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KEY WORDS Abstract  The effective treatment of nasopharyngeal carcinoma (NPC) is challenged by an immunosup-
pressive tumor microenvironment (TME) and insufficient immune effector cell activation. Herein, we
design a synergistic tri-modal therapeutic strategy to overcome these barriers. This platform integrates:
(1) a CD109-targeted liposomal doxorubicin (S3-Lip-DOX) for precise chemotherapy and induction of
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Chemo-immunotherapy;

Triple-combination
therapy;

Liposomal doxorubicin;

Aptamer-engineered NK
cells;

ADCC;

CD109;

PD-L1

immunogenic cell death (ICD); (2) non-genetically engineered natural killer (NK) cells armed with dual
aptamers (targeting CD109 and PD-L1) via bio-orthogonal chemistry for enhanced tumor recognition
(S3-P-NK); and (3) an Fc-engineered anti-PD-L1 antibody (Atezolizumab/IgG1) that restores
antibody-dependent cellular cytotoxicity (ADCC). Crucially, we uncovered a key mechanistic synergy:
S3-Lip-DOX treatment, as a stress-adaptive response, upregulates PD-L1 expression on NPC cells. This
finding provides a compelling rationale for the integration, turning a potential immune escape mechanism
into a therapeutic vulnerability. The complete regimen, comprising S3-Lip-DOX, S3-P-NK, and
Atezolizumab/IgG1, demonstrated potent synergistic antitumor effects in vitro and in vivo. This triple-
combination therapy not only achieved significant tumor regression but also robustly reprogrammed
the innate tumor microenvironment, evidenced by enhanced dendritic cell (DC) maturation and pro-
inflammatory macrophage activation. This work establishes a mechanism-driven, modular therapeutic
platform that effectively coordinates targeted chemotherapy with innate immunotherapy, holding signif-
icant translational potential for solid tumors.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nasopharyngeal carcinoma (NPC), a malignancy with a high
prevalence in Southeast Asia and southern China, presents sig-
nificant therapeutic challenges'?. While doxorubicin (DOX), a
topoisomerase II inhibitor, is a potent chemotherapeutic agent, its
clinical application is severely hampered by dose-limiting sys-
temic toxicities, including cardiotoxicity and nephrotoxicity™®.
Liposomal formulations have been developed to mitigate these
off-target effects, leveraging favorable biocompatibility and
improved pharmacokinetics’. However, conventional liposomes
primarily rely on the enhanced permeability and retention (EPR)
effect for tumor accumulation, a passive mechanism often
compromised by the heterogeneous vasculature of solid tumors
like NPC'*'2. To enable active, ligand-directed targeting, we
previously identified a high-affinity DNA aptamer, S3, that spe-
cifically recognizes CD109, a tumor-associated surface antigen on
NPC cells'*'*. This forms the basis for our first therapeutic
module: S3-conjugated liposomal DOX (S3-Lip-DOX), designed
for precision chemotherapy.

Complementing chemotherapy, immunotherapy has emerged
as a transformative cancer treatment paradigm. Natural killer
(NK) cells, capable of eliminating tumor cells without prior
sensitization, are promising effectors for adoptive cell ther-
apy'™"7. Nevertheless, the efficacy of unmodified NK cells is
often limited by poor tumor-specific recognition'®, While
chimeric antigen receptor (CAR)-NK cells can enhance speci-
ficity, their development is associated with challenges including
insertional mutagenesis risks, complex manufacturing, and high
costs'®?®. As a non-genetic and highly versatile alternative,
aptamer-based surface engineering offers a powerful solution®' ™.
By employing metabolic glycan labeling and bio-orthogonal click
chemistry, we can anchor targeting aptamers directly onto the NK
cell surface, conferring tumor-homing capabilities without genetic
modification®**>. This leads to our second module: dual-aptamer
engineered NK cells (S3-P-NK), programmed to recognize both
CD109 and the critical immune checkpoint PD-L1.

To further amplify the therapeutic potency, we sought to
maximize NK cell-mediated cytotoxicity. The clinical anti-PD-L1
antibody, Atezolizumab, is engineered with an Fc-silencing mu-
tation (N297A) to abrogate ADCC?**’. However, emerging evi-
dence suggests that preserving Fc effector functions can be

therapeutically advantageous®®>°. Therefore, our third module
incorporates an Fc-active of wild type IgG1, Atezolizumab/IgGl,
designed to engage FcyRIlla on our engineered NK cells and
unleash a potent ADCC response, creating a powerful synergistic
axis with the PD-L1 aptamer targeting.

A pivotal finding of our study provides the central mechanistic
rationale for integrating these three modules. We discovered that
treatment with S3-Lip-DOX induces a stress-adaptive upregula-
tion of PD-L1 on NPC cells. Instead of being a therapeutic
obstacle, this chemotherapy-induced immune escape signature
presents an actionable vulnerability. It creates an ideal scenario
where S3-Lip-DOX not only delivers a direct cytotoxic payload
but also "paints" the tumor with the very target (PD-L1) that our
subsequent immunotherapies are designed to attack. This insight
allows us to orchestrate a synergistic cascade: S3-Lip-DOX ini-
tiates targeted killing and upregulates PD-L1, which is then
concertedly engaged by both the PD-L1 aptamer on S3-P-NK cells
for recognition and the Atezolizumab/IgGl for potent ADCC-
mediated elimination.

In this study, we designed and validated this triple-combination
strategy for NPC (Scheme 1). We hypothesized that by rationally
coordinating targeted chemotherapy, non-genetic cell engineering,
and Fc-enhanced checkpoint blockade, we could achieve profound
synergistic antitumor efficacy. Here, we demonstrate that this
multi-modal platform not only suppresses tumor growth effec-
tively but also reshapes the innate immune microenvironment.
This work establishes a scalable and programmable therapeutic
framework that transforms a chemotherapy-induced adaptive
response into a potent immunological trigger, offering a promising
paradigm for treating solid tumors.

2. Materials and methods
2.1.  Chemicals and reagents

All aptamer sequences used in this study were synthesized and
HPLC-purified by Sangon Biotech (Shanghai, China), with detailed
sequences provided in Supporting Information Table S1. Lipid
components including 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) (S01005), cholesterol (001001), DSPE-PEG;000(F01008),
and DSPE-PEG;(0p-COOH (F07004) were purchased from AVT
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A synergistic chemo-immunotherapy cascade for NPC. Targeted chemotherapy (S3-Lip-DOX) induces immunogenic cell death and

PD-L1 upregulation, which are thus synergistically targeted by dual-aptamer NK cells (S3-P-NK) and ADCC to reverse immunosuppression and
eliminate the tumor.

Pharmaceutical Tech Co., Ltd. (Shanghai, China). All other
chemicals and organic solvents used for synthesis were obtained

from Aladdin Reagent Co., Ltd. (Shanghai, China), unless
otherwise  specified. =~ N-Azidoacetylmannosamine-tetraacylated
(AcyManNAz) (361154-30-5) from Sigma—Aldrich (St. Louis,
MO, USA), and recombinant human IL-2 (042212) from Peprotech
(Rocky Hill, NJ, USA). The Annexin V-PE/7-AAD apoptosis
detection kit (CA1030) were purchased from Servicebio (Wuhan,
China). Doxorubicin (DOX, D8740), and the TUNEL apoptosis
detection kit (T2130) were purchased from Solarbio (Beijing,
China). The near-infrared dye DIR (BMD0074), the Cell Counting
Kit-8 (CCK-8) (498/1000T), CheKine™ Micro Lactate Dehydro-
genase (LDH) Assay Kit (639/96 T/96 S), and CheKine™ Micro
ATP Content Assay Kit (358/48 T/48 S) were obtained
from Abbkine (Wuhan, China). ELISA kits for human IFN-y

