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Brief Report

Characterization of a Trispecific PD-L1 Blocking Antibody That
Exhibits EGFR-Conditional 4-1BB Agonist Activity
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Abstract: Immune checkpoint blockade has changed the treatment paradigm for advanced solid
tumors, but the overall response rates are still limited. The combination of checkpoint blockade
with anti-4-1BB antibodies to stimulate tumor-infiltrating T cells has shown anti-tumor activity in
human trials. However, the further clinical development of these antibodies has been hampered by
significant off-tumor toxicities. Here, we generated an anti-4-1BB/EGFR/PD-L1 trispecific antibody
consisting of a triple-targeting tandem trimerbody (TT) fused to an engineered silent Fc region.
This antibody (IgTT-4E1-S) was designed to combine the blockade of the PD-L1/PD-1 axis with
conditional 4-1BB costimulation specifically confined to the tumor microenvironment (TME). The
antibody demonstrated simultaneous binding to purified EGFR, PD-L1, and 4-1BB in solution,
effective blockade of the PD-L1/PD1 interaction, and potent 4-1BB-mediated costimulation, but only
in the presence of EGFR-expressing cells. These results demonstrate the feasibility of IgTT-4E1-S
specifically blocking the PD-L1/PD-1 axis and inducing EGFR-conditional 4-1BB agonist activity.

Keywords: cancer immunotherapy; trispecific antibody; epithelial growth factor receptor; immune
checkpoint blockade; 4-1BB costimulation

1. Introduction

One of the most promising strategies for enhancing anti-tumor immune responses is
the blockade of inhibitory immune checkpoints, such as cytotoxic T lymphocyte antigen 4
(CTLA-4), programmed cell death protein 1 (PD-1), or PD-1 ligand (PD-L1) [1]. Immune
checkpoint blockers have transformed cancer treatment for a wide range of tumor types, but
the overall response rates are still limited, as many patients have no response or only a tran-
sient response [2,3]. As of January 2024, seven PD-L1 blockers and eight PD-1 blockers have
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been approved for clinical use in the United States and Europe, with atezolizumab being
the first anti-PD-L1 monoclonal antibody (mAb) on the market (2017) [4]. Another strategy
involves targeting costimulatory pathways, such as 4-1BB, also known as CD137, a member
of the TNF receptor (TNFR) superfamily (TNFRSF9), which is an activation-induced surface
receptor that provides antigen-primed T cells with augmented survival, proliferation and
effector functions, as well as metabolic advantages [5]. Anti-4-1BB agonistic mAbs have
shown considerable potential in promoting tumor rejection in preclinical cancer models [6].
However, the clinical development of full-length anti-4-1BB antibodies has been hampered
by off-tumor toxicity, which is mainly due to Fc-FcγR interactions [6–8]. Therefore, to fully
exploit their therapeutic potential, novel approaches are being developed that generally
aim to confine 4-1BB costimulation to the TME and draining lymph nodes by adding tumor-
specific moieties to generate bispecific 4-1BB agonistic antibodies [8–10]. Tumor-associated
antigens (TAAs), such as epidermal growth factor receptor (EGFR), fibroblast activation
protein (FAP), CD19, B7-H3 (CD276), carcinoembryonic antigen (CEA), and EGFR 2 (HER2)
have been targeted to develop 4-1BB bispecifics [8–15]. Recently, a range of bispecific
constructs targeting 4-1BB-mediated T cell costimulation to PD-L1-overexpressing tumor
cells and simultaneously blocking the PD-1/PD-L1 axis have been generated [16–22] and
are being clinically evaluated.

Here, we generated and characterized a multispecific antibody by fusing a trispecific
4-1BB/EGFR/PD-L1 tandem trimerbody (TT) [23] with the human IgG1 hinge and Fc
regions based on a previously described IgTT platform [24]. We used an engineered
silenced Fc region to inhibit the binding of FcγR but retain the binding of FcRn for IgG-
like pharmacokinetics [25]. The trispecific and hexavalent antibody was designed to
simultaneously modulate two key pathways to enhance anti-tumor immune responses:
PD-L1 blockade and tumor-specific 4-1BB costimulation. Our choice of TAA was the EGFR,
a well-characterized tyrosine kinase receptor whose dysregulation promotes cancer cell
proliferation, inhibits apoptosis, and promotes invasion [26].

