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Simple Summary: Natural killer (NK) equipped with a chimeric antigen receptor (CAR)
targeting HER2 can offer a novel treatment for HER2-positive solid tumors, which are
often resistant to conventional monoclonal antibody therapies like trastuzumab. This study
investigates the efficacy of first, second, and third-generation HER2-CAR NK cells in target-
ing both trastuzumab-sensitive and trastuzumab-resistant HER2-positive tumors, with a
particular focus on the role of CD44 expression in modulating treatment outcomes. By com-
paring the performance of various CAR constructs, this study seeks to identify strategies
that enhance the penetration and effectiveness of CAR NK cells in the challenging tumor
microenvironment, leading to improved therapeutic options for patients with resistant
cancers, potentially offering a safer and more accessible alternative to CAR T cell therapies.

Abstract: Background/Objectives: Monoclonal antibody therapies for HER2-positive tu-
mors frequently encounter resistance, requiring alternative treatment strategies. This study
investigates the use of natural killer (NK) cells expressing HER2-specific chimeric antigen
receptor (CAR) to address this issue. CAR NK cells have several benefits over CAR T
cells: they are less likely to cause severe side effects such as cytokine release syndrome and
neurotoxicity, can be sourced from various origins, and do not trigger Graft versus Host
Disease, making them ideal for “off-the-shelf” applications. Methods: We have generated
NK-92 cell lines expressing first, second and third-generation HER2-specific CARs with
CD28 and/or 41BB costimulatory domains using a retroviral transduction system, followed
by FACS sorting and expansion to obtain pure HER2-CAR NK-92 cell products for func-
tional benchmarking. Results: In vitro tests showed that these CAR NK cells were effective
against both trastuzumab-sensitive (CD44 ™) and -resistant (CD44*) tumors in monolayer
cultures. However, in three-dimensional spheroid models and in vivo xenografts, they
were less effective against CD44+ trastuzumab-resistant tumors. Conclusions: This re-
duced efficacy highlights the significant role of the tumor microenvironment, particularly
the extracellular matrix, in hindering the therapeutic potential of CAR NK cells. Despite
the promising in vitro performance of CAR NK cells, this study emphasizes the need for
improved strategies to enhance their penetration and effectiveness in resistant tumors:
optimizing CAR constructs and devising methods to overcome extracellular matrix barriers
are crucial for advancing CAR NK cell therapies in oncology.
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1. Introduction

Monoclonal antibody therapies have revolutionized the treatment of various cancers
by targeting specific tumor antigens, leading to improved patient outcomes [1]. However,
resistance to these therapies remains a pervasive challenge across many tumor types [2].
This resistance often arises from changes within the tumor microenvironment, such as the
overexpression of extracellular matrix components that can shield tumor antigens from
antibody binding [3]. Such mechanisms not only hinder the effectiveness of monoclonal
antibodies but are also correlated with a poor prognosis [4]. Among these components, the
role of CD44 is particularly critical. CD44 facilitates the tumor cells’ interaction with the
extracellular matrix, enhancing the physical barrier around tumor cells and contributing to
an immunosuppressive microenvironment. The interaction between CD44 and hyaluronic
acid, a major component of the extracellular matrix, further stabilizes this protective niche,
complicating the accessibility of targeted therapies to tumor antigens [5,6].

To combeat this issue, innovative therapeutic strategies are being explored. Among
these, chimeric antigen receptor (CAR) T cell therapy has shown significant promise [7]. Our
previous studies demonstrated that HER2-specific CAR T cells could effectively eliminate
clinic-derived and in vitro-generated HER2-targeting monoclonal antibody (trastuzumab)-
resistant tumors. In contrast, the co-administration of trastuzumab with a CD16.176V.NK-
92 transgenic natural killer (NK) cell that was designed to enhance antibody-dependent
cellular cytotoxicity (ADCC) did not achieve similar results [8,9], indicating that CAR-
modified immune cells can potentially be effective treatments for cancers resistant to
mADb therapies.

Despite their promising potential, the use of CAR T cells in clinical settings is con-
strained by significant side effects and complex production processes [10]. These challenges
highlight the need for alternative approaches that can leverage the precision of CAR tech-
nology while reducing associated risks and complexities. Recent preclinical trials suggest
that natural killer (NK) cells, integral components of the innate immune system, could
be effective substitutes since these effectors offer several advantages over T cells in CAR
therapies. NK cells are less likely to induce Graft versus Host Disease (GvHD) compared to
T cells, making them safer for allogeneic transplantations [11]. Moreover, they can rapidly
recognize and kill target cells without prior sensitization, which is beneficial for immediate
responses against cancer cells [12]. By engineering NK cells to target specific tumor antigens
using chimeric antigen receptors, it might be possible to retain the targeted killing capacity
of CAR T cells but with potentially fewer complications and a streamlined production pro-
cess [13]. CAR NK cells hold the potential to be used as off-the-shelf products, reducing the
time and complexity of the therapy as they do not require individual patient customization
like CAR T cells [14].

Recent summaries of clinical trials that utilize CAR NK cells to target solid tumors
collectively emphasize the encouraging therapeutic potential of these effector cells in
treating solid tumors; however, they also point out the major challenges that must be
addressed [15,16]. First and foremost, no conclusive evidence supports their therapeutic
efficacy in monoclonal antibody-resistant tumors. The complexity of tumor microenviron-
ments, especially those that have evolved resistance to standard mAb therapies, presents a
challenging landscape for CAR NK cells [17]. The mechanisms through which these cells
recognize, engage, and destroy mAb-resistant tumor cells are poorly understood, and thus
it is still unknown whether CAR NK cells can identify and destroy resistant tumors like
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CART cells or if they fail to be effective, similarly to ADCC, due to an inability to access
antigens. Furthermore, the optimal CAR construct that would elicit the most effective CAR
NK cell effector response in such contexts is still under investigation. However, defining
the most effective NK-specific CAR backbone—considering factors such as the choice of
antigen targets, the configuration of signaling domains, and the incorporation of costimula-
tory elements—remains a complex endeavor. Each of these components can significantly
influence the overall efficacy of CAR NK cells, impacting their ability to overcome the
adaptive resistance mechanisms of solid tumors.

In this study, we investigated whether HER2-specific CAR NK cells display the same
efficacy against both trastuzumab-sensitive (CD44 ™) and trastuzumab-resistant (CD44")
HER2* tumor lesions. We modified NK-92 cells to express a HER2-specific CAR, incor-
porating CD28 and/or 41BB costimulatory domains and targeting the same epitope as
trastuzumab. These CAR NK-92 cells showed comparable performance in vitro against
both types of tumors grown in two-dimensional monolayers. However, while they were
effective against CD44-negative N87 spheroids and corresponding in vivo xenografts, they
failed to impact the spheroids and xenografts of the CD44-positive JIMT-1. This outcome
underlines the challenges CAR NK cells face in penetrating the extracellular matrix (ECM)
and overcoming its associated resistance in solid tumors. Furthermore, it reinforces the
previously noted observation that T cells tend to proliferate more effectively than NK cells
in the microenvironment of solid tumors.

2. Materials and Methods

All materials were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless
indicated otherwise.

2.1. Cells and Culture Conditions

HEK293T packaging cells, MDA-MB-468 (triple-negative human breast cancer cell
line), and N87 (gastric cell line) cells were acquired from the American Type Culture Collec-
tion (Manassas, VA, USA). A cell line stably expressing HER2 (MDA-HER?2) was generated
from MDA-MB-468 [18]. These adherent cell lines were grown in DMEM (Dulbecco’s
Modified Eagle Medium) medium with 10% Fetal Bovine Serum (FBS), 2 mM GlutaMAX,
and antibiotics. The JIMT-1 human breast cancer cell line was established by and is a kind
gift from Jorma Isola (Laboratory of Cancer Biology, University of Tampere, Finland) [19].
JIMT-1 cells were cultured in a 1:1 ratio of Ham’s F-12 and DMEM supplemented with 20%
FBS, 300 U/L insulin, 2 mmol /L GlutaMAX, and antibiotics.