(CSB-E08636h), granzyme B (CSB-E08718h), and perforin

(CSB-E09313h) were acquired from Cusabio (Wuhan, China).
Primary antibodies against human calreticulin (27298-1-AP), Bax
(50599-2-Ig), and Bcl-2 (12789-1-AP), Ki67 (27309-1-AP) and
PD-L1 (17952-1-AP) were purchased from Proteintech Group, Inc.
(Wuhan, China), human cleaved caspase3 (#9661) and caspase3
(#14220) were purchased from Cell Signaling Technology (Beverly,
MA, USA), and HRP-conjugated goat anti-rabbit IgG (ZB-2301)
and goat anti-mouse IgG (ZB-2305) were obtained from Zhongshan
Golden Bridge Biotechnology Co., Ltd. (Beijing, China)

2.2.  Cell lines and animals

The human NPC cell lines 5-8F and C666-1 were cultured in
RPMI-1640 medium (Gibco, C11875500BT, Carlsbad, CA, USA)

supplemented with 10% fetal bovine serum (FBS; Gibco). Normal
nasopharyngeal epithelial

NP69 cells were maintained in
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keratinocyte serum-free medium (KSFM) (ThermoFisher,
10744019, Carlsbad, CA, USA). The NK-92 cell line was obtained
from the American Type Culture Collection (ATCC, Manassas,
VA, USA) and cultured in «-MEM (C12571500BT, Gibco,
Carlsbad, CA, USA) supplemented with 12.5% FBS (Gibco),
12.5% horse serum (Gibco), and 200 U/mL recombinant human
interleukin-2 (Peprotech). All cell lines were incubated at 37 °C in
a humidified atmosphere containing 5% CO,.

BALB/c nude mice (male, 5-6 weeks old, 18-20 g) were
purchased from Beijing Weitong Lihua Experimental Animal
Technology Co., Ltd. (Beijing, China). All experimental proced-
ures were executed according to the protocols approved by the
Animal Care and Use Committee of Central South University
(approval number: 2021-XMSB-0162) and conducted in accor-
dance with institutional ethical guidelines. Mice were housed
under specific pathogen-free (SPF) conditions with controlled
temperature (23 £ 2 °C), relative humidity (60 £ 5%), and a 12 h
light/dark cycle, with free access to food and water.

2.3.  Preparation of S3-Lip-DOX

S3-Lip-DOX nanoparticles were prepared via a two-step process.
First, doxorubicin-loaded liposomes (Lip-DOX) were fabricated
using the thin-film hydration method®!. Briefly, DSPC, choles-
terol, and DSPE-PEG,(o were dissolved in chloroform at a mass
ratio of 10:5:1 and transferred into a round-bottom flask to form a
uniform solution. The organic solvent was evaporated under
reduced pressure to form a thin lipid film, which was subsequently
hydrated with ammonium sulfate solution at 65 °C for 30 min.
The resulting liposomal suspension was sonicated and extruded
through polycarbonate membranes with pore sizes of 450 nm and
220 nm (Merck Millipore, Burlington, MA, USA) to obtain li-
posomes of uniform size. Free ammonium sulfate was removed by
dialysis, DOX was then actively loaded into the liposomes via the
ammonium sulfate gradient method to obtain Lip-DOX
nanoparticles.

In the second step, the S3 aptamer was covalently conjugated
to DSPE-PEG;(09-COOH to synthesize DSPE-PEG,(yo-S3, using
EDC and NHS as coupling agents. The reaction was carried out at
room temperature, and unreacted reagents were removed by
dialysis. The purified DSPE-PEG,yy0-S3 was then post-inserted
into the preformed Lip-DOX by incubation at 60 °C for 1 h,
resulting in the final aptamer-functionalized nanocarrier, S3-Lip-
DOX.

2.4.  Characterization of S3-Lip-DOX

The particle size, polydispersity index (PDI), and zeta potential of
S3-Lip-DOX were measured using a Zetasizer (Malvern, UK) at
25 °C after dilution in PBS. The morphology of nanoparticles was
visualized by transmission electron microscopy (TEM; JEOL
JEM-2010, Tokyo, Japan) following negative staining with 2%
phosphotungstic acid (w/v, pH 7.0). To determine encapsulation
efficiency (EE%) and drug loading (DL%), nanoparticles were
lysed with anhydrous ethanol, and the absorbance of DOX was
measured at 480 nm using a UV—Vis spectrophotometer (UV-
2600, Shimadzu, Kyoto, Japan). The relevant calculations were
carried out according to Egs. (1) and (2):

EE (%) = WEncapsu]uted/WDmg x 100 (1)

DL (%) = WEncapsulaled/WTolal x 100 (2)

where Wepcapsulatea 18 the drug mass contained in the liposomes,
Wprug is the total amount of DOX added, and W, is the total
weight of the liposomes and the sum of the drug mass.

The colloidal stability of S3-Lip-DOX was assessed by
monitoring particle size and PDI at predetermined intervals after
storage in PBS at 4 °C and in PBS containing 10% FBS at 37 °C*2.
The in vitro release profile of the liposomes was investigated
employing the dialysis method®®. Briefly, 1 mL of S3-Lip-DOX
suspension was sealed in a dialysis bag (Spectrum Labs, 3.5 kDa
MWCO, Rancho Dominguez, CA, USA) and immersed in 5 mL of
PBS (pH 7.4). The release system was incubated at 37 °C in a
shaking water bath (Thermo Scientific, SHKA4000, Waltham,
MA, USA) at 120 rpm under light-protected conditions. At pre-
determined time intervals (1, 2, 6, 12, 24, 48, 60, and 72 h), 3 mL
of release medium was withdrawn and replaced with fresh pre-
heated buffer to maintain sink conditions. The cumulative release
of DOX was quantified at 480 nm by UV-Vis spectrophotometry
(Shimadzu).

2.5.  Cellular uptake of S3-Lip-DOX by NPC cells

NP69, 5-8F, and C666-1 cell lines were seeded into 12-well plates
and cultured overnight at 37 °C in a 5% CO, incubator. Subse-
quently, the cells underwent washing with PBS and were then
exposed to free DOX, Lip-DOX and S3-Lip-DOX at a concen-
tration of 10 pg/mL for a duration of 6 h. Following this treatment,
the cells were washed three times with PBS and fixed with 4%
paraformaldehyde at room temperature for 30 min. The cell nuclei
were stained using 4’,6-diamidino-2-phenylindole (DAPI; Beyo-
time, C1002, Shanghai, China), and the samples were analyzed
using an inverted fluorescence microscope (Nikon, Tokyo, Japan).
Additionally, NP69, 5-8F, and C666-1 cells were independently
subjected to the same 6 h treatment and subsequently collected for
analysis via flow cytometry.

2.6.  Targeting destruction of NPC cells by S3-Lip-DOX

To assess the cytotoxicity of nanocarriers, blank liposomes and
DSPE-PEG-S3 were incubated with NP69, 5-8F, and C666-1 cells.
Cell viability was determined using the CCK-8 following the
manufacturer’s instructions.

To evaluate the antiproliferative effect of S3-Lip-DOX, NP69,
5-8F, and C666-1 cells were seeded into 96-well plates at a density
of 6 x 107 cells per well in 200 pL of complete medium and
incubated overnight at 37 °C in a humidified 5% CO, incubator.
The medium was then replaced with 200 pL of fresh medium
containing free DOX, Lip-DOX, or S3-Lip-DOX at equivalent
DOX concentrations. At 1-, 2-, 3-, 4-, and 5-days post-treatment,
the medium was removed and replaced with 100 pL of fresh
medium containing 10% CCK-8 reagent. After incubation for 2 h
at 37 °C in the dark, absorbance was measured at 450 nm using a
microplate reader (BioTek, Synergy H1, Winooski, VT, USA), and
cell growth curves were plotted accordingly.

