 cells
presented a higher killing efficiency against the hFAP-target (A549-hFAP, H226-hFAP and CAF-hFAP) cells than the NK-92 cells
(p < 0.05). The degranulation of CD107a and cleavage levels of GSDME and Caspase 3 protein in the hFAP-CAR-NK-92 group
were higher than those in the NK-92 group (p < 0.05). The 300 nM Granzyme B also induced pyroptosis in hFAP- or GSDME-
positive cells (p< 0.05). In vivo experiments revealed that hFAP-CAR-NK-92 cells inhibited tumor progression of hFAP-positive
NSCLC (p < 0.05).
Conclusions: In this study, we successfully constructed hFAP-CAR-NK-92 cells and confirmed that hFAP-CAR-NK-92 cells could
target hFAP-positive NSCLC to inhibit the progression of NSCLC by activating the Caspase-3/GSDME pyroptosis pathway.
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Introduction

Non-small cell lung cancer (NSCLC), falling into ma-
lignant lung cancers, is the major contributor to cancer-
related deaths worldwide [1]. A mandatory part of NSCLC
management is molecular testing [2]. As a serine pro-
tease, fibroblast activation protein (FAP) is overexpressed
in the fibroblasts associated with cancers and exerts impor-
tant functions in a variety of malignant tumors’ develop-
ment and prognosis [3]. In addition, FAP expression can
be observed in 90% of epithelial malignant tumors’ stroma
and some tumor cells but not in most normal tissues [4,5].

Highly expressed FAP-α in NSCLC has been shown in
clinical studies to predict NSCLC patients’ low survival
[6]. Upregulated expression of FAP-α is likely to be cor-
related with inflammation and suppression of lymphocyte-
dependent immune responses, leading to tumor progression
[6,7]. Therefore, targeting FAP might be a potential thera-
peutic regimen for NSCLC.

Cancer-related fibroblasts (CAFs) expressing FAP
have a correlation with poor prognosis and lower survival
in breast, colorectal, pancreatic, and NSCLC [8]. High-
density CAF-FAP+ mesenchymal cells with highly infil-
trated CD3 T cell and CD8 lymphocytes were associated
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with better tumor prognosis, which might play an immune-
aiding role inNSCLC [9]. Natural killer (NK) cells, belong-
ing to cytotoxic lymphocytes, can identify and kill trans-
formed cells without pre-sensitization. Moreover, the infil-
tration of NK cells into tumors reflects raised overall sur-
vival in tumor sufferers [10,11]. NK cells offer a first line
of defense in their ability to link and coordinate innate and
‘downstream’ adaptive immune responses, making them an
ideal platform for new cancer treatments [12]. Therefore,
the application of FAP-targeting NK cells might be a new
treatment for NSCLC.

NK cells may act as chimeric antigen receptor (CAR)-
driven cytolysis’ alternative cytotoxic effectors [13]. CAR-
engineered NK cells, which can be obtained from allo-
geneic donors, represent a major advance in NK cell ther-
apy [14]. CAR, a synthetic receptor known to promote the
antitumor effect of T cells, was shown to respond signifi-
cantly in some NSCLC patients combined with checkpoint-
blocking therapy [15,16]. However, targeting specific anti-
gens in NSCLC with engineered CAR-T cells was complex
due to the shortage of tumor-specific antigens, immuno-
suppressive tumor microenvironment, low levels of CAR-
T cell invasion into tumor tissue, and tumor antigen escape
[17]. NK cells are known to be “serial killers” with NK and
NK-92 cells (the cell line approved by the Food and Drug
Administration as the first NK cell-based immunotherapy
for clinical trials [18]) and one NK cell can kill up to 7–10
tumor cells [19,20]. Therefore, we hypothesized that the
construction of FAP-targeting CAR-NK cells might con-
tribute to the treatment of NSCLC.