MDA ffLuc, MDA-HER2.ffLuc, N87.ffLuc, and JIMT-1.ffL.uc were generated by the
single-cell cloning of MDA-MB-468, MDA-HER2, N87, and JIMT-1 cell lines following
their transduction with a retrovirus encoding eGFP.ffLuc to express an enhanced green
fluorescent protein (eGFP) and firefly luciferase (ffLuc).

CD16.176V.NK-92 cells (referred to as NK-92), kindly provided by Dr. Kerry S. Camp-
bell, the Fox Chase Cancer Center, Philadelphia, PA, on behalf of Brink Biologics, Inc., San
Diego, CA, were used as effectors. This line has been produced by transducing the parental
NK-92 cell line (ATCC CRL-2407, which lacks endogenous expression of CD16 [20]) to ex-
press the high-affinity variant of CD16 (FcyRIIIA 176V; see VAR_003960 entry within P08637
and BC017865.1) [21,22]. The cells were cultured in a complete NK medium of a-MEM
containing 10% FCS and 10% horse serum, supplemented with glutamine, non-essential
amino acids, Na-pyruvate, antibiotics, and IL-2 at 400 IU/mL (Proleukin S, Clinigen Ltd.,
Burton-on-Trent, UK).

In ADCC experiments, MDA, MDA-HER?2, N87, and JIMT-1 cells were cultured in a
complete NK medium.
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All the cells and cell lines were maintained in a humidified atmosphere containing 5%
CO; at 37 °C and were routinely checked for the absence of mycoplasma contamination.

2.2. Retrovirus Production and Transduction of NK-92 Cells

Retroviral particles were produced by transiently transfecting HEK 293T cells with
HER2-CAR-encoding pSFG retroviral vectors [23,24], along with the Peg-Pam-e plasmid
encoding MOoMLYV gag-pol and the pMax.RD114 plasmid-encoding RD114, using the jet-
Prime transfection reagent (Polyplus, Illkirch, France). The HER2-specific chimeric antigen
receptor constructs were designed with a backbone consisting of the IgG heavy chain
signal peptide, the HER2-specific single-chain variable fragment FRP5, the IgG1 short
hinge, and a human CD28 transmembrane region. The intracellular domain varied among
constructs, including no costimulatory endodomain (.z), CD28 alone (CD28.z), 41BB alone
(41BB.z), or a combination of CD28 and 41BB (CD28.41BB.z), all fused to the human CD3
zeta cytoplasmic domain [23,24]. Supernatants containing the retrovirus were harvested
after 48 h.

To produce HER2-specific CAR NK-92 cells, 5 x 10°/mL NK-92 cells were pre-
stimulated with 400 IU/mL IL-2 (Proleukin S, Clinigen) in a 24-well non-tissue culture
plate in 2 mL complete NK-medium. NK cells were transduced with pseudoviral particles
on 20 pg/mL RetroNectin-coated (Takara Bio, Kusatsu, Japan) plates in the presence of
IL-2 (400 IU/mL). Non-transduced NK-92 cells expanded on RetroNectin-coated plate
supplied with IL-2 (400 IU/mL) in complete NK-medium. Following a 48 h incubation
period, the genetically modified NK-92 cells were harvested from the transduction plate
and cultured in a complete NK-medium supplemented with 400 IU/mL IL-2 for seven days.
After this expansion period, all HER2-CAR NK-92 cell lines underwent flow cytometric
sorting, achieving a purity level exceeding 90% in all cases.

2.3. Flow Cytometry

To verify HER2-CAR expression, cells were directly labeled with 5 pg/mL Alexa Fluor
647-conjugated monomeric HER2 extracellular domain (HER2 ECD; Cat.#10004-HCCH,
Sino Biological Europe GmbH, Eschborn, Germany) for 10 min on ice. Flow cytometric
analysis was conducted using a NovoCyte RYB flow cytometer, and data were processed
with NovoExpress software v1.2.1. (Agilent Technologies, Santa Clara, CA, USA) for at
least 10,000 cells per sample.

2.4. Cytokine Secretion Assay

A total of 100,000 HER2-specific CAR-transduced or non-transduced (NT) NK-92 cells
(in the presence of 10 pg/mL trastuzumab) were plated onto 1 pg/mL HER2-Fc (Sino
Biological Inc., Beijing, China) pre-coated plates or cocultured with MDA-HER?2, JIMT-1,
and N87 HER2" target cells at a 1:1 effector to target ratio (E:T ratio). Following 24 h of
culture, the supernatant was harvested and analyzed for the presence of interferon-gamma
(IFNy) by ELISA (R&D systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions using a Spark® multimode microplate reader (Tecan Group Ltd., Mdnnedorf,
Switzerland). The HER2™ MDA-MB-468 cell line and NT NK-92 cells in the absence of
trastuzumab served as negative target and effector controls, respectively.

2.5. Cytotoxicity Assay

The cytotoxic activity of CAR NK-92 cells against targets was determined using a
luciferase-based cytotoxicity assay. MDA-MB-468, MDA-HER?2, JIMT-1, and N87 cells
expressing eGFP/ffLuc were plated in 96-well flat-bottom plates at a concentration of
3 x 10* cells/well in triplicates. After 4 h, HER2-CAR NK-92 cells or NT NK-92 cells (in
the presence of 10 pg/mL trastuzumab) were added at a 1:1, 0.3:1, 0.1:1, 0.03:1, 0.01:1,
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or 0.003:1 effector-to-tumor cell ratio in complete NK-medium. Wells without effector
cells served as untreated controls. After 24 h, luciferase activity was determined using
a luciferase assay kit according to the manufacturer’s instructions (Promega, Madison,
WI, USA) and a Spark® multimode microplate reader (Tecan Group Ltd., Mannedorf,
Switzerland). Empty media, NT NK-92 cells (in the absence of trastuzumab), HER2* target
cells cultured without the presence of effector cells, and the HER2™ MDA-MB-468.ffLuc
cell line served as controls.

2.6. Proliferation Assay

HER2-CAR NK-92 cells were cultured in 96-well flat bottom plates at a concentration
of 1 x 10* cells/well in duplicates in the presence of 400 IU/mL IL-2. Every 3.5 days,
effector cell number was determined by flow cytometry. At the same time, we calculated
the proliferation rate by dividing the total number of cells at the end by the total number
plated in the beginning of the 3.5-day period.

2.7. Three-Dimensional Cell Culture and Propidium lodide Incorporation Assay

N87.ffLuc and JIMT-1.ffLuc cells (1 x 10° cells/mL in 200 uL) were seeded onto
96-well U-bottom plates containing cold medium with 2.5% Matrigel (BD Biosciences,
San Jose, CA, USA). The cell suspensions were then centrifuged at 1000x g for 10 min
at 10 °C, and the resulting cell pellet was cultured for 10 days to allow for spheroid
formation. The cytotoxic activity of HER2-CAR NK-92 and NT NK-92 cells, in the presence
or absence of 10 ug/mL trastuzumab, was assessed in these three-dimensional (3D) cultures
using a propidium iodide incorporation assay [8,25,26]. Spheroids of uniform size were
co-cultured with 2 x 10° effector cells, and after 24 h, the 3D cocultures were labeled
with 1 pg/mL propidium iodide. Target cell killing was analyzed using a Zeiss LSM
880 confocal microscope.