To assess apoptosis induction, NP69, 5-8F, and C666-1 cells
were treated with free DOX, Lip-DOX, or S3-Lip-DOX for 48 h.
Cells were then harvested, washed with cold PBS, and stained
using the Annexin V-PE/7-AAD apoptosis detection kit according
to the manufacturer’s protocol. Apoptotic cells were quantified by
flow cytometry. To further explore the underlying mechanisms,
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apoptosis-related proteins were analyzed by Western blotting.
Total cellular proteins samples were denatured, separated by
SDS-polyacrylamide gel electrophoresis, and transferred to PVDF
membranes (Merck Millipore, IPVH00010, Burlington, MA,
USA). The membranes were incubated with primary antibodies at
4 °C overnight followed by HRP-conjugated secondary antibodies
for 1 h at room temperature. Protein bands were detected using
enhanced chemiluminescence (ECL) reagents and visualized
using a Tanon imaging system (Tanon, Shanghai, China).

2.7.  Biological distribution of S3-Lip-DOX in vivo

To evaluate the tumor-targeting ability of S3-Lip-DOX, BALB/c
nude mice were subcutaneously injected with 2 x 10° 5-8F cells
to establish a xenograft model. Two weeks after tumor formation,
DiR, Lip-DiR, and S3-Lip-DiR (0.5 mg/kg DiR) were adminis-
tered via tail vein injection. Fluorescence imaging was performed
at 2, 6, 12 and 24 h post-injection. At 24 h, mice were sacrificed,
and major organs (heart, lungs, liver, spleen, kidneys) and tumors
were collected for ex vivo imaging.

2.8.  Therapeutic effect of S3-Lip-DOX in vivo

To evaluate the antitumor efficacy of $3-Lip-DOX, 2 x 10° 5-8F
cells were subcutaneously inoculated into the right flank of each
BALB/c nude mouse. When tumors reached a volume of
approximately 50—100 mm?, mice were randomly divided into
four groups (n = 5) and treated via tail vein injection with PBS,
free DOX, Lip-DOX, or S3-Lip-DOX. A total of seven treatment
sessions were administered. Tumor volume and body weight were
monitored throughout the treatment period, with the tumor volume
calculated as shown in Eq. (3):

Volume = (Length x Width?)/2 3)

At the end of the treatment, mice were euthanized, and the
heart, lungs, liver, spleen, kidneys, and tumors were collected. The
tumor tissue was fixed, paraffin embedded and sectioned. Tumor
sections were stained with a rabbit polyclonal anti-Ki-67 antibody
to assess cell proliferation. TUNEL fluorescence labeling was
used to evaluate apoptosis in tumor tissues.

2.9.  Invivo safety evaluation of S3-Lip-DOX

To assess the systemic safety of the treatments, mouse body
weight was monitored throughout the treatment period. After the
final administration, mice were euthanized, and orbital blood was
collected for serum biochemical analysis, including liver function
(ALT, ALB), renal function (UREA, CREA), and cardiac injury
markers (CK, LDH). Major organs, including the heart, liver,
spleen, lungs, and kidneys, were harvested, fixed in 4% para-
formaldehyde, embedded in paraffin, sectioned at 4 pum, and
stained with hematoxylin and eosin (H&E) for histopathological
evaluation under an inverted microscope (Nikon).

2.10.  Preparation and characterization of S3-P-NK cells

NKO2 cells were incubated with 50 umol/L. Ac;ManNAz for 24 h,
followed by three washes with PBS. The cells were then incubated
with DBCO-modified FAM-labeled S3 and Cy3-labeled PD-L1
aptamers in fresh medium at 37 °C for 1 h. After incubation,

cells were collected by centrifugation and resuspended in PBS to
obtain S3-P-NK cells for immediate use in in vitro and in vivo
studies. To verify aptamer conjugation and evaluate stability, S3-
and PD-L1-modified NK cells were incubated at 37 °C for 0, 2, 4,
6, 8, 12, 24, and 48 h, and fluorescence intensity was analyzed
using inverted fluorescence microscopy.

For targeting evaluation, NP69 cells were used as negative
controls, while 5-8F and C666-1 cells served as positive targets.
S3-P-NK cells were co-cultured with target cells at an effector-to-
target (E/T) ratio of 10:1 for 2 h. After PBS washing to remove
unbound cells, adhesion of S3-P-NK cells to NP69, 5-8F, and
C666-1 cells was examined by inverted fluorescence microscopy.
To assess the effects of AcsManNAz treatment and aptamer
modification on NK cell viability, cells under different treatment
conditions were cultured for 24 and 48 h, followed by viability
assessment using the CCK-8 assay and flow cytometry.

2.11.  The targeted cytotoxic effect of S3-P-NK cells on NPC
cells

To evaluate the cytotoxicity of S3-P-NK cells toward NPC cells,
NP69, 5-8F and C666-1 cells were seeded into 6-well plates at a
density of 2 x 10° cells per well and incubated for 24 h under 5%
CO,. After washing with PBS, NK, S3-NK, P-NK, and S3-P-NK
cells were added at an effector-to-target (£:7) ratio of 10:1 and
co-cultured for 2 h. Unbound NK92 cells were then removed, and
target cells were further incubated for 24 h. Cell viability was
assessed by flow cytometry.

To determine cytokine secretion levels, NPC cells were seeded
in 96-well plates at 5000 cells per well and cultured for 24 h. NK,
S3-NK, P-NK, and S3-P-NK cells were co-incubated with NPC
cells for 2 h, followed by removal of unbound NK cells. After an
additional 24 h incubation, the culture medium was collected and
centrifuged to obtain the supernatant. Levels of IFN-v, granzyme
B (GZMB), and perforin in the supernatant were quantified using
enzyme-linked immunosorbent assay (ELISA) kits.

2.12.  Invivo targeting of NPC xenografts by S3-P-NK cells

To evaluate the tumor-targeting capability of aptamer-modified
NK cells in vivo, a subcutaneous xenograft model was established
by inoculating nude mice subcutaneously with 2 x 10° 5-8F cells.
After two weeks of tumor growth, mice were intravenously
injected with 5 x 10° DIR-labeled NK cells, including NK,S3-
NK, P-NK, or S3-P-NK cells per mouse. Whole-body fluores-
cence imaging was performed at 2, 6, 12 and 24 h post-injection
using an in vivo imaging system to monitor NK cell bio-
distribution. At 24 h post-injection, major organs (heart, liver,
spleen, lungs, kidneys) and tumors were harvested and photo-
graphed to assess ex vivo fluorescence accumulation.

2.13.  Invivo therapeutic efficacy of S3-P-NK cells

To evaluate the antitumor efficacy of S3-P-NK cells in vivo,
2 x 10° 5-8F cells were subcutaneously injected into the right
flank of each nude mouse. When tumors reached a volume of
approximately 50—100 mm?®, mice were randomly divided into
five groups (n = 5) and treated via tail vein injection with PBS,
NK, S3-NK, P-NK, or S3-P-NK cells (5 x 10° cells per mouse).
Each mouse also received 2000 units of IL-2 to promote NK cell
survival and proliferation. A total of four treatment sessions were
administered.
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At the end of the study, mice were euthanized and tumors were
excised, fixed in 4% paraformaldehyde, embedded in paraffin, and
sectioned at a thickness of 4 pm. Immunohistochemical staining
was performed using a Ki-67 primary antibody and a rabbit anti-
mouse IgG secondary antibody, with 3,3’-diaminobenzidine
(DAB; Sigma-Aldrich, 34002, St. Louis, MO, USA) as the
chromogenic substrate. Tumor cell apoptosis was assessed using
TUNEL fluorescence staining.

2.14.  Safety analysis of S3-P-NK cells

To assess the systemic safety of S3-P-NK cells therapy, mouse
body weight was monitored throughout the treatment period. After
the final administration, mice were euthanized, and orbital blood
was collected for serum biochemical analysis, including liver
function (ALT, ALB), renal function (UREA, CREA), and cardiac
injury markers (CK, LDH). Major organs, including the heart,
liver, spleen, lungs, and kidneys, were harvested, fixed in 4%
paraformaldehyde, embedded in paraffin, sectioned at 4 pum, and
stained with hematoxylin and eosin (H&E) for histopathological
evaluation under an inverted microscope (Nikon).