Since NK cells only account for 10% of
circulating lymphocytes approximately, selec-
tion/enrichment/expansion of NK cells by leukocyte
isolation (from patients or donors) based on CD56 positive
magnetic immunity and a feeder layer was time-consuming
and costly [21–23]. Moreover, even if supplementing viral
vectors, circulating NK cells still present unstable trans-
fection efficiency (usually not very high) [24]. Despite the
possibility of overcoming the difficulties of introducing
CAR-coding genes into adequate circulating NK cells in
some cases, NK-92 cells offer an open cellular platform
for immunotherapy based on CAR [25,26]. In addition, in
the presence of epidermal growth factor receptor (EGFR)-
targeting monoclonal antibody cetuximab, NK-92-CD16
cells enhanced the cytotoxicity of tailored tyrosine kinase
inhibitor (TKI)-resistant NSCLC cells [27]. Therefore,
this study attempted to construct FAP-CAR-NK-92 cells
and explore the intervention effect in NSCLC, to provide a
theoretical basis for the treatment of NSCLC.

Materials and Methods

Clinical Subject Information and Sample Collection
Surgically resected tissues were taken from cancer pa-

tients (n = 10) who were hospitalized in Wenzhou Central

Hospital, Wenzhou City, Zhejiang Province, China, from
May 2020 to September 2022. Tissue sections were ob-
served byHE staining and co-diagnosed as NSCLCwith the
assistance of 2 senior pathologists. The expression of FAP
and Gasdermin E (GSDME) protein in tissues of NSCLC
was analyzed by immunohistochemistry (IHC). Enrolled
patients were staged according to UICC TNM Version 8
and classified in light of the pathology classification of lung
cancer. The exclusion criteria were as follows: patients
had received preoperative radiotherapy or chemotherapy
and had been diagnosed with other malignancies within 5
years prior to diagnosis of NSCLC. This study has been ap-
proved by the Ethics Committee of Wenzhou Central Hos-
pital (2022-132). All experiments in this study were per-
formed based on the Declaration of Helsinki.

Construction of hFAP-CAR-NK-92 Cells
NK-92 cells (CL-0530, Procell) were cultured in the

α Minimum Essential Medium (αMEM) + 0.2 mM inosi-
tol + 0.1 mM β-mercaptoethanol + 0.02 mM folic acid +
12.5% horse serum + 12.5% fetal bovine serum (FBS) +
100 µL/mL Interleukin (IL)-2 medium. To construct hFAP-
CAR-NK-92 cells, logarithmic growing NK-92 cells were
transfected with a pLenti-EF1α-anti-hFAP-CAR lentiviral
expression vector (expressing second-generation CAR tar-
geting human FAP, a multiplicity of infection [MOI] of 30).
Signaling domains (41BB and CD3ζ) and an anti-FAP tar-
geting moiety (scFv), CD8α hinge, and CD8 transmem-
brane domain (TM) constitute anti-FAP-CAR constructs
[28]. The scFv was synthesized according to the anti-FAP
antibody [29]. Stable hFAP-CAR expression in NK-92
cells was assessed using anti-mouse IgG (H+L), biotiny-
lated antibody (#4410, Cell Signaling Technology, Dan-
vers, MA, USA), then streptavidin-labelled phycoerythrin
(PE) combined with APC-conjugated anti-CD56 antibody
was supplemented for flow cytometry.

Cell Experiments and Treatments
Cell Lines

DMEM (Sigma-Aldrich, St. Louis, MO, USA) and
1640 medium (R8758, Sigma-Aldrich, St. Louis, MO,
USA) containing 10% FBS + 1% penicillin and strepto-
mycin was prepared for culturing A549 cells (iCell-h011,
iCell) and H226 cells (iCell-h157, iCell), respectively.
CAF cells were isolated from tumor tissues surgically re-
moved from NSCLC patients. CAF cells were identified
by hematoxylin and eosin (H&E) staining and flow cy-
tometry (Supplementary Fig. 1). The culture of CAF
cells was conducted in DMEM (Sigma-Aldrich, St. Louis,
MO, USA) with 10% FBS + 1% non-essential amino acids
+ 1% penicillin and streptomycin. As for 293T cells (iCell-
h237, iCell) and K562 (iCell-h118, iCell), DMEM (Sigma-
Aldrich, St. Louis, MO, USA) containing 10% FBS + 1%
penicillin and streptomycin was used for their culture. All
cell samples were cultured at 37 °C and 5% CO2. The cell

https://www.discovmed.com/


407

lines used passed STR certification and mycoplasma test-
ing.