2. Materials and Methods

2.1. Cell Lines and Culture Conditions

Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies, Carlsbad, CA, US;
cat# 10313021) supplemented with antibiotics (100 units/mL of penicillin, 100 μg/mL
of streptomycin; both from Life Technologies), 10% (v/v) heat-inactivated fetal bovine
serum (FBS) (Merck Life Science, Darmstadt, Germany; cat# F7524-500 ML), and 2 mmol/L
L-glutamine was used to culture HEK-293 (CRL-1573), NIH/3T3 (CRL-1658), CHO-K1
(CCL-61), and MDA-MB-231 (HTB-26) cells at 37 ◦C in 5% CO2. All these cell lines were
obtained from the American Type Culture Collection. NIH/3T3 cells expressing human
EGFR (3T3EGFR) were kindly provided by Dr. A. Villalobo (Instituto de Investigaciones
Biomédicas “Alberto Sols”, IIBm CSIC-UAM, Madrid, Spain). Expi293F cells (from Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) were cultured in Expi293 expression medium
in a humidified, 8% CO2 incubator rotating at 95 rpm at 37 ◦C. Jurkat T cells (TIB-152) were
cultured in RPMI-1640 (Lonza Bioscience, Basel, Switzerland; cat# 12-702Q) supplemented
with 10% (v/v) heat-inactivated FBS, 2 mmol/L of L-glutamine, and antibiotics. Jurkat T
cells stably expressing human PD-1 and NFAT-induced luciferase (JurkatNFAT-PD-1) and
CHO-K1 cells stably expressing human PD-L1 (PD-L1 aAPC/CHO-K1) were obtained from
Promega (Madison, WI, USA; cat# J1250). Jurkat T cells stably expressing human 4-1BB
and NFAT-induced luciferase (JurkatNFAT-4-1BB) were obtained from Promega (cat# JA2351).
CHO-K1 cells stably expressing human PD-L1 (CHOPD-L1) were obtained from Genlantis
(xCELLerateTM PD-L1 Stable Cell Line, XCL-PDL1), and CHO-K1 cells stably expressing
human EGFR (CHOEGFR) were generated using human EGFR-encoding lentiviral particles
(G&P Biosciences, Santa Clara, CA, US; cat# LTV0169). Jurkat T cells expressing GFP-
tagged 4-1BB (Jurkat4-1BB) were generated by lentiviral transduction using commercial
lentiviral particles (Origene, Rockville, MD, USA; cat# RC200664L4V). The ORF present in
the lentivirus contains 4-1BB sequence followed by mGFP sequence in the C-terminus, a
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P2A cleavage site, and a puromycin resistance gene, all in frame. Briefly, 1 × 104 cells were
incubated with the lentiviral particles (titer of 5.5 × 107 TU/mL) at a MOI (multiplicity
of infection) of 20 for 8 h in retronectin-coated 24-well plates (20 μg/cm2). The cells were
allowed to recover for 48 h and subsequently selected in 2 μg/mL of puromycin. The cells
were maintained in culture in the presence of 1 μg/mL of puromycin. All cell lines were
routinely screened for mycoplasma contamination by PCR using the Mycoplasma Plus TM
Primer Set (Biotools B&M Labs, Madrid, Spain; cat# 90022).