2.15. ADCC activity of S3-P-NK cells enhanced by PD-LI1
antibodies

To evaluate the ADCC eftfects of S3-P-NK cells in the presence of
PD-L1 antibodies, 5-8F cells were used as target cells. ADCC
activity was assessed using a LDH release assay and a CCK-8 cell
viability assay. Experimental groups included a control group, an
S3-P-NK-only group, and groups treated with S3-P-NK cells in
combination with various concentrations (10, 20, and 40 pg/mL)
of Atezolizumab, Atezolizumab/IgG1, or avelumab.

5-8F cells were seeded into 96-well plates at a density of
6000 cells per well and cultured for 24 h. Cells were then co-
incubated with S3-P-NK cells and PD-L1 antibodies at an
effector-to-target (E:7) ratio of 5:1. At 6, 12, and 24 h post-
incubation, the supernatant was collected and analyzed using an
LDH Cytotoxicity Assay Kit. Absorbance at 450 nm was
measured using a microplate reader. The relative LDH release was
calculated as shown in Eq. (4):

LDH release (%) = (LDHExperimemal LDHBackground) /
(LDHMaximum - LDHBaCkground) x 100 (4)

In parallel, cell viability was assessed using the CCK-8 assay
at the same time points. Cytotoxicity was quantified by calculating
the inhibition rate as shown in Eq. (5):

Inhibition rate (%) = (ODcontrot — ODsampie) / ODcontrol X 100 (5)

2.16.  Invitro evaluation of the combined effect of S3-Lip-DOX,
S$3-P-NK cells, and PD-LI antibody

To investigate the in vitro efficacy of S3-Lip-DOX and S3-P-NK
cells in combination with PD-L1 antibody, the experiment was
divided into six groups: (1) Control group, (2) S3-P-NK cells
group (E:T = 5:1), (3) Atezolizumab/IgG1 group (20 pg/mL), (4)
S3-Lip-DOX group [ICs5¢(5-8F) = 0.72 pmol/L], (5) S3-P-NK
cells combined with Atezolizumab/IgG1, and (6) S3-P-NK cells
combined with Atezolizumab/IgGl and S3-Lip-DOX. As

previously described, cytotoxicity and cell viability were assessed
using the LDH release assay and the CCK-8 assay, respectively.

2.17.  In vivo antitumor efficacy and immune microenvironment
analysis

2.17.1.  Animal model and treatment regimen

All animal procedures were approved by the Institutional Animal
Care and Use Committee of Central South University (approval
number: 2021 XMSB 0162). Male BALB/c nude mice, 5—6
weeks old were subcutaneously inoculated in the right flank with
5 x 10° 5-8F cells. When tumor volumes reached approximately
50—100 mm?, mice were randomized (n = 5 per group) into six
treatment groups:

G1. Control: PBS [intravenously (i.v.)]

G2. Atezolizumab/IgG1: [10 mg/kg intraperitoneally (i.p.)]

G3. S3-Lip-DOX: [2 mg/kg DOX equivalent (i.v.)]

G4. S3-P-NK cells: [5 X 10° cells/mouse (i.v.)]

G5. Combination: S3-P-NK cells + Atezolizumab/IgG1.

G6. Triple Combination: S3-P-NK cells + Atezolizumab/
IgG1 + S3-Lip-DOX.

The schedule was as follows: an initial dose of S3-Lip-DOX
was given alone to induce PD-L1 upregulation. This was followed
by three cycles of the triple combination, where S3-Lip-DOX was
administered 6 h prior to S3-P-NK and Atezolizumab/IgG1 in
each cycle. Tumor volumes were measured every 4 days and
calculated as shown in Eq. (6):

Volume = (Length x Widthz)/Z (6)

At the study endpoint, mice were euthanized, and tumors were
excised, weighed, photographed, and processed for further
analysis.

2.17.2.  Flow cytometry of tumor-infiltrating leukocytes

Tumors were minced and digested in RPMI 1640 medium con-
taining 1 mg/mL collagenase IV (Solarbio, C8160, Beijing,
China) for 1 h at 37 °C to generate single-cell suspensions. The
cell suspension was filtered through a 70 um cell strainer (Corn-
ing, 431751, Corning, NY, USA). After blocking Fc receptors with
anti-CD16/CD32 antibody (BD Pharmingen, 553141, San Diego,
CA, USA), cells were stained with a panel of fluorochrome-
conjugated antibodies: CD45-APC/Cy7 (BD, 561037, San Diego,
CA, USA); F4/80-PE (BD, 565410, San Diego, CA, USA);
CD11c-PE/Cy7 (BD, 561022, San Diego, CA, USA); MHC II-
BV510 (BD, 562366, San Diego, CA, USA); CD86-APC (BD,
561964, San Diego, CA, USA); CD11b-FITC (BD, 561688, San
Diego, CA, USA); Cell viability was assessed using 7-AAD (BD,
559925, San Diego, CA, USA). Data were acquired on a flow
cytometer (BD Biosciences, San Jose, CA, USA) and analyzed
using FlowJo v10 software (BD Biosciences, v10.8, New York,
NY, USA). Dendritic cells (DCs) were identified as
CD45"CD11c¢*MHCIITCD86™", and Ml-polarized macrophages
were identified as CD457CD11b"F4/807CD86™.

2.17.3.  Multiplex immunofluorescence (mlF) staining

Multiplex immunofluorescence staining was performed on 4-pm-
thick paraffin-embedded tumor sections using a tyramide signal
amplification (TSA) kit (Servicebio, G1236, Wuhan, China) ac-
cording to the manufacturer’s protocol. After standard deparaffi-
nization and rehydration, antigen retrieval was conducted in Tris-



1590

Chaoyan Yao et al.

EDTA buffer (pH 9.0) using heat-induced methods. Sections were
then subjected to sequential staining cycles for three distinct
antibody panels: (I) Ki67 and TUNEL; (II) F4/80, CD86, and
CD206; (IIl) MHC II, CD11c, and CDS6.

Each cycle involved incubation with a primary antibody, fol-
lowed by an HRP-conjugated secondary antibody and a corre-
sponding TSA fluorophore (488, 555, or 647). Between cycles,
bound antibodies were removed via microwave-assisted antibody
stripping. After the final cycle, nuclei were counterstained with
DAPI. Images were acquired using a Nikon fluorescence micro-
scope (Nikon, Tokyo, Japan), and the quantitative analysis of
positive areas was performed with ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

2.18.  Statistical analysis

All statistical analyses were performed using GraphPad Prism 10
(GraphPad Software, La Jolla, CA, USA). Data are expressed as
mean =+ standard deviation (SD). Differences between two groups
were evaluated using an unpaired two-tailed Student’s #-test. For
comparisons among multiple groups, one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test was
applied. For experiments involving two independent variables,
two-way ANOVA followed by Sidak’s post hoc test was used. A
P-value <0.05 was considered statistically significant.

3. Results
3.1.  Preparation and characterization of liposomes

To construct a targeted drug delivery system, S3 aptamer-
functionalized, doxorubicin-loaded liposomes (S3-Lip-DOX)
were prepared via the post-insertion of a DSPE-PEG-S3 conju-
gate into pre-formed liposomes (Fig. 1A). Successful conjuga-
tion of the S3 aptamer to the liposome surface was confirmed by
a gel retardation assay, where the high-molecular-weight S3-
Lip-DOX complex remained in the loading well, unlike the
free aptamers which migrated through the gel (Supporting In-
formation Fig. S1).

The resulting nanoparticles exhibited ideal physicochemical
properties. Transmission electron microscopy (TEM) images
revealed a uniform population of spherical nanoparticles with a
distinct unilamellar structure (Fig. 1B). Dynamic light scattering
(DLS) analysis showed a slight but significant increase in hy-
drodynamic size from 188.9 £ 30.76 nm for the untargeted Lip-
DOX to 208.7 &+ 26.07 nm for S3-Lip-DOX (Fig. 1B). This size
increase was accompanied by a shift in zeta potential from
—10.16 £ 0.77 mV to a more negative value of —11.6 = 0.71 mV,
providing further evidence for the successful incorporation of the
negatively charged S3 aptamer (Fig. 1C). The formulation ach-
ieved a high encapsulation efficiency (EE) of 88.8% =+ 1.9% and a
drug loading (DL) content of 5.92% + 0.1% (Fig. 1D).

