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Abstract

ErbB3 is markedly overexpressed in breast cancer cells and is associated with resistance and metastasis. Additionally, ErbB3
expression levels are positively correlated with low densities of tumor-infiltrating lymphocytes, a marker of poor prognosis.
Consequently, ErbB3 is a promising therapeutic target for cancer immunotherapy. Here, we report the generation of ErbB3-
targeted chimeric antigen receptor (CAR)-modified natural killer (NK) cells by transducing cord blood-derived primary NK
cells using vsv-g envelope-pseudotyped lentiviral vectors. Transduced cells displayed stable CAR-expressing activity and
increased cytotoxicity against ErbB3-positive breast cancer cell lines. Furthermore, anti-ErbB3 (aErbB3) CAR-NK cells
strongly reduced the tumor burden in the SK-BR-3 xenograft mouse model without observable side effects. These findings
underscore the potential of aErbB3 CAR-NK cells as targeted immunotherapy for ErbB3-positive breast cancer, suggesting

a promising alternative to conventional treatments.
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Introduction

Chimeric antigen receptor (CAR)-T cell therapy has
achieved remarkable success against relapsed or refractory
hematologic malignancies, ultimately leading to the approval
of six CAR-T products by the United States Food and Drug
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Administration [1-3]. Despite these advancements, CAR-T
cell therapies encounter significant limitations in clinical
settings, including immunotoxicity issues such as cytokine
release syndrome, immune effector cell-associated neuro-
toxicity syndrome, and hemophagocytic lymphohistiocyto-
sis-like toxicity [4—6]. Additionally, the complex and time-
consuming manufacturing process further complicates their
application [7].
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CAR natural killer (NK) cell therapy offers a promis-
ing alternative to CAR T cell therapy by addressing several
limitations while potentially providing additional benefits
[8]. CAR-NK cells exploit the distinct characteristics of NK
cells and enable them to target various stress-related fac-
tors while minimizing the risk of immunotoxicity [9-11].
Unlike T cells that secrete interleukin (IL)-2 upon activa-
tion, NK cells secrete interferon (IFN)-y, thus making it a
relatively low-toxicity therapeutic option [12]. Furthermore,
CAR-NK cells can be derived from both autologous and
allogeneic sources, thereby addressing the manufacturing
challenges associated with CAR-T therapies and facilitating
patient-specific treatments and “off-the-shelf” solutions [13,
14]. Therefore, we aimed to develop CAR-NK cells capa-
ble of targeting tumor-associated antigens in solid cancers
by focusing on NK cells, as this approach could adequately
compensate for the limitations of T cells.

The ErbB family of receptors, including epidermal
growth factor receptor (EGFR), ErbB2, ErbB3, and ErbB4,
play a crucial role in the development and progression of
various cancers [15, 16]. These plasma membrane-embed-
ded receptors form active homo- and/or heterodimers upon
ligand binding that then initiate MEK/MAPK and phos-
phatidylinositol 3-kinase (PI3K)/AKT signaling through
tyrosine kinase activities [17]. Despite the remarkable clini-
cal efficacy of antibody therapies such as ERBITUX and
HERCEPTIN targeting EGFR and ErbB2, many patients
do not respond to these treatments and eventually develop
resistance [18-21]. To address these limitations, combina-
tion therapies targeting multiple ErbBs have been explored.
However, continuous exposure to EGFR- or ErbB2-targeted
treatments or to chemotherapeutics such as paclitaxel and
tamoxifen often leads to the activation of ErbB3/PI3K/Akt
bypass signaling through increased NRG1 expression, thus
inducing resistance to these therapies [22-24]. Additionally,
ErbB3 overexpression in various cancers, including head
and neck small cell, breast, lung, gastric, ovarian, colon,
prostate, and bladder cancers, is associated with poor sur-
vival rates and cancer recurrence [24, 25]. Thus, targeting
ErbB3 is a promising therapeutic approach to overcome
resistance mechanisms, particularly in combination with
existing treatments.

In this study, we developed IL-15-secreting anti-ErbB3
(aErbB3) CAR-NK cells from umbilical cord blood mon-
onuclear cells. The use of cytokine-releasing CAR con-
structs is a well-established method known to improve the
persistence and functional activity of CAR immunotherapy
[26, 27]. The developed aErbB3 CAR-NK cells exhibited
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robust, target-dependent cytotoxicity against ErbB3-express-
ing breast cancer cells both in vitro and in vivo. Notably,
a single administration of aErbB3 CAR-NK cells resulted
in sustained inhibition of tumor growth in animal models.
Our findings showed the exceptional antitumor efficacy of
ErbB3-targeted CAR-NK cells and suggest their potential
for clinical immunotherapy in patients with ErbB3-positive
breast cancer with limited treatment options.