2.8. Xenograft Tumors and In Vivo Treatment

NSG (NOD.Cg-Prkdc’scid /I12rg"tm1Wijl /Sz]) mice were obtained from the Jackson
Laboratory and maintained in a specific pathogen-free environment. All animal experi-
ments adhered to FELASA guidelines and recommendations and complied with DIN EN
ISO 9001 standards [27]. On day 0, each seven-week-old female NSG mouse received a
subcutaneous injection in both flanks, with each injection containing 3 x 10® N87.ffLuc or
JIMT-1.ffLuc cells in 100 pL PBS, mixed with an equal volume of Matrigel (BD Biosciences,
San Jose, CA, USA). Tumor growth was assessed using an IVIS Spectrum CT instrument
(Perkin Elmer, Waltham, MA, USA). Prior to imaging, isoflurane-anesthetized mice were
injected intraperitoneally (i.p.) with D-luciferin (150 mg/kg). Bioluminescence images
were captured 10 min post-injection and analyzed using Living Image software Version
4.0 (Caliper Life Sciences, Waltham, MA, USA). Signal intensity measured as total photons

2 % sr)) was obtained from

per second per square centimeter per steradian (p/(s X cm
identically sized ROISs. Effector cell-treated mice received on day 14 and then biweekly an
intravenous (i.v.) dose of 5 x 10° NT (NT group) or HER2-CAR NK-92 cells (CD28.z, 41BB.z
and CD28.41BB.z groups). Mice co-treated with NT NK-92 cells and trastuzumab received
on day 14 and then biweekly an i.v. dose of 5 x 10° NT NK-92 cells, plus were treated with
100 pg trastuzumab in 100 pL PBS i.p. twice weekly from day 15 (NT + trastuzumab group)
(Figure S1). All treated animals received 50,000 IU IL-2 in 100 uL PBS i.p. twice weekly
from day 15. (Supplementary Figure S1). Experiments were approved by the National

Ethical Committee for Animal Research (# 5-1/2017/DEMARB).
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2.9. Statistical Analysis

GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA) was used for
statistical analysis. Data were presented as mean £ SD or SEM. For comparison between
two groups, a two-tailed t-test was used. One-way ANOVA with Bonferroni’s post hoc test
was used to compare three or more groups. Survival, measured from the time of tumor cell
injection, was analyzed using the Kaplan-Meier method and log-rank test. p values < 0.05
were considered statistically significant.

3. Results

For investigating the efficacy of CAR NK cells against HER2-positive solid tumors,
we used the clinic-derived JIMT-1 [19] and an in vitro generated MDA-MB-468 variant
(MDA-HER?2 for short), stably expressing ectopic HER2 [18] as trastuzumab-resistant
(HER2*/CD447") and the N87 cell line as trastuzumab-sensitive (HER2" /CD44 ™) tumor
models [8]. MDA-MB-468 (MDA for short) served as the HER2™ control. Also, ffLUC
expressing N87, JIMT-1, MDA, and MDA-HER? variants was used where appropriate.
As effector cells, we used and genetically modified the CD16.176V.NK-92 cells, a stably
transfected variant of NK-92 [20] that expresses the high affinity (176 V) variant of the Fcy
receptor (CD16) [21,22].

3.1. Generation of HER2-Specific Human CAR NK Cells and Their Proliferation In Vitro

To compare the impact on tumor eradication of HER2-specific CAR NK cells as liv-
ing drugs with the effect of NK cells targeted by passively diffusing trastuzumab, we
generated human CAR NK-92 cell lines that stably express second and third-generation
HER2-specific CARs. Our constructs consisted of an FRP5 scFv-based HER2-specific recog-
nition domain, an IgG1 short hinge, a CD28 transmembrane domain, a CD3z effector
endodomain (.z, first-generation), and either CD28 (CD28.z, second-generation), 41BB
(41BB.z, second-generation), or both CD28 and 41BB (CD28.41BB.z, third-generation) cos-
timulatory endodomains (Figure 1a). CD28 and 41BB are critical costimulatory molecules
that enhance the effector functions of immune cells, notably T cells and NK cells. How-
ever, their roles and signaling patterns differ significantly, offering unique contributions to
immune regulation. CD28 is predominantly a T cell-specific molecule that plays a foun-
dational role in the initial activation and sustained response of T lymphocytes. [28]. In
contrast, 41BB (CD137) serves as an important costimulatory molecule in both T and NK
cells, enhancing their proliferation, survival, and effector functions [29] (Figure 1a). Follow-
ing FACS sorting, all HER2-CAR NK cell products showed higher than 90% HER2-CAR
positivity as judged by flow cytometry (Figure 1b).

First, we performed a proliferation assay to evaluate the impact of the various costim-
ulatory endodomains on the expansion of NK cells (Figure 1c). The proliferative response
was measured in the presence of 400 IU/mL IL-2. Our findings indicate that constructs con-
taining the 41BB cytosolic endodomain induced higher proliferative activity than constructs
expressing no or CD28 costimulatory endodomain alone. Notably, NK cells expressing the
CD28.41BB.z CAR showed the most pronounced proliferative activity (Figure S2).

3.2. HER2-Specific CAR NK Cells Successfully Recognize and Kill Trastuzumab-Resistant and
Sensitive HER2-Positive Target Cells in Monolayer Cultures

To investigate the in vitro HER2-CAR NK cell activation, we measured the release
of IFNy and cytotoxicity towards target cells as key effector functions. Incubation with
HER?2-Fc recombinant chimera proteins (Figure S3) or with HER2* target cells (MDA-HER?2,
JIMT-1, or N87) induced IFNY release by all types of HER2-specific CAR NK cells, indicating
NK cell activation (Figure 2a, MDA-HER2, JIMT-1, N87). In cocultures with trastuzumab-
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resistant, CD44* MDA-HER?2, and JIMT-1 cells, all types of HER2-CAR constructs induced
a higher amount of IFNy secretion than in trastuzumab-sensitive CD44~ N87 cocultures.
CD28.41BB.z CAR NK cells secreted the highest amount of cytokine in all cocultures. In
the presence of 10 pug/mL trastuzumab, NT NK cells also recognized immobilized HER2
molecules and secreted IFNy (Figure S3). However, in cocultures with HER2* target cells,
a saturating dose of trastuzumab could not induce IFNY release (Figure 2a, NT + TRAST).
This discrepancy likely results from the high-density antigen presentation and crosslinking
provided by immobilized HER2-Fc compared to the potential immune suppression and
lower antigen density of HER2* target cells, which can limit NK cell activation. There
was no cytokine secretion in the absence of effector cells, target antigen (immobilized or
membrane-bound), or trastuzumab, indicating that activation strictly depends on targeting
the antigen.

a

HER2-recognising
scFv (FRPS)

CD28 TM
CD28
(T cell-specific)
and/or
41BB
(T and NK cell-specific)
CD3¢

o

NT

98%

A647-HER2

n=3
***p<0.001

150 / —_—
I/ *%k%

CD28.z

/
/ m— 41BB.z
Hofeok
/'/ |u.s.
T T 1
15 20 25
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M e CD28.41BB.Z
o™