Critically, S3-Lip-DOX demonstrated excellent stability, a pre-
requisite for in vivo applications. The formulation showed no sig-
nificant changes in particle size or polydispersity index (PDI) when
stored in PBS at 4 °C for 7 days, or when incubated in PBS con-
taining 10% fetal bovine serum (FBS) at 37 °C for 96 h, mimicking
physiological conditions (Fig. 1E and F). Furthermore, in vitro drug
release assays showed a sustained release profile, with only 35.63%
of DOX released over 72 h, in stark contrast to the rapid and
complete release from the free DOX solution (Fig. 1G).

Collectively, these data confirm the successful preparation of
S3-Lip-DOX as a stable, high-payload drug delivery system with
favorable physicochemical characteristics and sustained-release
behavior.

3.2.  Aptamer-mediated targeting achieves selective and
enhanced uptake in NPC cells

To validate the targeting capability of our design, we assessed
whether the S3 aptamer could selectively deliver its liposomal
cargo into NPC cells (5-8F, C666-1) while sparing normal naso-
pharyngeal epithelial cells (NP69).

First, qualitative analysis by fluorescence microscopy provided
a clear visual confirmation of targeting. As expected, free DOX
entered all cell lines indiscriminately, resulting in strong, non-
specific fluorescence. In sharp contrast, the liposomal formula-
tions demonstrated marked selectivity. Both untargeted Lip-DOX
and targeted S3-Lip-DOX showed minimal fluorescence in normal
NP69 cells, suggesting that liposomal encapsulation itself reduces
uptake in non-cancerous cells. The critical difference was
observed in the NPC cell lines: the intracellular fluorescence was
dramatically higher in cells treated with S3-Lip-DOX compared to
the untargeted Lip-DOX, indicating efficient, aptamer-driven
internalization (Fig. 1H).

These visual observations were then rigorously quantified by
flow cytometry. The data confirmed the targeting effect with high
statistical significance. The mean fluorescence intensity (MFI) in
both 5-8F and C666-1 cancer cells was markedly higher for the
S3-Lip-DOX group compared to the Lip-DOX group (P < 0.01).
Crucially, this enhancement was entirely absent in normal
NP69 cells, where no significant difference in MFI was observed
between the two liposomal formulations (Fig. 11).

Collectively, these results unequivocally demonstrate that the
S3 aptamer functions as a highly effective and specific targeting
ligand, mediating enhanced delivery of the liposomal payload
specifically into NPC cells.

3.3.  S3-Lip-DOX induces selective cytotoxicity, apoptosis, and
immunogenic cell death in NPC cells

The cytotoxic effects of S3-Lip-DOX were evaluated in NPC and
normal nasopharyngeal cells. Control experiments showed that
blank liposomes and free S3 aptamers had negligible effects on the
viability of any cell line tested (Supporting Information Fig. S2).
Dose—response analysis revealed the half-maximal inhibitory
concentration (ICsg) of free DOX in NP69, 5-8F, and C666-1 cell
lines (Supporting Information Fig. S3), which were subsequently
used to normalize drug concentrations in subsequent experiments.
In cytotoxicity assays, S3-Lip-DOX exhibited significantly
lower toxicity towards normal NP69 cells compared to free DOX.
However, in NPC cells (5-8F and C666-1), the cytotoxicity of S3-
Lip-DOX was comparable to that of free DOX (Fig. 2A). Similarly,
EdU incorporation assays revealed that S3-Lip-DOX treatment
resulted in marked inhibition of DNA synthesis in NPC cells, with
minimal effect on NP69 cells (Supporting Information Fig. S4).
To investigate the mechanism of cytotoxicity, apoptosis was
assessed. Flow cytometry analysis showed a significantly higher
percentage of apoptotic cells in 5-8F and C666-1 populations
treated with S3-Lip-DOX compared to those treated with Lip-
DOX. In contrast, low levels of apoptosis were observed in
NP69 cells across all treatment groups (Fig. 2B and C). Consistent
with these findings, the results of Western blot analysis of
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Figure 1  Preparation and characterization of S3-Lip-DOX. (A) Schematic of the S3-Lip-DOX preparation process. (B) Hydrodynamic size
distribution measured by DLS and representative transmission electron microscopy (TEM) images of blank liposomes, Lip-DOX, and S3-Lip-
DOX. Scale bar = 100 nm. (C) Zeta potentials of the indicated liposome formulations. (D) Encapsulation efficiency (EE) and drug loading (DL)
of Lip-DOX and S3-Lip-DOX. (E) Size stability, measured by hydrodynamic size and polydispersity index (PDI), of S3-Lip-DOX stored in PBS
(pH 7.4) at 4 °C over 7 days. (F) Colloidal stability (size and PDI) of S3-Lip-DOX incubated in PBS containing 10% FBS at 37 °C over 96 h. (G)
In vitro DOX release profiles from free DOX, Lip-DOX, and S3-Lip-DOX in PBS (pH 7.4). (H) Representative fluorescence microscopy images
showing cellular uptake of free DOX, Lip-DOX, or S3-Lip-DOX in various cell lines after 6 h of incubation. Scale bar = 100 pum. (I) Quan-
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apoptosis-related proteins demonstrated that S3-Lip-DOX treat- apoptotic executioner protein cleaved caspase-3, while concur-
ment specifically modulated the expression of key apoptotic reg- rently downregulating the expression of the anti-apoptotic protein
ulatory factors in NPC cells. Specifically, it significantly Bcl-2. Notably, none of these effects were observed in NP69 cells
upregulated the levels of the pro-apoptotic protein Bax and the (Fig. 2D and E). Beyond inducing apoptosis, markers of
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Figure 2 S3-Lip-DOX demonstrates potent anticancer efficacy and induces immunogenic cell death in NPC cells. (A) Viability of normal
nasopharyngeal cells line (NP69) and NPC cell lines (5-8F, C666-1) treated with free DOX, Lip-DOX, or S3-Lip-DOX, as measured by CCK-8
assay. (B) Representative flow cytometry plots of apoptosis in NPC cells after a 48 h treatment. (C) Quantification of apoptotic (early + late) cell
populations from the analysis in (B). (D) Western blot analysis of apoptosis-related proteins (Bcl-2, Bax, Cleaved caspase-3) in NPC cells
following a 48 h treatment. (-Actin was used as a loading control. (E) Densitometric quantification of the protein bands shown in (D). (F)
Extracellular ATP levels measured in the supernatant of 5-8F cells after a 48 h treatment. (G) Representative immunofluorescence images showing
calreticulin (CRT) exposure on the surface of 5-8F cells after a 24 h treatment. Staining: CRT (green), nuclei (DAPI, blue). Scale bar = 100 um.
Data in (A, C, E, F) are presented as mean + SD (n = 3; n = 5 for F). Statistical significance was determined by one-way ANOVA (C, E, F) or
two-way ANOVA (A). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant.
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Figure3  S3-Lip-DOX demonstrates enhanced tumor accumulation, potent in vivo efficacy, and a favorable safety profile. (A) Schematic of the
experimental design for the in vivo tumor targeting and biodistribution study. (B) Representative whole-body fluorescence imaging of 5-8F tumor-
bearing mice at indicated time points after intravenous injection of free DiR, Lip-DiR, or S3-Lip-DiR. (C) Ex vivo fluorescence images of major
organs and tumors harvested 24 h post-injection. The tumor is positioned in the center of the organ array. (D) Quantification of the ex vivo
fluorescence intensity in major organs and tumors from (C). (E) Schematic of the treatment schedule for the in vivo antitumor efficacy study. (F)
Representative images of tumors excised from each treatment group on Day 22. (G) Tumor growth curves (left) and final tumor weights (right) of
5-8F xenograft-bearing mice after treatment. (H) Representative images of Ki67 (proliferation) and TUNEL (apoptosis) staining in tumor sections
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from each group. Scale bar = 100 um. (I) Serum biochemical analysis for markers of liver function (ALT, ALB), kidney function (UREA,
CREA), and cardiac injury (CK, LDH) from treated mice at the end of the study. Data in (D, G, 1) are presented as mean + SD (n = 5 for D and
G; n = 3 for I). Statistical significance was determined by one-way ANOVA. ***P < (0.001, ****P < (0.0001; ns, not significant.
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Aptamer-engineered NK cells exhibit enhanced targeted cytotoxicity and effector functions against NPC cells. (A) Cytotoxicity of
NK, S3-NK, P-NK, and S3-P-NK cells against 5-8F target cells, measured by LDH release assay across a range of effector-to-target (E:T) ratios
after a 2 h co-culture. (B) Flow cytometry images demonstrated that NP69, 5-8F, and C666-1 cells were co-cultured with NK cells at a 10:1 E:T
ratio for 2 h, washed with PBS, and co-incubated for 24 h, leading to apoptosis and necrosis. (C) Quantification of total apoptotic (early + late)
and necrotic cell populations from the analysis shown in (B). (D) Schematic of the proposed mechanism for S3-P-NK cell-mediated antitumor
immunity, involving targeted recognition followed by the release of cytotoxic granules (perforin, granzyme B) and immunostimulatory cytokines
(IFN-v). (E—G) ELISA quantification of effector molecules released into the supernatant after co-culture of NK cells with 5-8F or C666-1 target
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immunogenic cell death (ICD) were also measured. Treatment of
5-8F cells with S3-Lip-DOX led to increased extracellular ATP
release and surface exposure of calreticulin (CRT). The levels of
these ICD markers were comparable to those induced by free
DOX and significantly greater than those observed with non-
targeted Lip-DOX (Fig. 2F and G).