Materials and methods

Production of CAR-NK cells using cord blood
mononuclear cells

This study was approved by the Dong-A Institutional
Review Board (approval number: 2-1,040,709AB-N-
01-202302-BR-001-02), and all participants were provided
written informed consent. Cord blood was centrifuged to
obtain mononuclear cells using Lymphoprep™ (STEM-
CELL Technologies, British Columbia, Canada) and then
cryopreserved according to the manufacturer’s instructions.
NK cells were cultured in CTS™ AIM V™ SFM medium
(Gibco, Billings, MT, USA) supplemented with 5% human
platelet lysate (Helios, Sarasota, FL, USA) and 1X Antibi-
otic—Antimycotic (Gibco). NK cells were cultured with IL-2
(PeproTech, Cranbury, NJ, USA), IL-18 (PeproTech), and
IL-21 (PeproTech) for 7 days and seeded at 1 x 10° cells/well
into 24-well plates. The next day, the cells were pre-treated
with 8 uM BX795 (MedChemExpress, Monmouth Junc-
tion, NJ, USA) for 30 min in a CO, incubator. The lentivirus
encoding CAR was then mixed with 8 ug/mL of polybrene
(Santa Cruz Biotechnology, Dallas, TX, USA) and added
to the cells at a multiplicity of infection of 10. Plates were
centrifuged at 32 °C and 1000xg for 1 h to enhance viral
integration.

Lentiviral vector construction and lentivirus
production

We modified the pPCDH-MSCV-MCS-EF1-copGFP lentivi-
ral vector backbone (System Biosciences, Palo Alto, CA,
USA) by removing the EF1 a promoter and GFP. Subse-
quently, anti-CD19 (aCD19) and aErbB3 CAR constructs
were cloned into multiple cloning-site regions. For the co-
expression of IL-15 with CAR, the IL-15 sequence was
linked to the aCD19 CAR and aErbB3 CAR constructs using
a P2A sequence. The aErbB3 single-chain variable fragment
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(scFv) sequence was provided by ISU Abxis [28] (Seong-
nam, Republic of Korea). Lentiviral vectors were transfected
into Lenti-X™ 293 T cells along with the helper plasmids
PRRE (Addgene, Watertown, MA, USA), pRev (Addgene),
and pMD2.G (Addgene) using D-fection reagent (Lugen Sci,
Bucheon, Republic of Korea). Supernatants were collected
48 h after infection, filtered using a Minisart syringe filter
(0.45 um) (Sartorius, Gottingen, Germany), and concen-
trated using a Lenti-X™ concentrator (Takara Bio, Shiga,
Japan) following the manufacturer’s protocol. The titers of
the lentiviral particles were measured using a qPCR Lenti-
virus Titer Kit (Abcam, Cambridge, UK).

Cell lines

BT-474, MDA-MB-231, MDA-MB-453, OVCAR-3, Panc-
1, and SK-BR-3 cells were purchased from the Korean Cell
Line Bank (Seoul, Republic of Korea). Lenti-X™ 293 T
cells were purchased from Takara Bio. All cell lines, except
for Lenti-X™ 293 T and Panc-1, were cultured in RPMI-
1640 medium (Welgene, Korea) supplemented with 10%
fetal bovine serum (Gibco) and 1X antibiotic—antimycotic
(Gibco). Lenti-X™ 293 T and Panc-1 cells were cultured
in Dulbecco’s modified Eagle’s medium (Welgene) sup-
plemented with 10% fetal bovine serum (Gibco) and 1X
antibiotic—antimycotic (Gibco). All cells were incubated
in a humidified 5% CO, incubator at 37 °C and tested for
mycoplasma contamination using the e-Myco™ Myco-
plasma PCR Detection Kit (iNtRON Biotechnology, Seong-
nam, Republic of Korea) according to the manufacturer’s
instructions.

Cytotoxicity assay

Each target cell was stained with CFSE (BioLegend, San
Diego, CA, USA) according to the manufacturer’s instruc-
tions. Effector, aErbB3 CAR-NK, aCD19 CAR-NK and tar-
get cells were seeded at the indicated effector cell: target
cell ratios for each cell line and co-cultured at 37 °Cina 5%
CO, incubator for 4 h. Thereafter, the cells were harvested,
stained with fixable viability dyes (eBioscience™) to detect
dead cells according to the manufacturer’s instructions and
analyzed via flow cytometry. Dead target cells were identi-
fied in the CFSE*FVD* region.