T
5 10

Days

Figure 1. Generation of HER2-specific human CAR NK cells and their proliferation in vitro:
(a) Schematic structure of HER2-targeting chimeric antigen receptor molecules (created with BioRen-
der). (b) Representative flow cytometry dot-plots of non-transduced (NT) and HER2.z, HER2.CD28.z,
HER2.41BB.z, and HER2.CD28.41BB.z CAR NK cells after FACS sorting. (c) Quantitative cell pro-
liferation data. A total of 1 x 10° HER2-CAR NK or NT NK cells were plated in duplicates in the
presence of 400 IU/mL interleukin-2. Every 3.5 days, the effector cell number was determined by flow
cytometry, and then the initial effector cell quantity was placed onto new plates in conditions identical
to the beginning of the experiment. The expansion rate was the ratio of the cell number measured at
the end and at the beginning of the last 3.5-day period. Histograms represent the mean & SD (n = 3;
assay in duplicates); *** p < 0.001.
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Figure 2. HER2-specific CAR NK cells successfully recognized and killed HER2-positive target cells:
(a) 1 x 10° HER2-CAR NK or NT NK cells + 10 pg/mL trastuzumab were cocultured with MDA-
HER?2, JIMT-1, or N87 (HER2*) or MDA (HER2") target cells in 1:1 NK cell-to-tumor cell ratio. After
24 h, IFNy was determined in the culture supernatant by ELISA (n = 3, assay performed in duplicates).
(b) Firefly-luciferase-based cytotoxicity assay using HER2-CAR NK or NT NK cells & 10 ug/mL
trastuzumab against 3 x 10* MDA-HER2, JIMT-1, or N87 (HER2*) or MDA (HER2™) target cells at
1-0.3-0.1-0.03-0.01-0.003:1 NK cell-to-tumor cell ratio (marked as E:T ratio in the figure). Cell culture
medium was not supplemented with IL-2 (n = 3; assay was performed in duplicates). Histograms
show mean + SEM; * p < 0.05; *** p < 0.001. All variants of HER2-CAR NK-92 cells were compared to
the non-treated (NT control) at the effector-to-target ratio of 1:1. Additionally, the NT + TRAST group
was compared to the .z group across the effector-to-target ratio range of 0.003 to 1.

Subsequent experiments were conducted to assess the cytotoxic capabilities of var-
ious HER2-CAR NK cell lines, both in the presence (Figure S4) and absence of IL-2
(Figure 2b). These experiments also included comparisons with 10 pug/mL trastuzumab-
supplemented NT NK cell cultures to simulate antibody-dependent cellular cytotoxicity
(ADCCQ) (Figure 2b and Figure 54, NK + TRAST). These results demonstrate that in the
presence of 400 IU/mL IL-2, NT NK cells showed a significant innate cytotoxicity that was
comparable with the cytotoxic efficiency of HER2-CAR and trastuzumab-treated NT NK
cells (Figure 54, NT vs. MEDIA: p < 0.001). In the absence of IL-2, NT NK cells exhibited neg-
ligible cytotoxic activity, even at elevated E:T ratios (Figure 2b, NT). Under this condition,
NK cells expressing 41BB.z CAR constructs exhibited the most substantial antitumor effects
across all tested cell lines. However, these effects were not significantly greater than those
mediated by other CAR constructs (Figure 2b). In cocultures with trastuzumab-resistant
cell lines, HER2-specific CAR-modified NK cells displayed substantially greater efficacy
than trastuzumab-targeted NT NK cells (Figure 2b, MDA-HER?2 and JIMT-1). Notably, CAR
constructs incorporating the 41BB costimulatory domain demonstrated pronounced cyto-
toxic effects at a 1:1 effector-to-target (E:T) ratio, even in the absence of membrane-bound
HER? targets (Figure 2b, MDA). This effect was not observed in cocultures with either .z or
CD28.z CAR or trastuzumab-treated NK cells. Moreover, in the absence of IL-2, NT NK
cells exhibited negligible cytotoxic activity, even at elevated E:T ratios (Figure 2b, NT).

3.3. 41BB-Containing HER2-Specific CAR-Modified NK Cells Selectively Destroy
Three-Dimensional CD44~ N87 Tumor Spheroids but Spare CD44* JIMT-1 Spheroids

Our previous study has confirmed that the CD44-enriched extracellular matrix of
trastuzumab-resistant tumors, such as those derived from JIMT-1 cells, creates a formidable
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barrier that shields the core region of tumor spheroids from antibody access and severely
restricts trastuzumab-mediated cytotoxicity by NK cells [8]. Conversely, conventional
HER2-CART cells could penetrate the ECM barrier and effectively recognize the masked
HER?2 antigens within the spheroid’s core, initiating a robust cytotoxic attack [8]. Motivated
by these findings, we investigated the antitumor capabilities of HER2-CAR-targeted NK
cells in three-dimensional tumor spheroids (Figure 3a) originating from both trastuzumab-
resistant (JIMT-1) and sensitive (N87) cell lines (Figure 3b).

In our experimental setup, JIMT-1 and N87 tumor spheroids were cocultured with
HER2-CAR NK and trastuzumab-directed NT NK cells for 24 h. NT NK cells in the absence
of trastuzumab served as controls. Using confocal microscopy, we observed the cytotoxic
effects through the uptake of propidium iodide (PI), a marker of cell death (Figure 3a).

We revealed that CD44" trastuzumab-resistant JIMT-1 spheroids were largely un-
affected by HER2-CAR NK cells, exhibiting minimal PI uptake primarily in the outer
layers of the 3D cultures (Figure 3b, JIMT-1, HER2-CAR groups). A slightly higher but
still limited cytotoxic effect was observed in spheroids co-incubated with trastuzumab-
directed NK cells, affecting only the peripheral cells (Figure 3b, JIMT-1, NT + TRAST). In
stark contrast, the CD44~, trastuzumab-sensitive N87 spheroids were effectively targeted
and disintegrated by all variants of HER2-CAR NK cells. Notably, NK cells engineered
with 41BB.z and CD28.41BB.z CAR constructs demonstrated a particularly aggressive
cytotoxic response, dismantling the spheroid structure within 24 h. Samples treated with
trastuzumab-targeted NT NK cells and untreated control NT NK cells displayed negligible
antitumor effects, underscoring the specificity and efficacy of the 41BB-containing CAR
constructs in overcoming ECM-mediated protection in the sensitive tumor model.

3.4. HER2-CAR NK Cells Are Unable to Eliminate CD44*, Trastuzumab-Resistant [IMT-1
Xenografts In Vivo

To investigate whether the different tissue penetration capacities result in different
efficacies in tumor elimination in vivo, we established subcutaneous HER2" /CD44" JIMT-
1.ffLuc xenografts in NSG mice (Figure S1 and Figure 4a—c). To test the in vivo cytolytic
function of HER2-CAR NK and trastuzumab-directed NT NK cells, 5 x 10° effector cells
were administered i.v. from day 14, biweekly. In trastuzumab-treated groups, 100 ug
mAb was injected twice per week from day 14 after tumor cell inoculation (Figure 51). We
found that neither various HER2-CAR NK cell treatments nor simultaneous administration
of trastuzumab plus NK cells were able to induce regression of trastuzumab-resistant
JIMT-1.ffLuc xenografts and improve overall survival (Figure 4a—c).

3.5. HER2-CAR NK Cells Exert Significant In Vivo Antitumor Effect Against CD44~,
Trastuzumab-Sensitive N87 Xenografts

Finally, we evaluated the efficacy of HER2-targeting NK cells, comparing HER2-
specific CAR NK cells and trastuzumab-redirected NK cells in a trastuzumab-sensitive
xenograft model. We grew subcutaneous HER2"/CD44~ N87.ffLuc tumors in NSG
mice, mirroring the design used in the JIMT-1 model as detailed above (Figure S1
and Figure 5a—c).