Collectively, these results demonstrate that S3-Lip-DOX
selectively induces apoptosis and ICD in NPC cells while sparing
normal epithelial cells, highlighting its dual advantages of tumor-
specific cytotoxicity and immunogenic potential.

3.4.  S3-Lip-DOX shows enhanced tumor accumulation,
antitumor efficacy, and favorable safety profile in vivo

The in vivo biodistribution of DiR-labeled liposomes was moni-
tored in NPC tumor-bearing mice. Following intravenous admin-
istration, mice treated with S3-Lip-DiR exhibited stronger
fluorescence signals at the tumor site compared to those treated
with non-targeted Lip-DiR or free DiR (Fig. 3A and B). Ex vivo
imaging of harvested organs and tumors at 24 h post-injection
confirmed higher fluorescence accumulation in tumors from the
S3-Lip-DiR group (Fig. 3C and D).

The antitumor efficacy of S3-Lip-DOX was evaluated in a
subcutaneous 5-8F xenograft model. Following the treatment
schedule outlined in Fig. 3E, mice treated with S3-Lip-DOX
showed significantly suppressed tumor growth compared to the
PBS, free DOX, and Lip-DOX groups. The final tumor weights in
the S3-Lip-DOX group were significantly lowest in all the groups
(Fig. 3F and G). Immunohistochemical analysis of tumor sections
from the S3-Lip-DOX group revealed a decrease in Ki-67 positive
cells and an increase in TUNEL-positive cells compared to the
control groups (Fig. 3H).

Systemic toxicity was evaluated throughout the study. Mice
treated with S3-Lip-DOX maintained stable body weight, in
contrast to the weight loss observed in the free DOX group
(Supporting Information Fig. S5A). Histological analysis of major
organs showed no apparent abnormalities in the S3-Lip-DOX
group, whereas signs of cardiotoxicity were observed in the heart
tissue of mice treated with free DOX (Fig. S5B). Serum
biochemical analysis showed that markers for liver, kidney, and
cardiac function remained within normal ranges for all treatment
groups (Fig. 3I). Taken together, these results demonstrate that S3-
Lip-DOX exhibits precise tumor targeting, potent antitumor ac-
tivity, and low systemic toxicity in vivo, underscoring its trans-
lational potential for the targeted treatment of NPC.

3.5.  Preparation and characterization of dual-aptamer
engineered NK cells (S3-P-NK)

To construct a dual-targeting cellular therapeutic, we employed a
two-step bio-orthogonal chemistry approach to conjugate both S3
and PD-L1 aptamers onto the NK-92 cell surface, generating S3-
P-NK cells (Fig. 4A). Fluorescence microscopy confirmed the
successful and stable co-localization of both FAM-S3 (green) and
Cy5-PD-L1 (red) aptamers on the cell membrane for at least 48 h
(Fig. 4B).

We next assessed the functional consequences of this engi-
neering. Co-culture binding assays revealed that S3-P-NK cells
efficiently and specifically bound to NPC cell lines (5-8F and
C666-1), whereas minimal adhesion was observed with normal
nasopharyngeal NP69 cells, confirming the high specificity of the
targeting strategy (Fig. 4C). To unequivocally demonstrate the
advantage of the dual-aptamer design, we compared the binding
efficacy of S3-P-NK cells against that of single-aptamer engi-
neered cells (S3-NK and P-NK). Crucially, S3-P-NK cells
exhibited significantly enhanced binding to 5-8F NPC cells
compared to both single-targeted controls, highlighting a syner-
gistic effect of dual engagement (Supporting Information Fig. S6).
Furthermore, the entire engineering process proved to be highly
biocompatible, as the viability of S3-P-NK cells remained com-
parable to that of unmodified NK-92 cells (Fig. 4D, Supporting
Information Fig. S7A and S7B).

Collectively, these results demonstrate that our dual-aptamer
engineering strategy successfully endows NK cells with potent
and specific NPC-targeting capabilities, which are demonstrably
superior to single-targeting approaches, all while maintaining
excellent biocompatibility.

3.6.  Dual-aptamer engineering potentiates specific cytotoxicity
by enhancing NK cell effector functions

To determine if this enhanced targeting translated into superior
function, we first assessed the cytotoxic potential of our engi-
neered cells. An LDH release assay revealed that S3-P-NK cells
induced markedly superior lysis of 5-8F target cells, significantly
outperforming parental NK-92 cells and both single-aptamer
controls (S3-NK and P-NK) at key E:T ratios of 5:1 and 10:1
(Fig. 5A). This result provides the first functional evidence of a
synergistic anti-tumor effect.

Flow cytometry analysis confirmed that this superior cytotox-
icity was driven by the induction of apoptosis. In both 5-8F and
C666-1 cancer cell lines, S3-P-NK cells induced a percentage of
apoptotic and necrotic cells that was significantly higher than all
control groups: parental NK, S3-NK, and P-NK. Underscoring the
therapy’s precision, this potent effect was highly specific to cancer
cells, as viability in normal NP69 cells remained unaffected,
confirming a favorable safety profile (Fig. 5B and C).

To elucidate the molecular mechanism driving this functional
superiority, we investigated the activation of the NK cell effector
pathway, as illustrated in Fig. 5D. Indeed, upon co-incubation with
NPC cells, S3-P-NK cells unleashed a significantly more potent
effector response, secreting levels of the immunostimulatory
cytokine IFN-vy and the cytotoxic proteins granzyme B (GZMB)
and perforin that were substantially higher than those released by
parental NK cells or either single-aptamer control (Fig. SE-G).
This finding directly links the dual-aptamer design to enhanced
cellular activation.