Degranulation assay

Target and effector cells (1 x 10> cells each) were co-cultured
at a 1:1 ratio and at 37 °C in a 5% CO, incubator for 4 h.
GolgiStop™ Protein Transport Inhibitor (BD Biosciences,
Franklin Lakes, NJ, USA) and FITC anti-human CD107a
(BD Biosciences) were added according to the respective
manufacturer’s instructions during co-culture to stain intra-
cellular cytokines. After co-culture, the cells were stained
for surface markers with the PE-Cy-7 anti-human CD56
antibody (BD Biosciences) and then fixed and permeabilized
using a fixation/permeabilization solution (BD Biosciences)
following the manufacturer’s protocol. FACS analysis was
performed after the cells were washed to identify CD56"
cells expressing intracellular CD107a (CD567CD107a").

Quantification of cytokines using enzyme-linked
immunosorbent assay (ELISA)

IFN-y and IL-15 secreted by NK cells were quantified using
ELISA. To assess IL-15 secretion, NK cells (1 X 10° cells/
mL) were seeded into 24-well plates and incubated for
3 days at 37 °C in 5% CO,. The supernatants were collected
for ELISA. To assess IFN-y secretion, transduced NK cells
(1x10°) were co-cultured with target cells at 1:1 ratio in
96-well plates (200 pL/well) for 24 h at 37 °C in 5% CO,.
ELISA assays for IFN-y (Cloud-Clone Corporation, Katy,
TX, USA) and IL-15 (Abcam) were performed according to
the manufacturer’s instructions.

Bioinformatics analysis

Transcriptomic and proteomic data of breast cancer patients
were obtained from The Cancer Genome Atlas Breast
Cancer (TCGA-BRCA) database. This database was also
used to determine the correlation between ErbB3 expres-
sion and T cell infiltration using Spearman’s and Pearson’s
analyses. Breast cancer patient cohort datasets (GSE14999,
GSE22384, GSE86374, GSE45436, GSE54236, and
GSE76427) from the Gene Expression Omnibus (GEO,
https://www.ncbi.nlm.nih.gov/geo/) were used as the BRCA
validation sets. Statistical significance was set at P <0.05.
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«Fig. 1 Impact of human ErbB3 expression in breast cancer. A Expres-
sion of ErbB3 in breast cancer according to the TCGA-BRCA data-
base (normal n=114, tumor n=1097). B Validation of ErbB3 expres-
sion in cohorts from the GEO datasets, including GSE14999 (normal
n=61, tumor n=68), GSE22384 (normal n=20, tumor n=26),
GSE86374 (normal n=235, tumor n=124), C GSE15852 (normal
n=43, tumor n=43), and GSE33447 (normal n=8, tumor n=38). D
Representative immunohistochemical images and E staining scores
of ErbB3 in breast tumor tissues and normal tissues according to the
HPA. F Expression of ErbB3 protein according to the CPTAC-BRCA
database. G Correlation between ErbB3 expression and T cell mark-
ers in the tumor and normal groups according to the TCGA-BRCA
database. Association analysis was performed using Pearson’s (P)
and Spearman’s (S) correlation. Statistical significance: *P <0.05;
##P <0.01; ***P <0.001 based on the results of Student’s r-test

Immunohistochemical staining

The Human Protein Atlas (HPA; http://www.proteinatlas.
org/, accessed on May 2, 2024) was used to obtain immuno-
histochemical images and staining scores for ErbB3.

Animal study

Six-week-old female NOD-Prkdcem!Back []prgem!Back (NSGA)
mice were obtained from GEM Biosciences Inc. (Cheongju,
Republic of Korea). All animal experiments were conducted
in accordance with the protocols approved by the Dong-A
University Institutional Animal Care and Use Committee
(DIACUC-23-05). NSGA mice (n=5 per group) were used
as animal models. The mice were subcutaneously injected
with 1x 107 SK-BR-3 breast cancer cells. Five days later,
mice received intravenous injections of 5x 10° aErbB3
CAR-NK cells and 5x 10° aCD19 CAR-NK cells in 100
pL phosphate-buffered saline (PBS) via the tail vein. Both
CAR-NK cell types were generated from a single cord blood
donor. Tumor size was monitored twice weekly using a cali-
per. Three weeks after tumor establishment, the mice were
euthanized to collect tumor tissue.

Flow cytometric analysis

Flow cytometry was performed to analyze the phenotype of
the CAR-NK cells in the CD3-negative and CD56-positive
populations. ErbB3 CAR expression in transduced NK cells
was analyzed by flow cytometry using ErbB3-biotinylated
protein (ACROBiosystems, Newark, DE, USA) for primary
staining and anti-biotin-PE (Miltenyi Biotec, Gaithersburg,
MD, USA) for secondary staining. aCD19 CAR expression
in transduced NK cells was analyzed by flow cytometry
using anti-FMC63 (ACROBiosystems) for primary staining
and anti-mouse IgG1-PE-Cy-7 for secondary staining (Bio-
Legend). ErbB3 expression in the cell lines was analyzed by
flow cytometry using anti-ErbB3-PE antibody (BioLegend)

to identify ErbB3-positive cells. The antibodies used in this
study are listed in Table S1, and the specific staining methods
are described in Supplementary Materials and Methods (Sup-
plementary Information).