Then, A549-hFAP, H226-hFAP and CAF-hFAP cells
were digested by 0.25% trypsin (Gibco, Los Angeles, CA,
USA). The hFAP antigen fragment was cloned into a Pig-
gyBac transposon plasmid synthesized by Hanhe Biologi-
cal Company, and the expression of hFAP was constructed
through seamless cloning, the cells were transfected with
the PiggyBac Transposon system (System Biosciences,
Palo Alto, CA, USA) was applied using Lipofectamine™
2000 Transfection Reagent (Life Technologies, Gaithers-
burg, MD, USA) following the manufacturer’s instructions.
The FAP expression of A549-hFAP, H226-hFAP and CAF-
hFAP cells was detected through flow cytometry.

Cytotoxicity Assays

A lactate dehydrogenase (LDH) release assay was
constructed to determine the cytotoxicity of NK-92 cells or
hFAP-CAR-NK-92 cells against A549-hFAP, H226-hFAP,
CAF-hFAP cells and K562 cells. This assay was finished
with the help of the LDH Cytotoxicity Assay Kit (Promega,
Madison, WI, USA) following the manufacturer’s protocol.
Target cells (1 × 104) were seeded in 96-well flat-bottom
plates for 12 h, and then NK-92 cells or hFAP-CAR-NK-92
were supplemented into each well at various effect/target
ratios. After 6 h, LDH release assays were carried out.
The formula for calculating specific lysis percentage was
applied as follows: Cytotoxicity (%) = (experimental LDH
release – spontaneous LDH release)/(maximal LDH release
– spontaneous LDH release)× 100. The experimental con-
ditions were all in triplicate, and all experiments were re-
peated 3 times.

Intracellular Delivery of Granzyme B

The GSDME fragment, which was provided by Hanhe
Biotechnology Co., Ltd., was constructed in a PiggyBac
transposon plasmid by seamless cloning. To construct
293T-GSDME cells and K562-GSDME cells, about 1 ×
106–5 × 106 cells of 293T and K562 cells were electropo-
rated with 2 µg transposase and 6 µg transposon DNA plas-
mid in an electroporator (Lonza Group Ltd., Basel, Switzer-
land) by using the corresponding Nucleofector® Kit [30].
In order to electroporate granzyme B into cells, 1.5 × 106
cells of A549 cells, 293T-GSDME cells, K562-GSDME
cells and K562 cells were mixed with different concentra-
tions of granzyme B (100 nM and 300 nM [Abnova, Taipei,
Taiwan]) in 100 µL 4D-Nucleofector™ Solution, respec-
tively. The cells were incubated in Nucleocuvettes™ for 5
min at room temperature and then they were electroporated
using the Lonza 4D-Nucleofector™ System, according to
the system program [31]. The cells were transferred to hu-
midified conditions (37 °C and 5%CO2) for 12 h incubation
and follow-up analysis.

Animal Experiments
Female nude mice and NOD-SCID mice (age: 6

weeks; weight: 20–25 g) were acquired from Beijing Vi-
tal River Laboratory Animal Technology Co., Ltd. Nude
mice were randomly divided into the A549 group (A549,
1.5× 106 cells/mouse), A549+CAF group (A549:CAF, 1:2,
4.5 × 106 cells/mouse), H226 group (H226, 1.5 × 106
cells/mouse), and H226+CAF group (H226:CAF, 1:2, 4.5
× 106 cells/mouse), 3 mice/group. The 100 µL cell sus-
pension with phosphate-buffered saline (PBS) was injected
subcutaneously under the armpits of the mice. After the in-
jection, the nude mice were kept in the animal house for 34
days. Caliper measurements were applied tomeasure tumor
growth, and the formula of length × (width)2 × 0.5 was
applied to calculate tumor volumes. After mice were sac-
rificed by intravenous administration of sodium pentobar-
bital (40–60 mg/kg), the tumors were removed, fixed and
examined.

The tumor formation of A549 cells+CAF cells and
H226 cells+CAF cells in NOD-SCID mice were con-
structed as the above. Mice were grouped when the tu-
mors were palpable. According to different weights, mice
were allocated into 3 groups (n = 3) randomly. The mice
in groups received one of the following caudal vein injec-
tions: (1) 100µL PBS (Control group), (2) 5× 106 irradiate
NK-92 cells in 100 µL sterile PBS (NK-92 group), or (3) 5
× 106 irradiate parental NK-92 cells in 100 µL sterile PBS
(hFAP-CAR-NK-92 group) [32]. The tumor volume was
recorded as above, and treatment was applied on days 12,
19 and 26. On day 30, the mice were euthanized for sacri-
fice and the tumors were obtained for examination.