Our experiments revealed that both second and third generation HER2-specific CAR
NK cells efficiently recognized and killed the CD44™~ N87 xenografts (Figure 5b, NT vs. all
other treatments: *** p < 0.001), and there was no significant difference in tumor suppression
between the CAR NK cells and the trastuzumab-redirected NK cells (Figure 5b, NT + TRAST
vs. all HER2-CAR NK: n.s.). Although both treatments significantly prolonged survival
(Figure 5c, NT vs. all treatments: *** p < 0.001), neither could completely eradicate the
tumors, underlining the potential of CAR NK cells in targeted cancer therapy but also the
need for further improvements to achieve better therapeutic outcomes.
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Figure 3. 41BB-containing HER2-specific CAR NK cells selectively destroy three-dimensional CD44~
N87 tumor spheroids and spare CD44* JIMT-1 spheroids: (a) Schematic representation of the optical

sections through the spheroid. (b) Representative images (at 24 h) for detection of cytolytic activity of
HER2-CAR NK cells and trastuzumab-targeted NT NK cells against HER2* /CD44*, trastuzumab-
resistant JIMT-1 spheroids (left column), and HER2* /CD44 ", trastuzumab-sensitive N87 spheroids
(right column). Target cells are green (GFP expressing); dead cells are visualized by PI uptake (red).

The actual scalebar is visible on the image and its dimensions are either 200 pm or 300 um, depending

on the specific image shown.

Figure 4. Cont.
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Figure 4. HER2-CAR NK cells are unable to eliminate CD44*, trastuzumab-resistant JIMT-1 xenografts
in vivo. Mice were injected s.c. with 3 x 106 JIMT-1.ffLuc cells. Mice on day 14 (arrow) received a
single i.v. dose of 5 x 106 NT NK cells (NT + TRAST; n = 10, solid black line and NT, n = 10, dashed
black line) or HER2-CAR T cells (CD28.z, n = 10, green; 41BB.z, n = 10; blue and CD28.41BB.z, n = 10,
pink). Tumor growth was followed by bioluminescence imaging. (a) Representative images of JIMT-
1.ffLuc-injected animals. (b) Quantitative bioluminescence imaging data of JIMT-1.ffLuc xenografts
(average total radiance = photons/s/cm?/sr). (c) Kaplan-Meier survival curve. Histograms represent
mean =+ SD.
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Figure 5. HER2-CAR NK cells exerted significant in vivo antitumor effect against CD44~.
trastuzumab-sensitive N87 xenografts. Mice were injected s.c. with 3 x 10° N87-1.ffLuc cells.
Mice on day 14 (arrow) received a single i.v. dose of 5 x 10° NT NK cells (NT + TRAST; n = 10,
solid black line and NT, n = 10, dashed black line) or HER2-CAR T cells (CD28.z, n = 10, green;
41BB.z, n = 10, blue; and CD28.41BB.z, n = 10, pink). Tumor growth was followed by bioluminescence
imaging. (a) Representative images of N87.ffLuc-injected animals. (b) Quantitative bioluminescence
imaging data of JIMT-1.ffLuc xenografts (average total radiance = photons/s/cm?/sr) (NT vs. all
other treatments: *** p < 0.001; NT + TRAST vs. HER2-CAR treatments: n.s.). (c) Kaplan-Meier
survival curve (NT vs. all other treatments: ** p < 0.001; NT + TRAST vs. HER2-CAR treatments:
n.s.). Histograms represent mean + SD.
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4. Discussion

The development and clinical implementation of chimeric antigen receptor (CAR)-
modified T cell therapies represent a significant advancement in oncology, particularly in
the context of tumors resistant to targeted antibody-based biological therapy [8]. However,
despite their success in treating certain hematological malignancies, CAR T cell therapies
encounter several significant limitations. They are often associated with life-threatening
side effects, including cytokine release syndrome (CRS) and neurotoxicity, which can limit
their usability and require intensive management [30]. The production process for CAR
T cells is complex and costly because it involves genetically modifying a patient’s own
cells. This personalized approach requires significant time and resources [31]. Finally, the
use of allogeneic CAR T cells carries the risk of inducing GvHD, a serious complication
that can be fatal in some cases. This limits the potential for “off-the-shelf” solutions
using these cells [32]. Given these significant challenges with CAR T cell therapies, CAR
NK cells emerge as a promising alternative, potentially addressing each of these issues
with innovative solutions that enhance safety, reduce production costs, and expand the
scope of treatable cancers. CAR NK cells are associated with a reduced probability of
causing severe side effects like CRS and neurotoxicity, presenting a safer alternative for
cancer therapy [33]. Moreover, unlike CAR T cells, CAR NK cells can be derived from
various sources, including cord blood and induced pluripotent stem cells. This allows for
manufacturing “off-the-shelf” products that can be used in multiple patients, reducing
production costs and improving accessibility [34]. Finally, CAR NK cells do not cause Graft
versus Host Disease, making them suitable for allogeneic use. This attribute significantly
broadens their therapeutic potential and safety [35].

Recent summaries of clinical trials using CAR NK cells for solid tumors highlight their
promising potential but also underline significant challenges [15,16]. There is no definitive
proof yet of their effectiveness against tumors that are resistant to monoclonal antibodies.
The complex, CD44-rich tumor microenvironment of these tumors, adapted to evade
standard antibody treatments, poses significant obstacles [3]. It remains uncertain whether
CAR NK cells possess a mechanism similar to CAR T cells for identifying and eliminating
these resistant tumors [8,9] or if they lack effectiveness, akin to antibody-dependent cellular
cytotoxicity (ADCC), due to their inability to access antigens. Moreover, developing the
optimal CAR design for NK cells—considering the selection of antigen targets, signaling
domains, and costimulatory elements—remains a challenging task. The effectiveness of
CAR NK cells depends heavily on these components, which are crucial for overcoming the
adaptive resistance mechanisms in solid tumors.

Our study explores the application of HER2-specific CAR NK cells against both
trastuzumab-sensitive (CD44 ™) and trastuzumab-resistant (CD44*) HER2-positive tumor
models, providing insight into the potential and limitations of these innovative therapies.
Our findings highlight a critical challenge in applying CAR NK cell therapies: the variabil-
ity in treatment efficacy depending on the tumor microenvironment (TME). Specifically,
the presence of CD44 in the ECM appears to be a pivotal factor in determining the respon-
siveness of tumor cells to CAR NK cells. In CD44-negative N87 models, both in vitro and
in vivo experiments demonstrated significant tumor suppression and cytotoxicity by CAR
NK cells. Conversely, in CD44-positive JIMT-1 models, CAR NK cells exhibited reduced
efficacy, struggling to penetrate the ECM and reach tumor antigens effectively.

Beyond physical barriers, the TME is composed of various immune-suppressive
cells, including regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and
tumor-associated macrophages (TAMs), all of which can inhibit T cell and NK-cell activity.
While targeting a single immunosuppressive component, such as Tregs or MDSCs, may
provide some therapeutic benefit, it is unlikely to be sufficient due to the redundancy
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and adaptability of immunosuppressive networks within the TME [36]. A more effective
approach may involve combination strategies, such as engineering CAR NK or CAR T
cells to secrete pro-inflammatory cytokines [37], incorporating checkpoint inhibitors [38],
or co-administering agents that reprogram the TME to support antitumor immunity [39].
Additionally, designing CAR constructs that target multiple immune-suppressive pathways
simultaneously could enhance treatment efficacy and prevent immune escape [40]. Our
results suggest that understanding and manipulating the TME could significantly enhance
the efficacy of CAR NK therapies. Therefore, future therapeutic developments must take
a multi-targeted approach to overcoming TME-driven resistance, ensuring that immune
effector cells maintain their cytotoxic function in hostile tumor settings.