Statistical analysis

All experiments were replicated at least three times. Groups
were statistically compared by performing the unpaired two-
tailed Student’s r-test to calculate P-values using GraphPad
Prism 9.0 (GraphPad Software, USA) unless otherwise stated.
For in vivo experiments, a two-way ANOVA was performed to
compare tumor volume between groups over time. Addition-
ally, one-way ANOVA was used for the analysis of Figs. 5C,
F, H, to compare multiple groups within the same dataset.
Data are presented as the mean =+ standard deviation unless
otherwise stated. Statistical significance was set at P <0.05.

Results

ErbB3 is highly expressed in human breast cancer
tissue and is associated with tumor-infiltrating
lymphocytes (TILs)

Given the established potential of ErbB3 as a therapeutic
target for breast cancer, we analyzed its expression using
the TCGA-BRCA database and observed that ErbB3
was upregulated in the tumor group compared to levels
in the normal group (Fig. 1A). ErbB3 was significantly
upregulated in breast tumors than in non-tumor tissues
and BRCA-paired tumors (Fig. 1B, C). Using the HPA
database, we further evaluated ErbB3 protein expres-
sion in normal and breast tumor tissues. As presented in
Fig. 1D, E, breast tumor tissues exhibited higher ErbB3
protein expression than did their corresponding normal
tissues, and this was consistent with the ErbB3 protein
levels observed in the clinical proteomic tumor analysis
consortium (CPTAC)-BRCA database (Fig. 1F). ErbB3
is also known for its role in mediating resistance to tar-
geted therapies and is associated with poor prognosis in
ErbB2-positive breast cancer patients [29, 30]. To deter-
mine whether ErbB3 was associated with “cold tumor”
characteristics, we assessed the association between ErbB3
expression and T cell infiltration using the TCGA-BRCA
database. ErbB3 expression was negatively correlated with
T cells (CD3D, CD3E, and CD2) and CD8" T cells (CDSA
and CD8B) in breast tumors, while it was positively cor-
related in normal tissues (Fig. 1G). Collectively, these
results imply that ErbB3 is a potential therapeutic target
in tumors with immune escape properties affecting CD8"
T cell immunity in patients with breast cancer.

@ Springer


http://www.proteinatlas.org/
http://www.proteinatlas.org/

73 Page 6 of 15 Cancer Immunology, Immunotherapy (2025) 74:73
(x108) v
LTR Leader Hinge/TM o1 D2 PoA LTR 3
L2
promoter £ :
g
LTR Leader Hinge/TM D1 D2 P2A LTR T —l—
aErbB3
scFv
promoter aCDISCAR  aErbB3 CAR
CBMCs Verification of
NK cells cytolytic function
N\ l ; o 0D
o0, ‘@ © \‘\ ) L2 L2t Analyzlng| D o
2 \\ Y, ) 7 days Transd r: \ sdays: offcencywitn | "™ \7/=’® S4
I:_L-11:3 y J ¥ ransduction Flow cytometry : @@ )
IL-21
Day 0 "
Generation of
R-NK
o 1 100 . uD
E A
ot 2 7 i 80 = an = aCD19 CAR
E 5 —_ LI
E o0 & 60+ :I—. T s+ aErbB3 CAR
w3 96.4% g ,&
. T 83.3% < 40
0 \ 5 o
E| z
20+ 20
o 10° 10° 10t 10° 10 10° 10° 10t 10°
>
cD3 CAR
D aCD19 CAR-NK aErbB3 CAR-NK
80— 80+
60~ 60+
+, 40+ +, 404
o 4
3 3
20+ 20+
0 T T T 1 0 1 1 1 1
0 5 10 15 20 0 5 10 15 20
Days post-transduction Days post-transduction
aCD19 CAR-NK aErbB3 CAR-NK
800 800
600 600
5 4004 5 4004
e e
"‘_.’ 200+ ﬁ. 200+
2 2
0 0
-200 -200