Hematoxylin-Eosin (HE) Staining
The fixed tissues were sequentially embedded and

sliced. After 12-h baking at 60 °C, the slices were dewaxed
to water with xylene and gradient ethanol. Hematoxylin
and eosin were used for tissue staining. The slices were
dehydrated, sealed, and then observed under a microscope
(Olympus, Tokyo, Japan).

Immunohistochemistry (IHC)
Slices were dewaxed to water for antigen’s thermal

repair. The endogenous enzymes in slices were inacti-
vated for 10 min by 1% periodate acid at room temperature.
Slices were dropped with suitably diluted primary anti-
FAP (1:200, #66562, Cell Signaling Technology, Danvers,
MA, USA), anti-GSDME (1:200, ab230482, Abcam, Cam-
bridge, UK), anti-CD56 (1:200, #99746, Cell Signaling
Technology, Danvers, MA, USA) and anti-Ki-67 (1:200,
ab92742, Abcam, Cambridge, UK) at 4 °C. On the next day,
50–100 µL anti-IgG antibody was added into the slices for
30 min of incubation at 37 °C. After slice sealing, the DAB
working solution was used for observation under a micro-
scope (Olympus).
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Flow Cytometry

FAP-CAR expression in NK-92 cells was assessed
via biotinylated antibody (#9417, Cell Signaling Technol-
ogy, Danvers, MA, USA) and anti-mouse IgG (H+L), then
added with streptavidin-labelled PE combined with APC-
conjugated anti-CD56 antibody (#73521, #51997, Cell Sig-
naling Technology, Danvers, MA, USA). PE-labelled anti-
human FAP antibody (#427819, Bio-techne, Minneapolis,
MN, USA) was adopted to verify the FAP expression on
target tumor cells and CAFs. Degranulation response in
NK-92 cells and hFAP-CAR NK-92 cells was appraised
with APC-conjugated anti-CD107a Antibody (#508921,
Bio-techne, Minneapolis, MN, USA). Data were acquired
and analyzed by CytExpert (Beckman Coulter, Miami, FL,
USA).

Electron Microscope Observation

Cells were immobilized in 2.5% glutaraldehyde and
1% osmium (18456, TED PELLA INC) for 6~12 h and
1~2 h, respectively. The cells were dehydrated by gradient
ethanol (30–100%) and propylene oxide (M25514, Meryer,
Shanghai, China). Subsequently, the cells were immersed
in epoxy propane: epoxy resin (1:1) and pure epoxy resin
for embedding, respectively. Then, it was baked in an
oven for 60 h. After taking out the embedded block and
repairing the block, the ultra-thin section was carried out,
and the copper net was retrieved. Sections were electron-
ically stained (lead, uranium). Finally, transmission elec-
tron microscopy (7700, Hitachi, Tokyo, Japan) was utilized
to observe the treated sections and a digital camera (ER-B,
AMT) to record images.

Western Blotting

The extraction of total protein from cells was
performed through Radio Immunoprecipitation Assay
(RIPA) protein extraction reagent (ThermoFisher Scien-
tific, Waltham, MA, USA). A bicinchoninic acid (BCA)
protein quantification kit was utilized for determining pro-
tein concentration. Next, the isolation of 200 µg pro-
tein samples was implemented through 12% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). After the isolated proteins were transferred onto
the polyvinylidene fluoride membrane, the membrane was
activated by methanol, sealed with 5% skim milk, and
then incubated with the primary antibodies overnight.
The primary antibodies used included anti-Caspase 3
(1:1000, #9662, Cell Signaling Technology, Danvers, MA,
USA), anti-GSDME (1:1000, ab215191, Abcam, Cam-
bridge, UK), anti-N-GSDME (1:1000, ab222408, Abcam,
Cambridge, UK), anti-β-actin (1:1000, ab179467, Ab-
cam, Cambridge, UK). The membrane was then incubated
with secondary anti-IgG (1:1000, ab133470, Abcam, Cam-
bridge, UK). Visualization was performed for analysis.