The molecular backbone of CAR constructs, particularly the selection and combina-
tion of costimulatory endodomains, plays a crucial role in modulating the activity and
persistence of CAR NK cells. In our study, constructs incorporating the 41BB costimulatory
domain that have an immunomodulatory role in the NK cell activation demonstrated
enhanced cytotoxic activity. This is consistent with the preclinical findings suggesting that
41BB promotes the survival and long-term persistence of CAR T cells [23,29]. These findings
suggest that optimizing CAR design, primarily through the strategic use of costimulatory
molecules, could significantly impact the outcome of CAR NK cell therapies.

The mixed efficacy observed in our study presents both a challenge and an opportunity
for future research. For CAR NK cells to become a mainstay in cancer therapy, especially
for ECM-rich and antibody-resistant tumors, developing strategies that enhance their
penetration and functionality within hostile TMEs will be essential. Potential strategies
could include the co-administration of ECM-degrading enzymes [41], the use of checkpoint
inhibitors to reduce immunosuppression within the TME [42], or the engineering of CAR
NK cells to secrete bispecific T cell engager molecules that could involve bystander tumor-
infiltrating T cells into the antitumor response [25].

Our research contributes to the growing field of knowledge regarding CAR NK cell
therapies and their application in complex oncological settings [43]. While the results are
promising, they also highlight the need for a deeper understanding of TME dynamics and
CAR construct optimization. By continuing to explore these areas, we can improve the
design and efficacy of CAR NK cell therapies, ultimately enhancing their clinical utility in
treating resistant forms of cancer.

5. Conclusions

Our study evaluates the efficacy of HER2-specific CAR NK cells against HER2-positive
tumors with varying CD44 expression, providing insight into the potential and limitations
of these therapies. While CAR NK cells showed considerable promise in the N87 CD44-
negative, trastuzumab-sensitive tumor model, demonstrating effective tumor suppression
both in vitro and in vivo, their performance was markedly less effective in trastuzumab-
resistant, CD44-positive JIMT-1 tumors. The presence of CD44 in the extracellular matrix
of these tumors creates a substantial barrier, impairing the CAR NK cells’ ability to reach
and effectively target the tumor antigens. Our study emphasizes the need for strategies to
overcome these barriers.

One strategy could be the optimization of the CAR constructs, possibly by incorpo-
rating specific costimulatory domains like 41BB that show potential for enhancing CAR
NK cell activity and overcoming resistance mechanisms within challenging tumor mi-
croenvironments. This research contributes to the evolving understanding of CAR NK cell
applications in oncology, suggesting that manipulating both the cellular components and
the microenvironment could significantly improve therapeutic outcomes.



Cancers 2025, 17,731

14 of 17

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers17050731/s1, Figure S1: Schedule and applied treatments
of the in vivo mouse experiment. A total of 25 female NOD.Cg-Prkdcscid /I12rgtm1Wjl/Sz] mice
received 3 x 10° N87.ffLuc or JIMT-1.ffLuc cells subcutaneously in 100 uL PBS and 100 pL Matrigel
(red box). Effector cell treated mice received on day 14, and then biweekly (green box), an i.v. dose
of 5 x 10° NT NK-92 cells or HER2-CAR NK cells. NT NK-92 plus trastuzuma-treated animals
received 100 pg trastuzumab in 100 pL PBS i.p. twice a week during the experiment, starting from
day 15 (orange box). All treated animals received 50,000 IU IL-2 in 100 uL PBS i.p. twice a week
during the experiment, starting from day 15 (orange box). Tumor growth was followed by weekly
bioluminescence imaging (blue box); Figure S2: Quantitative cell proliferation data from culture
day 0 to 42. 1 x 10° HER2-CAR NK and NT NK cells were plated in duplicates in the presence of
400 IU/mL interleukin-2. Every 3.5 days, the effector cell number was determined by flow cytometry,
and then the initial effector cell quantity was placed onto new plates in conditions identical to the
beginning of the experiment. The expansion rate was calculated as the ratio of cells at the end to
at the beginning of the 3.5-day period. Histograms represent the mean + SD (n = 3; assay in du-
plicates); *** p < 0.001; Figure S3: HER2-specific CAR NK cells successfully recognized immobilized
HER? target: 1 x 10°> HER2-CAR NK or NT NK cells + 10 pug/mL trastuzumab were incubated on
HER2-Fc protein-coated plates. After 24 h, IFNy was determined in the culture supernatant by ELISA
(n = 3, assay performed in duplicates). Histograms show mean + SEM; ** p < 0.01; *** p < 0.001;
Figure S4: Firefly-luciferase-based cytotoxicity assay. HER2-CAR NK or NT NK cells =+ 10 pg/mL
trastuzumab against 3 x 10* MDA-HER2, JIMT-1 or N87 (HER2") or MDA (HER2") target cells in
at 1-0.3-0.1-0.03-0.01-0.003:1 NK cell-to-tumor cell ratio (marked as E:T ratio in the figure). Cell
culture media was supplemented with 400 IU/mL IL-2. (n = 3; assay was performed in duplicates)
Histograms show mean + SEM; *** p < 0.001. Non-treated NK-92 cells were compared to media
control and additionally, the NT NK-92 cells were compared to the .z group at the effector-to-target
ratio of 3:1.
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NT Non-Transduced (NK-92 cells)

References

1.  Costa, R.L.B.; Czerniecki, B.]. Clinical development of immunotherapies for HER2(+) breast cancer: A review of HER2-directed
monoclonal antibodies and beyond. NPJ Breast Cancer 2020, 6, 10. [CrossRef] [PubMed]

2. Cruz, E; Kayser, V. Monoclonal antibody therapy of solid tumors: Clinical limitations and novel strategies to enhance treatment
efficacy. Biologics 2019, 13, 33-51. [CrossRef] [PubMed]

3. Barok, M,; Isola, ].; Palyi-Krekk, Z.; Nagy, P; Juhasz, I.; Vereb, G.; Kauraniemi, P.; Kapanen, A.; Tanner, M.; Vereb, G.; et al.
Trastuzumab causes antibody-dependent cellular cytotoxicity-mediated growth inhibition of submacroscopic JIMT-1 breast
cancer xenografts despite intrinsic drug resistance. Mol. Cancer Ther. 2007, 6, 2065-2072. [CrossRef] [PubMed]

4. Lee,KM,;Nam, K; Oh, S; Lim, J.; Kim, Y.P; Lee, J.W.; Yu, ].H.; Ahn, S H.; Kim, S.B.; Noh, D.Y,; et al. Extracellular matrix protein
1 regulates cell proliferation and trastuzumab resistance through activation of epidermal growth factor signaling. Breast Cancer
Res. 2014, 16, 479. [CrossRef]

5. Bourguignon, L.Y.; Shiina, M.; Li, ].]. Hyaluronan-CD44 interaction promotes oncogenic signaling, microRNA functions, chemore-
sistance, and radiation resistance in cancer stem cells leading to tumor progression. Adv. Cancer Res. 2014, 123, 255-275.
[CrossRef]

6. Henke, E.; Nandigama, R.; Ergun, S. Extracellular Matrix in the Tumor Microenvironment and Its Impact on Cancer Therapy.
Front. Mol. Biosci. 2019, 6, 160. [CrossRef]

7. Del Bufalo, F; De Angelis, B.; Caruana, I.; Del Baldo, G.; De Ioris, M.A; Serra, A.; Mastronuzzi, A.; Cefalo, M.G.; Pagliara, D.;
Amicucci, M.; et al. GD2-CARTO1 for Relapsed or Refractory High-Risk Neuroblastoma. N. Engl. |. Med. 2023, 388, 1284-1295.
[CrossRef]