@ Springer

T T T
Control P2A+GFP P2A+IL-15

T T T
Control P2A+GFP P2A+IL-15



Cancer Immunology, Immunotherapy (2025) 74:73

Page7of15 73

«Fig.2 Manufacture and validation of aErbB3 CAR-NK cells using
cord blood-derived NK cells. A Schematic diagram depicting the
construction of the second-generation aCD19 CAR and aErbB3 CAR
encoded in a pCDH lentiviral vector with an MSCV promoter (left).
Bar graph of the titer of the lentivirus produced (right). B Schematic
representation of CAR-NK production from cord blood-derived NK
cells and subsequent evaluation. C Representative flow cytometric
analysis of CAR expression in CD3"CD56." subsets 3 days post-
transduction (left). Summary data is presented as a scatter plot of
the percentage of CAR expression in the non-transduced (UTD) and
transduced cells (n=9, mean =+ SD) (right). D Determination of main-
taining aCD19 CAR and aErbB3 CAR expression on transduced NK
cells. E ELISA analysis of IL-15 secretion in aCD19 CAR-NK cells
and aErbB3 CAR-NK cells. Control: Culture medium of non-trans-
duced NK cells, P2A + GFP: culture medium of NK cells transduced
with CAR lentivirus (P2A + GFP). P2A +1L-15: culture medium of
NK cells transduced with CAR lentivirus (P2A +1IL-15)

Generation of ErbB3-specific CAR-NK cells
expressing IL-15

Considering the challenges of treating cold tumors char-
acterized by high levels of immunosuppression and low
T cell infiltration, we generated a construct comprising
ErbB3-targeted CAR-NK cells with an immune modulator.
The aErbB3 scFv sequence was inserted into the lentivi-
ral vector backbone encoding a second-generation CAR
designed to express IL-15, a cytokine that promotes anti-
tumor effector cell proliferation, longevity, and cytotox-
icity within the tumor microenvironment [31]. Addition-
ally, we generated an IL-15-producing, aCD19-targeted
CAR by integrating aCD19 scFv into the same construct
(Fig. 2A, left panel). After constructing lentiviral vectors
for aErbB3 and aCD19 CAR, we produced the correspond-
ing lentiviruses and quantified their titers by performing
a quantitative PCR. Both viruses were produced in suf-
ficient quantities to transduce the NK cells (Fig. 2A, right
panel). Transduced NK cells were expanded in cytokines
for 3 days, and CAR-expressing NK cells were analyzed
by flow cytometry (Fig. 2B). Transgene integration by
the vsv-g envelope-pseudotyped lentivirus resulted in
similar transduction rates between the aCD19 CAR-IL-15
and aErbB3 CAR-IL-15 vectors (Fig. 2C). CAR expres-
sion was stably maintained for 20 days post-transduction
(Fig. 2D), and both groups exhibited similar levels of
IL-15 secretion (Fig. 2E). We confirmed the high purity
of the NK cells following transduction using flow cytom-
etry (Supplementary Fig. S1). Taken together, our results
demonstrate the successful development and validation
of ErbB3-targeted CAR-NK cells characterized by sta-
ble CAR expression, efficient IL-15 co-expression, and a
steady increase in NK cell purity over time.

aErbB3 CAR-NK reacts specifically
against ErbB3-positive cells

To analyze the target-specific cytotoxicity of aErbB3 CAR-
NK cells, we screened ErbB3-positive target (SK-BR-3,
BT-474, and MDA-MB-453) and ErbB3-negative (Panc-1,
MDA-MB-231, and OVCAR-3) cell lines (Fig. 3A) and per-
formed cytotoxicity assays on the selected cell lines to assess
the antigen-specific antitumor activity of aErbB3 CAR-NK
cells. Cytotoxicity was significantly increased in ErtbB3-pos-
itive breast cancer cell lines, whereas no significant effect
was observed in the ErbB3-negative cell lines (Fig. 3B).
aCD19 CAR-NK cells efficiently lysed CD19-positive cells
such as Raji, RS4;11, and Nalm-6 cells (Supplementary
Fig. S2). For the NK cell degranulation assay, flow cytom-
etry revealed significantly increased CD107a expression in
aErbB3 CAR-NK cells co-cultured with ErbB3-positive cell
lines but not with ErbB3-negative cell lines or in the control
aCD19 CAR-NK cells (Fig. 3C). Additionally, IFN-y pro-
duction, as measured by ELISA was significantly increased
upon co-culture with ErbB3-positive cell lines (Fig. 3D), and
this was consistent with the observed increase in cytotoxic-
ity and CD107a expression. aErbB3 CAR-NK cells were
cultured under various conditions to assess their antigen-
specific proliferation. No significant proliferation of CAR-
NK cells was observed in the non-feeder group or the cells
co-cultured with ErbB3-negative MDA-MB-231 cells. How-
ever, significant proliferation of CAR-NK cells was observed
only when co-cultured with ErbB3-positive cells (Fig. 3E).
Collectively, our results indicate that aErbB3 CAR-NK cells
exert potent cytolytic activity against ErbB3-positive cells
via ErbB3 antigen-specific effectors.