Data Statistics and Analysis
Graphpad Prism8.0 statistical software (Version X; La

Jolla, CA, USA) was employed to statistically analyze the
data in this study. The measurement data were displayed as
mean± standard deviation (SD). Normality and homogene-
ity of variance tests were carried out first, which satisfied
homogeneity of variance and normal distribution. Student’s
t-test was used for comparisons between two groups, and a
one-way Analysis of Variance (ANOVA) for comparisons
among multiple groups. p < 0.05 suggested a significant
difference.

Results

FAP Expression was Involved in the Tumor
Formation of NSCLC

To explore FAP expression and clinicopathological
characteristics, we summarized the included patients’ clini-
cal information in this article (Table 1). H&E and immuno-
histochemical analysis showed that NSCLC patients were
FAP positive in tumor cells or fibroblasts and tumor cells
(Table 1, Fig. 1A,B and Supplementary Fig. 2). The pos-
itive rates of FAP in lung adenocarcinoma and squamous
cell carcinoma were 42.2% (35 patients) and 48.9% (22 pa-
tients), respectively (Table 1, Fig. 1C). In nude mice, the
tumor volume of the A549+CAF cells group increased sig-
nificantly in contrast to the A549 cells group (p < 0.05)
(Fig. 1D). Relative to the H226 cells group, tumor volumes
of the H226+CAF cells group climbed up notably (p <

0.05) (Fig. 1D). IHC analysis exhibited that FAP expression
was markedly upregulated in the A549+CAF cells group in
comparison with the A549 cells group (p< 0.05) (Fig. 1E).
In addition, FAP expression significantly increased in the
H226+CAF cells group relative to the H226 cells group (p
< 0.05) (Fig. 1F). In a nutshell, FAP expression participated
in the NSCLC development, and targeting FAP might in-
hibit NSCLC progression.

Construction and Functional Validation of
hFAP-CAR-NK-92 Cells

We further constructed the recombinant lentivirus ex-
pression vector hFAP-CAR and transfected it in NK-92
cells (Fig. 2A). After transfection of NK-92 cells with
a retroviral vector encoding the hFAP-CAR, the hFAP-
CAR-NK-92 cells expressing hFAP-CAR were obtained
by culture of monoclonal cells (Fig. 2B). To investigate
the changes of cell-killing function after CAR modifica-
tion, NK-92 cells and hFAP-CAR-NK-92 cells were co-
incubated with K562 cells by 1:1, 5:1 and 10:1, respectively
(Fig. 2C). The outcomes indicated no statistical differences
in cell-killing efficiency (p > 0.05) (Fig. 2C). We then
constructed A549-hFAP cells, H226-hFAP cells and CAF-
hFAP cells. Flow cytometry presented that the FAP expres-
sion rate in A549-hFAP cells, H226-hFAP cells and CAF-
hFAP cells were 80.62%, 86.45% and 75.63%, significantly
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Table 1. Expression and clinicopathological analysis of FAP in lung adenocarcinoma and lung squamous cell carcinoma.

Characteristics Number (128%)
Tissue types

χ2 p-valueLUAD LUSC

(83 %) (45 %)

Sex 6.476 0.011
Male 41 (32.0) 33 (39.8) 8 (17.8)
Female 87 (68.0) 50 (60.2) 37 (82.2)

Age 2.231 0.135
<65 54 (42.2) 39 (47.0) 15 (33.3)
≥65 74 (57.8) 44 (53.0) 30 (66.7)

Differentiation 12.257 < 0.001
Medium-high 61 (47.7) 49 (59.0) 12 (26.7)
Low 67 (52.3) 34 (41.0) 33 (73.3)

LNM 24.798 < 0.001
N1+N2 70 (54.7) 32 (38.6) 38 (84.4)
No 58 (45.3) 51 (61.4) 7 (15.6)

Clinical stages 0.469 0.791
I 65 (50.8) 43 (51.8) 22 (48.9)
II 25 (19.5) 17 (20.5) 8 (17.8)
III 38 (29.7) 23 (27.7) 15 (33.3)

FAP 0.533 0.465
Low 71 (55.5) 48 (57.8) 23 (51.1)
High 57 (44.5) 35 (42.2) 22 (48.9)

Note: LUSC, lung squamous cell carcinoma; LUAD, lung adenocarcinoma; LNM,
lymph node metastasis.