Taken together, these data paint a clear and consistent picture:
the dual-aptamer strategy creates a powerful synergistic effect by
translating superior target recognition into a more robust activa-
tion of the NK cell’s intrinsic cytotoxic machinery. This culmi-
nates in a potent, specific, and enhanced anti-tumor response that

cells (E:T = 10:1) for 2 h, PBS washing, and co-incubation for 24 h: (E) IFN-v, (F) Granzyme B, (G) Perforin. Data in (A, C, E, F, G) are
presented as mean = SD (n = 3). Statistical significance was determined by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001,

kP < 0.0001; ns, not significant.
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is demonstrably superior to that achieved by single-aptamer
modifications alone.

3.7.  83-P-NK cells exhibit enhanced tumor homing and
antitumor efficacy in vivo

To translate our promising in vitro findings into a therapeutically
relevant context, we first assessed whether dual-aptamer engi-
neering could improve the tumor-homing capacity of NK cells
in vivo. Using a near-infrared fluorescence imaging system in
NPC-bearing mice, we observed that S3-P-NK cells demonstrated
vastly superior localization to the tumor site 24 h post-injection,
significantly outperforming the parental NK and single-aptamer
control groups (Fig. 6A and B). This superior targeting was
quantitatively confirmed by ex vivo analysis of harvested organs,
which showed the highest fluorescence intensity concentrated
within the tumor tissues of the S3-P-NK group (Fig. 6C and D).
While some signal was expectedly observed in the liver and
spleen, the data clearly indicate that the dual-aptamer design
effectively enhances the specific accumulation of NK cells at the
tumor.

Having confirmed superior tumor homing, we next investigated
whether this translated to enhanced therapeutic efficacy. In a 22-
day study, mice treated with S3-P-NK cells exhibited the most
profound tumor growth inhibition, resulting in significantly
smaller tumor volumes and lower final tumor weights compared to
the PBS control and all other NK cell treatment groups (Fig. 6E—
G). This macroscopic tumor control was underpinned by changes
at the cellular level; histological analysis revealed that tumors
from the S3-P-NK group had a marked decrease in the prolifer-
ation marker Ki-67 and a significant increase in apoptotic
TUNEL-positive cells, confirming a powerful localized anti-tumor
effect (Fig. 6H).

Crucially, this potent antitumor efficacy was achieved without
inducing systemic toxicity. Throughout the treatment regimen, we
rigorously monitored for adverse effects. Comprehensive blood
biochemical analyses confirmed that markers for liver, kidney, and
cardiac function remained within normal physiological ranges
across all groups (Fig. 61). Furthermore, no significant changes in
body weight or evidence of histopathological damage to major
organs were observed (Fig. S7A and 7B). Together, these in vivo
results demonstrate that S3-P-NK cells are a potent and safe
therapeutic agent, capable of superior tumor homing that trans-
lates directly into robust and specific tumor eradication.

3.8. A synergistic triple-combination therapy maximizes in vitro
cytotoxicity

To construct the most potent therapeutic regimen, we first aimed
to identify the optimal antibody partner for our S3-P-NK cells,
focusing on leveraging Antibody-Dependent Cell-Mediated
Cytotoxicity (ADCC). We compared three anti-PD-L1 anti-
bodies with varying ADCC capabilities: Atezolizumab (ADCC-
null), Avelumab (wild-type ADCC), and an engineered
Atezolizumab/IgG1 (ADCC-enhanced). When combined with S3-
P-NK  cells, the ADCC-enhanced Atezolizumab/IgG1

dramatically outperformed the other antibodies, yielding signifi-
cantly greater tumor cell lysis and growth inhibition (Fig. 7A and
B). Heat map and live cell imaging analyses clearly demonstrated
that the synergistic effect was dependent on both dose and time,
with the optimal cytotoxic effect observed at an effector-to-target
ratio of 5:1 and a concentration of 20 pg/mL of Atezolizumab
(IgG1 type) (Fig. 7C—E). These findings indicate that Atezoli-
zumab is a suitable antibody for the current combination strategy.

Next, we hypothesized that our targeted chemotherapy, S3-
Lip-DOX, could further enhance this efficacy by sensitizing tumor
cells to the antibody-NK cell attack. We investigated how S3-Lip-
DOX treatment affected the expression of PD-L1, the target of
Atezolizumab/IgGl. As confirmed by flow cytometry, S3-Lip-
DOX treatment resulted in a significant upregulation of PD-L1
expression on the surface of NPC cells, reaching approximately 4-
fold higher than the control group (Fig. 7F). This crucial finding
suggests a dual benefit of the chemotherapy: not only does it exert
direct cytotoxicity, but it also renders surviving cancer cells more
susceptible to ADCC by increasing the density of the target
antigen.

Based on these synergistic findings, we tested the ultimate
triple-combination therapy: S3-Lip-DOX, Atezolizumab/IgGl,
and S3-P-NK cells. This three-pronged attack resulted in a near-
complete eradication of cancer cells, reducing viability to just
10.58 £ 1.43% and driving LDH release to 66.07 £+ 5.74% after
48 h. As hypothesized, this outcome was profoundly more effec-
tive than any monotherapy or dual-combination therapy tested,
demonstrating a powerful and multi-faceted synergistic effect
(Fig. 7G).

3.9.  Triple-combination therapy suppresses tumor growth and
remodels the innate immune microenvironment in vivo

To validate the synergistic potential of our triple-combination
strategy in vivo, we utilized an NPC xenograft model. Following
the treatment schedule detailed in Fig. 8A, we observed that the
triple-combination regimen (G6) produced profound antitumor
efficacy. This group exhibited the greatest inhibition of tumor
growth, with final tumor weights being significantly lower than
those in the PBS control group (G1, P < 0.0001) and all other
monotherapy or dual-therapy arms (G2-G5) (Fig. 8B-D). This
result provides definitive in vivo evidence for the powerful synergy
between the targeted chemotherapy, ADCC-enhanced antibody,
and dual-aptamer engineered NK cells.

To elucidate the cellular mechanisms driving this superior ef-
ficacy, we analyzed the tumor immune microenvironment. Flow
cytometry revealed a dramatic remodeling of innate immune
populations (Fig. 8E, Supporting Information Fig. S9A and S9B).
The proportion of pro-inflammatory CD86% macrophages in the
triple-therapy group (G6) surged to 30.9%, a stark and statistically
significant increase compared to the 21.2% in the PBS control
group (G1) (P < 0.0001) and all other treatment arms. Similarly,
mature dendritic cells (CD11¢"MHCIICD86™") reached 28.5% in
the G6 group, a significant leap from 14.8% in the control
(P < 0.0001) and substantially higher than all other cohorts
(Fig. 8F).

(ALT, ALB), kidney function (UREA, CREA), and cardiac injury (CK, LDH) from treated mice at the end of the study. Data in (D, G, I) are
presented as mean + SD (n = 5 for D, G; n = 3 for I). Statistical significance was determined by one-way ANOVA. *P < 0.05, **P < 0.01,

kP < 0.0001; ns, not significant.
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Multiplex immunofluorescence (mlF) staining not only vali-
dated these findings but also provided crucial spatial context
within the tumor architecture (Fig. 8G and Supporting Information
Fig. S10): 1. Tumor cell state: Consistent with the tumor growth
data, the G6 group showed a decisive shift toward cell death,
evidenced by a dramatic decrease in the proliferative Ki67" area
and a significant increase in the apoptotic TUNEL" area
compared to all other groups (P < 0.001 or P < 0.0001) (Fig. 8H).
2. Macrophage polarization: The therapy effectively reprog-
rammed the macrophage landscape. The area of pro-inflammatory
M1-like (CD86") macrophages expanded to approximately 10%
in the G6 group, significantly greater than all other groups
(P < 0.01 or P < 0.0001). Concurrently, the area of immuno-
suppressive M2-like (CD206") macrophages was significantly
reduced in all active treatment groups (G3—G6) compared to the
PBS control (P < 0.001) (Fig. 8I). 3. Dendritic cell maturation:
Corroborating the flow cytometry data, the G6 cohort displayed
the largest area of mature, CD86-expressing dendritic cells,
reaching approximately 9%. This represented a significant in-
crease over all other treatment groups (P < 0.05, P < 0.01, or
P < 0.001) (Fig. 8J).