Phenotypic comparison of aCD19 and aErbB3
CAR-NK cells

We conducted a comprehensive phenotypic analysis using
flow cytometry to determine whether the enhanced func-
tionality of aErbB3 CAR-NK cells resulted from the CAR-
induced changes in cell phenotype. We evaluated the expres-
sion of key receptors (CD16, NKG2D, NKG2C, NKp30,
NKp44, NKp46, NKp80, CD57, CD69, LAG3, NKG2A,
TIGIT, and CD158b) in both aCD19 and aErbB3 CAR-
NK cells and observed no statistically significant differ-
ences between the groups (Fig. 4A, B). Particularly, TIGIT
showed relatively high expression, whereas NKG2A and
CD158b exhibited low expression. Consequently, the lack
of significant changes in receptor expression suggests that
the increased cytotoxic activity of the CAR-NK cells is pri-
marily attributable to the CAR construct.
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toxicity of aErbB3 CAR-NK cells and aCD19 CAR-NK cells against
each ErbB3-positive and -negative cell line. Flow cytometric analy-
sis of CFSE*/FVD*-stained target cells after 4 h of co-culture at the
indicated effector: target (E:7T) ratio. C CD107a expression in aErbB3
CAR-NK cells and aCD19 CAR-NK cells when co-cultured with
their respective cells. Target and effector cells were co-cultured at a
1:1 ratio for 4 h, and this was followed by flow cytometric analysis. D
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Quantification of IFN-y present in supernatants collected after 24 h of
co-culture with target cells through ELISA. E Antigen-specific pro-
liferation of aErbB3 CAR-NK cells co-cultured with X-ray-irradiated
MDA-MB-231 cells (ErbB3™) and X-ray-irradiated MDA-MB-453
cells (ErbB3%) for 5 days (E:T ratio=1:2). Data are presented as
the mean=+ SD of three independent experiments (B, C, D, E) using
CBMC CAR-NK cells from three donors. *P<0.05; **P<0.01;
##%kP <(0.001; ****P <(0.0001 based on the results of Student’s t-test
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Fig.3 (continued)

aErbB3 CAR-NK cells inhibit the progression
of SK-BR-3-derived tumors in vivo

Then, we investigated the in vivo efficacy of aErbB3 CAR-
NK cells in controlling the growth of ErbB3-positive cells.
SK-BR-3 cells were used to establish a mouse model. On
day 5 post-tumor injection, the tumor-bearing mice were
intravenously injected with PBS, aCD19 CAR-NK cells, or
aErbB3 CAR-NK cells (5 x 10° cells/mouse). The tumor size
was measured twice weekly using calipers until day 21, and
the tumors were then excised (Fig. 5A). Both the aCD19 and
aFrbB3 CAR-NK cell groups exhibited significantly reduced
tumor sizes and volumes compared to those of the PBS
group (Fig. 5B-D). After tumor resection, we performed
tumor dissociation and evaluated the infiltration level of
CAR-NK cells in the tumor by flow cytometry. The results
showed that the infiltration rate of aErbB3 CAR-NK cells
was higher than that of the aCD19 CAR group (Fig. SE, F).
We also visually quantified the infiltrated CAR-NK cells in
the tumor using immunofluorescence staining (Fig. 5G, H).
The group treated with aCD19 CAR-NK cells exhibited a
notable reduction in tumor size and volume compared to that
of the PBS group, thus indicating that the innate immune
activity of NK cells inhibited tumor growth. However, the
aErbB3 CAR-NK cell group exhibited an even more pro-
nounced tumor suppressive effect than the aCD19 CAR-NK
cell group, thus suggesting the critical role of specific CAR-
targeted tumor antigen recognition in enhancing antitumor
efficacy. In summary, our study demonstrated the successful
development and validation of aErbB3 CAR-NK cells that
exhibited potent antitumor activity both in vitro and in vivo.

B MDA-MB-453

w
1

F

Expansion fold change
- N
1 1
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These findings underscore the potential of aErbB3 CAR-
NK cell therapy as a promising strategy that targets ErbB3-
positive breast cancer cells, thus offering a novel approach
for improving therapeutic outcomes in patients with ErbB3-
positive breast cancer.