higher than that in A549 cells, H226 cells and CAF cells (p
< 0.05) (Fig. 2D). The killing efficiency of hFAP-CAR-
NK-92 cells against A549-hFAP cells, H226-hFAP cells
and CAF-hFAP cells were much higher in comparison with
NK-92 cells in vitro (p < 0.05) (Fig. 2E). CD107a expres-
sion in hFAP-CAR-NK-92 cells was significantly higher in
the A549-hFAP, H226-hFAP and CAF-hFAP groups (p <

0.05), but no changes were shown in the K562 group com-
pared with that in NK-92 cells (p > 0.05) (Fig. 2F,G). The
above results proved that FAP-positive cells could be tar-
geted and killed by hFAP-CAR-NK-92 cells.

hFAP-CAR-NK-92 Cells Induced Pyroptosis of
Target Cells

Cell morphology observation showed that the A549-
hFAP, H226-hFAP andCAF-hFAP cells in theNK-92 group
appeared as round swelling and some organelles degen-
erated (Fig. 3A). The A549-hFAP, H226-hFAP and CAF-
hFAP cells in the hFAP-CAR-NK-92 group were swollen,
the structure of some organelles such as mitochondria was
damaged, the cell membrane was incomplete with gaps or
contents overflowing, indicating pyroptosis (Fig. 3A). Pro-
tein assay showed GSDME was expressed in A549 cells,
H226 cells and CAF cells (CAF1 and CAF2) (p< 0.05), but
it was not expressed in 293T cells, NK-92 cells and K562
cells (p > 0.05) (Fig. 3B). IHC assay showed highly ex-
pressed GSDME in lung adenocarcinoma compared with
lung squamous cell carcinoma tissues (p < 0.05) (Fig. 3C).

Besides, the cleavage levels of Caspase 3 and GSDME
in the hFAP-CAR-NK-92 group were higher than those in
the NK-92 group, and the cleavage levels of GSDME and
Caspase 3 in the A549-hFAP, H226-hFAP and CAF-hFAP
cells were equivalent to others (p < 0.05) (Fig. 3D). All in
all, hFAP-CAR-NK-92 cells mediated pyroptosis of FAP-
positive target cells.

Granzyme B-GSDME Pathway Induced Pyroptosis
in Target Cells Expressing GSDME

Cell morphology observation showed that compared
with the granzyme B (100 nM) group, the A549-hFAP,
H226-hFAP and 293T-GSDME cells in the granzyme B
(300 nM) group appeared pyroptosis, with cells swollen,
the structure of organelles (such as mitochondria) was dam-
aged and the cell membrane was incomplete with gaps
or contents overflowing (Fig. 4A). The western blot as-
say showed the GSDME overexpression of 293T and K562
cells (Fig. 4B). In K562 cells, GSDME’s cleavage levels
were not expressed, and the cleavage levels of Caspase 3
were higher in the granzyme B (300 nM) group than those
in the granzyme B (0 nM) group (p < 0.05) (Fig. 4C). Fur-
thermore, the cleavage levels of GSDME and Caspase 3 in
the granzyme B (300 nM) group were higher than those in
the granzyme B (0 nM) group (p < 0.05), and the cleav-
age levels of GSDME and Caspase 3 in the A549-hFAP,
H226-hFAP, 293T-GSDME and K562-GSDME cells were
equivalent to one another (Fig. 4D). These results suggested
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Fig. 1. FAP expression in tumor formation of NSCLC. (A,B) The expression of FAP in (A) lung squamous cell carcinoma and (B)
adenocarcinoma tissues were analyzed by HE staining (upper panels) (200 µm) and IHC staining (lower panels) (Scale bar = 200 µm)
(n = 3). (C) The ratio of FAP positives in lung adenocarcinoma and squamous cell carcinoma. High stands for high FAP expression and
Low stands for low FAP expression. (D) Tumor pattern and volume analysis of A549 or H226 cells alone and A549 or H226 cells mixed
with CAF cells (n = 3). (E,F) FAP expression was tested through IHC (Scale bar = 100 and 25 µm) (n = 3). *p < 0.05, **p < 0.01 vs.
A549 or H226 group.
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Fig. 2. Construction of hFAP-CAR-NK-92 cells and identification of their killing function in vitro. (A) Diagram illustration of
hFAP-CAR in lentiviral vector. (B) Flow cytometry analyzed the positive rate of hFAP-CAR in hFAP-CAR-NK-92 cells (n = 3). (C)
Cell cytotoxicity was measured by the LDH assay (n = 3). (D) Flow cytometry to test the expression rate of FAP in A549, H226 and
CAF cells (n = 3). (E) Cell cytotoxicity was determined with the LDH assay (n = 3). (F,G) Flow cytometry and statistical analysis of
CD107a expression (n = 3). *p < 0.05, **p < 0.01 or ***p < 0.001 vs NK-92 group. ns, no significance.
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Fig. 3. hFAP-CAR-NK-92 cells-induced pyroptosis of target cells. (A) The morphology of A549-hFAP, H226-hFAP and CAF-hFAP
cells were observed by electron microscopy (2 µm) (n = 1). (B) The detection of GSDME expression by western blot (n = 3). (C) The
GSDME expression in lung squamous cell carcinoma and lung adenocarcinoma tissues was detected by IHC (Scale bar = 200 and 100
µm) (n = 3). (D) Western blot to check the cleavage of Caspase 3 and GSDME proteins in A549-hFAP, H226-hFAP and CAF-hFAP
cells. C-Caspase 3 represented cleaved-Caspase 3. N-GSDME represented cleaved-GSDME (n = 3). *p < 0.05, **p < 0.01 or ***p <
0.001 vs NK-92 or lung squamous cell carcinoma tissues group.