8. Szoor, A.; Toth, G.; Zsebik, B.; Szabo, V.; Eshhar, Z.; Abken, H.; Vereb, G. Trastuzumab derived HER2-specific CARs for the
treatment of trastuzumab-resistant breast cancer: CAR T cells penetrate and eradicate tumors that are not accessible to antibodies.
Cancer Lett. 2020, 484, 1-8. [CrossRef]

9.  Toth, G; Szollosi, J.; Abken, H.; Vereb, G.; Szoor, A. A Small Number of HER2 Redirected CAR T Cells Significantly Improves
Immune Response of Adoptively Transferred Mouse Lymphocytes against Human Breast Cancer Xenografts. Int. J. Mol. Sci.
2020, 21, 1039. [CrossRef]

10. Sterner, R.C.; Sterner, R M. CAR-T cell therapy: Current limitations and potential strategies. Blood Cancer J. 2021, 11, 69. [CrossRef]

11.  Sheng, L.; Mu, Q.; Wu, X,; Yang, S.; Zhu, H.; Wang, J.; Lai, Y.; Wu, H.; Sun, Y,; Hu, Y,; et al. Cytotoxicity of Donor Natural Killer
Cells to Allo-Reactive T Cells Are Related With Acute Graft-vs.-Host-Disease Following Allogeneic Stem Cell Transplantation.
Front. Immunol. 2020, 11, 1534. [CrossRef] [PubMed]

12.  Shimasaki, N.; Jain, A.; Campana, D. NK cells for cancer immunotherapy. Nat. Rev. Drug Discov. 2020, 19, 200-218. [CrossRef]
[PubMed]

13.  Cutmore, L.C.; Marshall, ]J.F. Current Perspectives on the Use of off the Shelf CAR-T/NK Cells for the Treatment of Cancer.
Cancers 2021, 13, 1926. [CrossRef] [PubMed]

14. Morgan, M.A,; Buning, H.; Sauer, M.; Schambach, A. Use of Cell and Genome Modification Technologies to Generate Improved
“Off-the-Shelf” CAR T and CAR NK Cells. Front. Immunol. 2020, 11, 1965. [CrossRef] [PubMed]

15. Nayyar, G.; Chu, Y.; Cairo, M.S. Overcoming Resistance to Natural Killer Cell Based Immunotherapies for Solid Tumors. Front.

Oncol. 2019, 9, 51. [CrossRef]


www.immunitybio.com
https://doi.org/10.1038/s41523-020-0153-3
https://www.ncbi.nlm.nih.gov/pubmed/32195333
https://doi.org/10.2147/BTT.S166310
https://www.ncbi.nlm.nih.gov/pubmed/31118560
https://doi.org/10.1158/1535-7163.MCT-06-0766
https://www.ncbi.nlm.nih.gov/pubmed/17620435
https://doi.org/10.1186/s13058-014-0479-6
https://doi.org/10.1016/B978-0-12-800092-2.00010-1
https://doi.org/10.3389/fmolb.2019.00160
https://doi.org/10.1056/NEJMoa2210859
https://doi.org/10.1016/j.canlet.2020.04.008
https://doi.org/10.3390/ijms21031039
https://doi.org/10.1038/s41408-021-00459-7
https://doi.org/10.3389/fimmu.2020.01534
https://www.ncbi.nlm.nih.gov/pubmed/32849519
https://doi.org/10.1038/s41573-019-0052-1
https://www.ncbi.nlm.nih.gov/pubmed/31907401
https://doi.org/10.3390/cancers13081926
https://www.ncbi.nlm.nih.gov/pubmed/33923528
https://doi.org/10.3389/fimmu.2020.01965
https://www.ncbi.nlm.nih.gov/pubmed/32903482
https://doi.org/10.3389/fonc.2019.00051

Cancers 2025, 17,731 16 of 17

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Portillo, A.L.; Monteiro, J.K.; Rojas, E.A.; Ritchie, T.M.; Gillgrass, A.; Ashkar, A.A. Charting a killer course to the solid tumor:
Strategies to recruit and activate NK cells in the tumor microenvironment. Front. Immunol. 2023, 14, 1286750. [CrossRef]
Melaiu, O.; Lucarini, V.; Cifaldi, L.; Fruci, D. Influence of the Tumor Microenvironment on NK Cell Function in Solid Tumors.
Front. Immunol. 2019, 10, 3038. [CrossRef]

Mata, M.; Vera, ].E; Gerken, C.; Rooney, C.M.; Miller, T.; Pfent, C.; Wang, L.L.; Wilson-Robles, H.M.; Gottschalk, S. Toward
immunotherapy with redirected T cells in a large animal model: Ex vivo activation, expansion, and genetic modification of canine
T cells. J. Immunother. 2014, 37, 407—415. [CrossRef]

Tanner, M.; Kapanen, A.L; Junttila, T.; Raheem, O.; Grenman, S.; Elo, J.; Elenius, K,; Isola, J. Characterization of a novel cell line
established from a patient with Herceptin-resistant breast cancer. Mol. Cancer Ther. 2004, 3, 1585-1592. [CrossRef]

Gong, ].H.; Maki, G.; Klingemann, H.G. Characterization of a human cell line (NK-92) with phenotypical and functional
characteristics of activated natural killer cells. Leukemia 1994, 8, 652—658.

Binyamin, L.; Alpaugh, RK.; Hughes, T.L.; Lutz, C.T.; Campbell, K.S.; Weiner, L.M. Blocking NK cell inhibitory self-recognition
promotes antibody-dependent cellular cytotoxicity in a model of anti-lymphoma therapy. J. Immunol. 2008, 180, 6392-6401.
[CrossRef] [PubMed]

Anikeeva, N.; Steblyanko, M.; Fayngerts, S.; Kopylova, N.; Marshall, D.].; Powers, G.D.; Sato, T.; Campbell, K.S.; Sykulev, Y.
Integrin receptors on tumor cells facilitate NK cell-mediated antibody-dependent cytotoxicity. Eur. J. Immunol. 2014, 44, 2331-2339.
[CrossRef] [PubMed]

Csaplar, M.; Szollosi, J.; Gottschalk, S.; Vereb, G.; Szoor, A. Cytolytic Activity of CAR T Cells and Maintenance of Their CD4*
Subset Is Critical for Optimal Antitumor Activity in Preclinical Solid Tumor Models. Cancers 2021, 13, 4301. [CrossRef] [PubMed]
Mezosi-Csaplar, M.; Szoor, A.; Vereb, G. CD28 and 41BB Costimulatory Domains Alone or in Combination Differentially Influence
Cell Surface Dynamics and Organization of Chimeric Antigen Receptors and Early Activation of CAR T Cells. Cancers 2023,
15, 3081. [CrossRef]

Szoor, A.; Vaidya, A.; Velasquez, M.P.; Mei, Z.; Galvan, D.L.; Torres, D.; Gee, A.; Heczey, A.; Gottschalk, S. T Cell-Activating
Mesenchymal Stem Cells as a Biotherapeutic for HCC. Mol. Ther. Oncolytics 2017, 6, 69-79. [CrossRef]

Nagy, L.; Mezosi-Csaplar, M.; Rebenku, I.; Vereb, G.; Szoor, A. Universal CAR T cells targeted to HER2 with a biotin-trastuzumab
soluble linker penetrate spheroids and large tumor xenografts that are inherently resistant to trastuzumab mediated ADCC. Front.
Immunol. 2024, 15, 1365172. [CrossRef]

IN EN ISO 9001; Quality Management Systems—Requirements. ISO: Geneva, Switzerland, 2015.