In summary, our in vivo data demonstrate that the triple-
combination therapy achieves superior tumor suppression by
mechanistically linking direct cytotoxicity with a comprehensive
and favorable remodeling of the tumor microenvironment. This is
characterized by enhanced apoptosis, a robust polarization of
macrophages towards a pro-inflammatory M1 phenotype, and a
significant increase in the maturation of antigen-presenting den-
dritic cells.

4. Discussion

Nasopharyngeal carcinoma (NPC) presents a formidable thera-
peutic challenge, particularly in its recurrent or metastatic forms,
where conventional treatments often fail. The intricate and often
immunosuppressive tumor microenvironment (TME) of NPC ne-
cessitates innovative strategies that can overcome tumor resistance
and effectively engage the immune system>*3°. Notably, multi-
component strategies that synergistically target distinct biolog-
ical pathways are emerging as a powerful paradigm for over-
coming the complexity and adaptability of diseases like cancer
and viral infections®” . In this study, we designed and validated a
multi-component, synergistic therapeutic strategy that combines
targeted chemotherapy, dual-aptamer-engineered NK cells, and an
ADCC-enhanced anti-PD-L1 antibody. Our collective findings
demonstrate that this triple-combination therapy not only potently
suppresses tumor growth but does so by fundamentally reprog-
ramming the innate immune landscape, transforming it from a
suppressive to a pro-inflammatory state.

Our strategy was built upon a rational, stepwise design, with
each component addressing a specific barrier to effective therapy.
The first element, S3-Lip-DOX, was engineered to solve the
problem of the off-target toxicity. By leveraging the S3 aptamer to
target CD109, which our data had previously confirmed is highly
expressed on NPC cells'®, we achieved precise drug delivery and
enhanced tumor cell killing in vivo, with a favorable safety profile.
Critically, we discovered that this targeted chemotherapy induced

a significant upregulation of PD-L1 on tumor cells. This finding is
a cornerstone of our synergistic model; the chemotherapy does not
merely kill tumor cells but actively "paints a target" on the sur-
vivors. In essence, by inducing immunogenic cell death (ICD) and
releasing a host of tumor antigens, S3-Lip-DOX effectively
transforms the tumor into an in situ vaccine, providing the anti-
genic fuel for a subsequent, broader immune attack*®*?.

The second pillar of our approach was the development of S3-
P-NK cells, designed to overcome the notorious challenge of poor
tumor homing that has limited the efficacy of adoptive NK cell
therapies'®*** By equipping NK cells with two distinct
aptamers—S3 for CD109 and P for PD-L1—we created a "dual-
guidance" system. Our in vivo biodistribution studies unequivo-
cally demonstrated that these S3-P-NK cells exhibited vastly su-
perior tumor accumulation compared to unmodified or single-
aptamer-modified cells. This enhanced targeting translated
directly into superior tumor suppression. Moreover, our choice of
the NK-92 cell line as the engineering chassis represents a scal-
able, "off-the-shelf" therapeutic strategy. This stands in stark
contrast to autologous cell therapies like CAR-T, which are
patient-specific, costly, and time-consuming to manufacture,
thereby offering a pathway to a more accessible and economically
viable cell-based medicine*6*.

Perhaps the most critical insight from this study is the redefi-
nition of the anti-PD-L1 antibody’s role in the initial phase of
immunotherapy. Conventionally viewed as a "T-cell guardian" that
functions late in the immune cycle to prevent T-cell exhaustion,
our work reveals its potent, immediate function as an "innate
immune potentiator." In our T-cell-deficient model, the
Atezolizumab/IgG1, engineered to restore ADCC, acted as a mo-
lecular bridge, converting the immunosuppressive PD-L1 signal
into a "death tag" for potent destruction by our NK cells 27-7%-2,
This was directly validated by our in vivo data, where the com-
bination of S3-P-NK cells and the ADCC-enhanced antibody was
significantly more effective than NK cells alone. This highlights
that such antibodies can play a vital role on the "first line" of
immune defense, not just the last.

The true power of this strategy was revealed when all three
components were combined in vivo. The profound tumor sup-
pression observed was not merely additive but was driven by a
synergistic reprogramming of the innate immune TME. The initial
dual assault from the S3-Lip-DOX-driven in situ vaccination and
S3-P-NK cell killing created a powerful stimulus of extensive
tumor cell apoptosis, as evidenced by the surge in TUNEL™ cells.
This wave of cell death releases a cascade of tumor antigens and
danger-associated molecular patterns (DAMPs)*>>* Our multiplex
immunofluorescence data vividly illustrated the consequences: a
functional switch of macrophages from an immunosuppressive
M2 phenotype to a pro-inflammatory, phagocytic M1 state, and
the maturation of dendritic cells into professional antigen-
presenting cells (APCs). This inversion of the M1/M2 ratio and
the activation of DCs are the hallmarks of an inflamed TME,
transforming it from "cold" to "hot" and ready to orchestrate a
broader anti-tumor response™ 5.

We must objectively acknowledge the primary limitation of this
study—the use of an immunodeficient mouse model. This approach
was necessitated by the lack of murine NPC cell lines, which makes

(G) Efficacy of the triple-combination therapy (S3-P-NK + Atezolizumab/IgG1 + S3-Lip-DOX) against 5-8F cells, assessed by CCK-8 viability
(left) and LDH cytotoxicity (right) assays. Data are presented as mean + SD (n = 3 for A, B, G; n = 4 for E, F). Statistical significance was
determined by two-way ANOVA (A, B, G) or one-way ANOVA (E, F). *P < 0.05, **P < 0.01, ****P < 0.0001.
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human tumor xenografts the established standard for in vivo
evaluation®®'. However, this immunodeficient setting was also a
strategic choice, providing an unambiguous platform to dissect the
synergy of our tripartite strategy and correctly interpret the resulting
in vivo efficacy. Specifically, it allowed us to demonstrate a clear
"Pretreatment-Attack-Amplify" cascade: chemotherapy first upre-
gulates PD-L1 on tumor cells, which then serves as a fresh target
for the dual-targeted NK cells, and this entire process is massively
amplified by the targeted Atezolizumab/IgG1 antibody through
potent ADCC activity. The T-cell-free environment was essential to
unequivocally prove that this powerful synergy is rooted in innate
immunity. Having established this potent, T-cell-independent
killing paradigm, it is reasonable to propose that in an immuno-
competent host, it would serve as the initial spark for a much
broader anti-tumor response. The initial innate immune activation
and antigen release would lead to APC maturation and migration,
priming a powerful, tumor-specific T-cell response. In such a sce-
nario, the Atezolizumab/IgG1 antibody would unleash a dual-
pronged attack: it would not only continue to drive the initial
innate immune killing via ADCC, but would also perform its ca-
nonical checkpoint blockade function, sustaining the newly gener-
ated T-cell response by blocking the PD-1/PD-L1 axis®*®*. This
creates a self-amplifying feedback loop, yet validating this
compelling hypothesis is challenging. The limitations of current
humanized mouse models in recapitulating the EBV-driven NPC
microenvironment underscore a critical predicament for the field.
Therefore, our work not only validates a highly effective synergistic
therapeutic strategy but also highlights the urgent need for more
sophisticated models to fully harness and translate such complex,
multi-stage immunotherapies.

5. Conclusions

Overall, this study presents a rationally designed, triple-
combination therapeutic strategy that effectively overcomes key
barriers in NPC treatment. We have demonstrated that combining
targeted chemotherapy, dual-aptamer-guided "off-the-shelf" NK
cells, and an ADCC-enhanced antibody creates a powerful syn-
ergy that not only eradicates established tumors but also funda-
mentally remodels the tumor microenvironment. By redefining the
immediate role of a PD-L1 antibody to potentiate innate killing,
our work provides a compelling blueprint for creating a robust,
closed-loop anti-tumor immune response, offering significant
translational potential for NPC and other immunologically chal-
lenging solid tumors.
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