that pyroptosis occurred through the granzyme B-GSDME
pathway.

Stronger Effect of hFAP-CAR-NK-92 Cells than
NK-92 Cells in Inhibiting Tumor Growth in Vivo

Tumorigenesis in Non-obese diabetic-server com-
bined immune-deficiency (NOD-SCID) mice was used to
estimate the efficacy and safety of hFAP-CAR-NK-92 cell
therapy (Fig. 5A). Comparedwith the NK-92 cell group, the
tumor volume was significantly reduced in the NOD-SCID
mice with the hFAP-CAR-NK-92 cell group (p < 0.05)
(Fig. 5B). Additionally, Ki-67 expression declined signif-
icantly while CD56 expression raised notably in the NOD-
SCID mice with the hFAP-CAR-NK-92 cells relative to the

NK-92 cell group (p < 0.05) (Fig. 5C). All above findings
proved that the hFAP-CAR-NK-92 cells suppressed tumor
growth more effectively than the NK-92 cells.

Discussion

FAP+CAFs have attracted much attention in the field
of clinical diagnosis and treatment of cancer [33]. Upregu-
lation of FAP was associated with poorer clinical outcomes
in most cancer types, but the biological mechanisms be-
hind these clinical observations remain unclear [34]. CAFs,
discovered in epithelial neoplasm stroma and featured by
FAP overexpression, can be used in cancer imaging and
therapy [3,35,36]. Our clinical study found FAP positiv-
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Fig. 4. Granzyme B-GSDME pathway-induced pyroptosis in target cells expressing GSDME. (A) The morphology of A549-hFAP,
H226-hFAP and 293T-GSDME cells were observed by electron microscopy (Scale bar = 1 µm and 2 µm) (n = 1). (B) The GSDME
expression was examined via western blot (n = 3). (C,D) Western blot to determine the cleavage of Caspase 3 and GSDME proteins
in K562, K562-GSDME, A549-hFAP, H226-hFAP and 293T-GSDME cells (n = 3). GzmB represented Granzyme B; C-Caspase 3
represented cleaved-Caspase 3. N-GSDME represented cleaved-GSDME. *p < 0.05, **p < 0.01 or ***p < 0.001 vs oe-NC or GzmB
(0 nM) group.

ity in NSCLC patients, which might be a treatment target.
In addition, human lung CAFs enhanced the protection of
A549 and H1299 cells in Transwell® and direct co-culture
and promoted the radioresistance of lung cancer cells [37].
Animal experiments revealed that, compared with A549
or H226 cells, FAP expression was upregulated in the co-
culture of A549+CAF cells or H226+CAF cells in tumori-
genesis. These studies suggested that FAP was involved in
the development of NSCLC and might be a potential thera-
peutic target.