Discussion

Breast cancer is the most commonly diagnosed cancer in
women worldwide and the leading cause of cancer deaths
[32]. According to global cancer statistics, 2.3 million new
cases were reported in 2020, making it the most common
cancer and accounting for 11.7% of all cancers [33]. Breast
cancer is a heterogeneous disease characterized by distinct
molecular subtypes with different phenotypes, including
ErbB2 activation, hormone receptor (estrogen and proges-
terone receptor) activation, and BRCA mutations [34]. To
date, the most studied breast cancer-targeted therapies are for
ErbB2-positive breast cancer, which accounts for approxi-
mately 20% of all breast cancer diagnoses and is character-
ized by a high recurrence rate and aggressive behavior [35].
Targeted therapies such as trastuzumab, pertuzumab, and
lapatinib have significantly improved patient outcomes [36].
However, these therapies are often hindered by challenges
such as drug resistance and limited efficacy in certain patient
populations [29, 30, 36, 37].

ErbB3 mediates resistance to ErbB2-targeted thera-
peutics, as its activation can bypass ErbB2 inhibition and
maintain pro-survival signaling pathways [30, 38, 39]. High

@ Springer



73 Page 10 of 15

Cancer Immunology, Immunotherapy (2025) 74:73

A —_—
9 100 -
= I = [ J—
S 80+
L5
E -
8 E 6o
B
2 S
:§ o 40+
2 ] E
o 20-
e
- ; ® I r |& ()
5 |~ ®a
Y= 0 1 1 1 1 1 1 | 1 1 |
) Q (&) Q D © QO A ) > \'ad Q O
N ) 3 4) > > ) H © (<] Q05 » )
S A< < GRRT ST AL ST St o & ©
@) §{~ §{~ e‘l‘ e‘l‘ é‘{' é‘&‘ @) @) \Y' és& B\ 00
aCD19 CAR ® aErbB3 CAR
B
aCD19 CAR
b 0.7% b - 1.74% . 96.4% 83.8%
<F A A PP R ¢ ¢ PP R A P PR P A P R P | ¢ : R A
8 Isotype NKG2D NKG2C NKp46
o y » 3 " »
- 50.3% b 0.98% ™ 1.18% - 9.89%
T Nkpgo 7 cpes . °
aErbB3 CAR
- 0.27% " 87.8% - 91.6% 78.3%
gt wl ok . - e
e ) : i
<l Dm" L : : R R : [ A T
8 Isotype NKp30 NKp46
(/) o 1o o 1ou o]
b 32% ™ 2.16% " - 10.2% 16.5%

NKp80 CD57 CD69
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CAR-NK cells. B Representative density plots illustrating the expres-
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ErbB3 expression levels are associated with poor response to
ErbB2-targeted therapeutics and poor prognosis in patients
with ErbB2-positive breast cancer [40]. The relationship
between ErbB2 and ErbB3 in breast cancer is intertwined.
ErbB2-overexpressing tumors often have increased ErbB3
expression [41], and the formation of ErbB2/ErbB3 heter-
odimers leads to enhanced signaling through the PI3K/Akt
pathway that promotes cell survival and proliferation [38,
42]. The involvement of ErbB3 in drug resistance is not
limited to ErbB2. ErbB3 also contributes to resistance to
gefitinib, an EGFR-targeted therapy [43]. This interaction
between ErbB2 and ErbB3 emphasizes the importance of
targeting both receptors in therapeutic strategies for ErbB2-
positive breast cancer [44]. In summary, although ErbB2 and
ErbB3 are distinct members of the EGFR family, their inter-
actions and signaling pathways play important roles in breast
cancer development, progression, and response to therapy
[40, 45]. Understanding the differences and interactions
between ErbB2 and ErbB3 is essential for designing effec-
tive targeted therapies and improving treatment outcomes
for patients with breast cancer.

In this study, we focused on obtaining cord blood-derived
NK cells targeting human ErbB3. NK cells are highly cyto-
toxic effector cells that kill their targets in a non-antigen-
specific manner without causing graft-versus-host disease
[11, 46]. Cord blood is an easily accessible and ethically
uncontroversial source of allogeneic and autologous NK
cells [47, 48]. Our NK cell culture method produced high-
purity NK cells and successfully transduced CARs. Expres-
sion rates were approximately 60—-80%, and expression
was maintained for up to 20 days post-transduction. CARs
demonstrate their functionality by inducing specific lysis in
cell lines expressing each target antigen. Further analysis
to validate the specific cytotoxicity of CARs revealed no
phenotypic differences between non-transfected cells and
those transfected with CARs, thus suggesting that lentiviral
transduction does not compromise genomic stability (data
not shown). To determine the antitumor effects of aErbB3
CAR-NK cells in vivo, we established a xenograft model
using NSGA mice. aErbB3 CAR-NK cells exhibited a higher
antitumor effect than aCD19 CAR-NK cells without sig-
nificant side effects such as spinal curvature or weight loss
(Supplementary Fig. S3). As both groups were designed to
produce IL-15, separate cytokine injections were unneces-
sary. Although they produce similar levels of IL-15, their
antitumor effects differ noticeably. This highlights the
critical role of targeting appropriate antigens in CAR-NK
cell therapy for solid cancers. Nevertheless, even aErbB3
CAR-NK cells did not exhibit complete tumor remission,