Boomer, J.S.; Green, ]. M. An enigmatic tail of CD28 signaling. Cold Spring Harb. Perspect. Biol. 2010, 2, a002436. [CrossRef]
Vinay, D.S.; Kwon, B.S. 4-1BB signaling beyond T cells. Cell. Mol. Immunol. 2011, 8, 281-284. [CrossRef]

Bonifant, C.L.; Jackson, H.J.; Brentjens, R.J.; Curran, K.J. Toxicity and management in CAR T-cell therapy. Mol. Ther. Oncolytics
2016, 3, 16011. [CrossRef]

Levine, B.L.; Miskin, J.; Wonnacott, K.; Keir, C. Global Manufacturing of CAR T Cell Therapy. Mol. Ther. Methods Clin. Dev. 2017,
4,92-101. [CrossRef]

Ruella, M.; Kenderian, S.S. Next-Generation Chimeric Antigen Receptor T-Cell Therapy: Going off the Shelf. BioDrugs 2017,
31, 473-481. [CrossRef] [PubMed]

Liu, E.; Marin, D.; Banerjee, P.; Macapinlac, H.A.; Thompson, P.; Basar, R.; Nassif Kerbauy, L.; Overman, B.; Thall, P.; Kaplan,
M.; et al. Use of CAR-Transduced Natural Killer Cells in CD19-Positive Lymphoid Tumors. N. Engl. |. Med. 2020, 382, 545-553.
[CrossRef] [PubMed]

Xie, G.; Dong, H; Liang, Y.; Ham, J.D.; Rizwan, R.; Chen, J. CAR-NK cells: A promising cellular immunotherapy for cancer.
EBioMedicine 2020, 59, 102975. [CrossRef] [PubMed]

Rafei, H.; Daher, M.; Rezvani, K. Chimeric antigen receptor (CAR) natural killer (NK)-cell therapy: Leveraging the power of
innate immunity. Br. J. Haematol. 2021, 193, 216-230. [CrossRef]

Hanahan, D.; Michielin, O.; Pittet, M.]. Convergent inducers and effectors of T cell paralysis in the tumour microenvironment.
Nat. Rev. Cancer 2025, 25, 41-58. [CrossRef]

Yeku, O.O.; Brentjens, R.J. Armored CAR T-cells: Utilizing cytokines and pro-inflammatory ligands to enhance CAR T-cell
anti-tumour efficacy. Biochem. Soc. Trans. 2016, 44, 412—418. [CrossRef] [PubMed]

Grosser, R.; Cherkassky, L.; Chintala, N.; Adusumilli, P.S. Combination Immunotherapy with CAR T Cells and Checkpoint
Blockade for the Treatment of Solid Tumors. Cancer Cell 2019, 36, 471-482. [CrossRef]

Giuffrida, L.; Sek, K.; Henderson, M.A.; House, 1.G,; Lai, J.; Chen, A.X.Y.; Todd, K.L.; Petley, E.V.; Mardiana, S.; Todorovski, L;
et al. IL-15 Preconditioning Augments CAR T Cell Responses to Checkpoint Blockade for Improved Treatment of Solid Tumors.
Mol. Ther. 2020, 28, 2379-2393. [CrossRef]

Jaspers, J.E.; Brentjens, R.J. Development of CAR T cells designed to improve antitumor efficacy and safety. Pharmacol. Ther. 2017,
178, 83-91. [CrossRef]


https://doi.org/10.3389/fimmu.2023.1286750
https://doi.org/10.3389/fimmu.2019.03038
https://doi.org/10.1097/CJI.0000000000000052
https://doi.org/10.1158/1535-7163.1585.3.12
https://doi.org/10.4049/jimmunol.180.9.6392
https://www.ncbi.nlm.nih.gov/pubmed/18424763
https://doi.org/10.1002/eji.201344179
https://www.ncbi.nlm.nih.gov/pubmed/24810893
https://doi.org/10.3390/cancers13174301
https://www.ncbi.nlm.nih.gov/pubmed/34503109
https://doi.org/10.3390/cancers15123081
https://doi.org/10.1016/j.omto.2017.07.002
https://doi.org/10.3389/fimmu.2024.1365172
https://doi.org/10.1101/cshperspect.a002436
https://doi.org/10.1038/cmi.2010.82
https://doi.org/10.1038/mto.2016.11
https://doi.org/10.1016/j.omtm.2016.12.006
https://doi.org/10.1007/s40259-017-0247-0
https://www.ncbi.nlm.nih.gov/pubmed/29143249
https://doi.org/10.1056/NEJMoa1910607
https://www.ncbi.nlm.nih.gov/pubmed/32023374
https://doi.org/10.1016/j.ebiom.2020.102975
https://www.ncbi.nlm.nih.gov/pubmed/32853984
https://doi.org/10.1111/bjh.17186
https://doi.org/10.1038/s41568-024-00761-z
https://doi.org/10.1042/BST20150291
https://www.ncbi.nlm.nih.gov/pubmed/27068948
https://doi.org/10.1016/j.ccell.2019.09.006
https://doi.org/10.1016/j.ymthe.2020.07.018
https://doi.org/10.1016/j.pharmthera.2017.03.012

Cancers 2025, 17,731 17 of 17

41. Caruana, I; Savoldo, B.; Hoyos, V.; Weber, G.; Liu, H.; Kim, E.S.; Ittmann, M.M.; Marchetti, D.; Dotti, G. Heparanase promotes
tumor infiltration and antitumor activity of CAR-redirected T lymphocytes. Nat. Med. 2015, 21, 524-529. [CrossRef]

42. Yang, K.; Zhao, Y.; Sun, G.; Zhang, X.; Cao, J.; Shao, M.; Liang, X.; Wang, L. Clinical application and prospect of immune
checkpoint inhibitors for CAR-NK cell in tumor immunotherapy. Front. Immunol. 2022, 13, 1081546. [CrossRef] [PubMed]

43. Wang, W,; Liu, Y;; He, Z,; Li, L,; Liu, S.; Jiang, M.; Zhao, B.; Deng, M.; Wang, W.; Mi, X,; et al. Breakthrough of solid tumor
treatment: CAR-NK immunotherapy. Cell Death Discov. 2024, 10, 40. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/nm.3833
https://doi.org/10.3389/fimmu.2022.1081546
https://www.ncbi.nlm.nih.gov/pubmed/36741400
https://doi.org/10.1038/s41420-024-01815-9
https://www.ncbi.nlm.nih.gov/pubmed/38245520

	Introduction 
	Materials and Methods 
	Cells and Culture Conditions 
	Retrovirus Production and Transduction of NK-92 Cells 
	Flow Cytometry 
	Cytokine Secretion Assay 
	Cytotoxicity Assay 
	Proliferation Assay 
	Three-Dimensional Cell Culture and Propidium Iodide Incorporation Assay 
	Xenograft Tumors and In Vivo Treatment 
	Statistical Analysis 

	Results 
	Generation of HER2-Specific Human CAR NK Cells and Their Proliferation In Vitro 
	HER2-Specific CAR NK Cells Successfully Recognize and Kill Trastuzumab-Resistant and Sensitive HER2-Positive Target Cells in Monolayer Cultures 
	41BB-Containing HER2-Specific CAR-Modified NK Cells Selectively Destroy Three-Dimensional CD44- N87 Tumor Spheroids but Spare CD44+ JIMT-1 Spheroids 
	HER2-CAR NK Cells Are Unable to Eliminate CD44+, Trastuzumab-Resistant JIMT-1 Xenografts In Vivo 
	HER2-CAR NK Cells Exert Significant In Vivo Antitumor Effect Against CD44-, Trastuzumab-Sensitive N87 Xenografts 

	Discussion 
	Conclusions 
	References