The interaction between NK cells and CAFs consti-
tutes a related but relatively poorly studied crosstalk rela-
tionship in the tumor microenvironment (TME) [38]. Cur-
rently, NK-92 cells are prone to be scaled to clinical stages
under good manufacturing practice states, and their safety
has been demonstrated in some phase I clinical research
[39]. The combination of NK-92MICD64 cells and mAb
(targeting TROP2 and FAP) methods was twice as cyto-
toxic as NK-92MICD4 cells at a 20:1 effector-to-target cell
ratio [40]. At a good safety threshold, Delta-like ligand
3 (DLL3)–CAR-NK-92 cells induced tumor regression in
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Fig. 5. hFAP-CAR-NK-92 cell therapy inhibited tumor growth in NOD-SCID mice. (A) The schematic of tumor models and cell
therapy. (B) Tumor morphology and volume were observed and analyzed (n = 3). (C) The expression of CD56 and Ki-67 in tumor tissue
was analyzed by IHC (Scale bar = 100 and 25 µm) (n = 3). #p < 0.05 vs Control group; *p < 0.05 vs NK-92 group.

an H446-derived lung metastatic tumor model [41]. In our
study, no differences were observed in K562 cells’ killing
efficiency between NK-92 and hFAP-CAR-NK-92 cells.
While the hFAP-CAR-NK-92 cells had a higher killing ef-
ficiency against hFAP-target (A549-hFAP, H226-hFAP and
CAF-hFAP) cells than NK-92 cells. These studies have
proved that hFAP-CAR-NK-92 cells could effectively play
a targeted killing function, but the specific mechanism and
clinical safety of hFAP-CAR-NK-92 cells need to be eval-
uated.

The Caspase-3/GSDME pathway switches in cancer
cells between apoptosis and pyroptosis [42]. Cisplatin
promotes secondary necrosis by inducing Caspase-3 ac-

tivation and GSDME-NT production in A549 cells [43].
Caspase-3 specifically cleaves GSDME in its linker to form
a GSDME-N fragment that penetrates the cell membrane,
thereby inducing pyroptosis [44]. CAR-T cells release
granzyme B to make Caspase 3 activated rapidly in target
cells, which cleaves GSDME, leading to extensive pyrop-
tosis [45]. Apart from exhibiting specific cytotoxicity in
vitro, EpCAM-CAR-NK-92 also was known to specifically
identify EpCAM-positive colorectal cancer cells and set
free cytokines, such as granzyme B, perforin and Interferon
(IFN)-γ [46]. By directly cleaving GSDME at a similar lo-
cation to Caspase 3, killer cell granzyme B also functions
in activating target cells’ Caspase-independent pyroptosis
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[47]. Our study also confirmed that GSDME and Caspase
3 protein cleavage levels in A549-hFAP and H226-hFAP
cells treated with hFAP-CAR-NK-92 cells were higher
than those treated with NK-92 cells. Moreover, hFAP-
CAR-NK-92 cells induced pyroptosis of hFAP target cells,
which was similar to the treatment of 300 nM granzyme
B. These findings suggested that hFAP-CAR-NK-92 cells
could be targeted to induce pyroptosis of FAP+ cancer cells
through Caspase-3/GSDME activation and hFAP-CAR-
NK-92 cells might be used in clinical immunotherapy.

CAR-NK cells present a higher safety profile than
CAR-T cells, particularly in averting side effects like cy-
tokine release syndrome [48]. Anti-MSLN-CAR-NK cells
remarkably eliminated gastric cancer cells in peritoneal and
subcutaneous tumor models and notably extended the sur-
vival time of intraperitoneal tumor-bearing mice [49]. By
virtue of CAR-NK-92 cells targeting organoids expressing
Epidermal growth factor receptor variant III (EGFRvIII),
tumor antigen-specific cytotoxicity was proved by related
research [50]. In vivo, we confirmed that hFAP-CAR-NK-
92 cells inhibited the progression of A549 or H226+CAF
cells with safety and no side effects.

Conclusions

To sumup, hFAP-CAR-NK-92 cells were successfully
established in our study. Moreover, we have revealed that
hFAP-CAR-NK-92 inhibits tumor progression through ac-
tivation of the Caspase-3/GSDME pyroptosis pathway in
hFAP-positive NSCLC, which provides new insights into
the development of clinical cellular immunotherapy for
NSCLC.
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