presumably due to the observation that the characteristics
of solid tumors prevent the infiltration of large amounts of
aErbB3 CAR-NK cells. Analysis of aErbB3 CAR-NK cells
infiltrating the tumor showed that only a small percentage of
cells infiltrated, with an average of 1.67% +0.74% (Fig. SF).
Additionally, the xenograft model of immunodeficient mice
helps assess the direct cytotoxic effect of redirected effector
cells on cancer cells but does not allow for the evaluation of
adaptive immune responses [49].

Solid cancers are characterized by the development of
a tumor microenvironment that exhibits multiple mecha-
nisms of immune resistance [50]. To achieve the potential
of CAR NK-cell therapy, strategies to increase migration and
infiltration into solid tumors are required. For CAR NK-cell
therapies targeting solid tumors to be successful, they must
not be designed to simply target tumor antigens. They must
also seek to convert “cold tumors” into “hot tumors” [51,
52]. Treating a “cold tumor” is more difficult than treating
a “hot tumor”, as it possesses a significantly lower level of
TILs and many various immune cells involved in immu-
nosuppression [53]. The TIL level is essential due to the
observation that it correlates with patient prognosis not only
in breast cancer but also in various solid tumors [54, 55].
We observed that the level of ErbB3 expression correlates
with the status of the tumor as a “cold” or “hot” tumor;
therefore, we predict that it is important to regulate ErbB3
levels in breast cancer. However, the exact causal relation-
ship between the levels of ErbB3 and TILs in breast cancer
remains unknown, thus necessitating further research.

Collectively, our findings demonstrate that aErbB3 CAR-
NK cells specifically target and inhibit cancer cells, sug-
gesting that ErbB3-targeted immunotherapy may serve as
a viable alternative for treating breast cancer. However,
for clinical applications, it is essential to address concerns
regarding safety and scalability. Phenotypic analysis (Fig. 4)
revealed low expression of inhibitory receptors such as
NKG2A and CD158b, raising the possibility of off-target
effects on normal ErbB3-positive cells. Although TIGIT
showed relatively high expression, suggesting potential
tolerance mechanisms, further studies are needed to fully
assess these interactions. Additionally, the lack of KIR geno-
typing in this study limits our ability to correlate specific
KIR profiles with observed cytotoxicity, highlighting the
need for future research to explore the balance between acti-
vating and inhibitory signals in CAR-NK cells. Advanced
CAR designs, such as logic-gated CARs, may address these
limitations by enhancing specificity and minimizing off-
target effects [56]. Furthermore, our results demonstrated
that CAR-NK cells could be expanded using K562-based
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«Fig.5 Antitumor effects of aErbB3 CAR-NK cells against SK-BR-3
in vivo. A Timetable of an in vivo experiment (n=35 per group).
Female NSGA mice (6 weeks old) were subcutaneously injected with
1x 107 cells of the breast cancer cell line SK-BR-3. Five days later,
they received 5x 10° cells of aCD19 and aErbB3 CAR-NK cells. B
SK-BR-3 tumor growth curve as calculated from caliper measure-
ments of tumor growth twice weekly after subcutaneous injection.
C Bar graph of tumor weight. D Image of excised tumors in mice.
Scale bar, 1 cm. E Representative flow cytometric dot plots show-
ing hCD45" and hCD56" CAR-NK cells infiltrating the tumor tis-
sue in each treatment group. F Bar graph showing the percentage of
tumor-infiltrating lymphocytes (TILs; hCD45" cells) in each group.
G Immunofluorescence staining of tumor sections to visualize CAR-
NK cell infiltration. Tumor sections were stained with DAPI (blue)
for nuclei and hCD45-FITC (green) for human CAR-NK cells.
Images represent 400X magnification (scale bar, 50 pm). H Quantifi-
cation of CAR-NK cell infiltration based on FITC-positive (hCD45.%)
dots counted in 400X fields across three samples per group. Data are
presented as the mean+SD.*P<0.05; **P<0.01; ***P<0.001;
*##%%¥P <0.0001 based on the results of a two-way ANOVA for the
(B) and one-way ANOVA (C, F, H)

feeder cells, achieving up to 806.6 + 120.67-fold expansion
(Supplementary Fig. S4). Nevertheless, further optimization
and validation are required to ensure the reproducibility of
these results for clinical-scale application.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-024-03923-y.
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