2.2. Construction of the Expression Vectors

To generate the 4-1BB/EGFR/PD-L1 trispecific IgTT Fcwt (IgTT-4E1) expression vector,
the plasmid pCR3.1-FLAG/Strep-α4-1BB-αEGFR-αPD-L1-hFcwt-Myc-His was generated
by cloning the insert OncoM-FLAG/Strep-α4-1BB scFv SAP3.28 [13] flanked by HindIII-
NotI sites (GeneArt AG, Thermo Fischer, Waltham, MA, USA) and the insert αPD-L1 VHH
(Nb6p generated in llama immunized with human PD-L1 ectodomain [27]) flanked by
AfeI-SacII sites (GeneArt AG, Thermo Fischer) into the plasmid from pCR3.1-FLAG/Strep-
αPD-L1-αEGFR-hFcwt-Myc-His encoding the bispefic IgTT-1E [24]. Then, to generate
the 4-1BB/EGFR/PD-L1 trispecific IgTT Fcsilent (IgTT-4E1-S), the insert hFcsilent-Myc-His
flanked by SacII-XbaI sites (GeneArt AG, Thermo Fischer) was subcloned into the plasmid
pCR3.1-FLAG/Strep-α41BB-αEGFR-αPD-L1-hFcwt-Myc-His. Finally, to generate the 4-
1BB/PD-L1/EGFR trispecific IgTT Fcsilent (IgTT-41E-S), the insert αPD-L1 VHH/αEGFR
VHH flanked by XhoI-SacII sites (GeneArt AG, Thermo Fischer) was cloned into the plasmid
pCR3.1-FLAG/Strep-α41BB-αEGFR-αPD-L1-hFcsilent-Myc-His. All the sequences were
verified using the FwCMV and RvBGH oligonucleotide primers (Table S1).

2.3. Expression and Purification of the Recombinant Antibodies

HEK-293 cells (4 × 105 cells/well) were transfected with different vectors (2.5 μg
of DNA/well) using a Lipofectamine 3000 kit (Fisher Scientific, Waltham, MA, USA;
cat# 15292465) and cultured at 37 ◦C. The cells were then selected in complete DMEM
supplemented with 500 μg/mL of G418 to generate stable cell lines. To produce large
amounts of protein, 5.8 × 108 Expi293F cells were transfected with 180 μg of DNA using
the Expifectamine 293 transfection reagent (Life Technologies) in 180 mL of medium and
cultured at 37 ◦C for four days. The conditioned media were collected and processed using
the Strep-Tactin purification system (IBA Lifesciences, Göttingen, Germany) in an ÄKTA
Prime plus system (Life Technologies). The purified antibodies were then dialyzed at 4 ◦C
with PBS pH 7.4 supplemented with 150 mM NaCl, analyzed by sodium dodecyl sulphate
(SDS)–polyacrylamide gel electrophoresis (PAGE) under reducing conditions, and assayed
for endotoxin levels using a limulus amebocyte lysate (LAL) endotoxin quantitation kit
according to the manufacturer’s specifications (Thermo Fisher Scientific, Waltham, MA,
USA; cat# A39552S). The endotoxin levels were <0.25 EU/mL.

2.4. Enzyme-Linked Immunosorbent Assay

To determine the binding activity of the purified or secreted protein, human EGFR-
Fc (hEGFR-Fc, R&D Systems, Minneapolis, MN, USA; cat# 344-ER), human PD-L1-Fc
(hPD-L1-Fc, R&D Systems, cat# 156-B7-100), or human 4-1BB-Fc (h4-1BB-Fc, R&D Systems,
cat# 838-4B-100) chimeras were immobilized (2.5 μg/mL in PBS) on Maxisorp 96-well
plates (NUNC Brand Products, Thermo Fisher Scientific; cat# 44240) overnight at 4 ◦C.
After washing and blocking with PBS–5% BSA, the conditioned medium or the purified
protein solution (1 μg/mL) was added, and the plates were incubated for 1 h at room
temperature. After washing, proteins were detected with HRP-conjugated anti-FLAG mAb
(M2 clone, Sigma-Aldrich, Burlington, MA, USA; cat# A8592) (1 μg/mL) for 45 min at room
temperature. The plates were then developed with 100 μL of 3,3′,5,5′-tetramethylbenzidine
(TMB) (Sigma-Aldrich, cat# T0440), and the reaction was stopped with 100 μL of 1 N H2SO4.
Absorbance was read at 450–620 nm using a Multiskan FC photometer (Thermo Scientific,
Waltham, MA, USA).
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2.5. Western Blotting

Conditioned medium samples containing 0.1% (v/v) FBS were analyzed by 10–20%
tris-glycine SDS-PAGE under reducing conditions and transferred onto nitrocellulose
membranes (Thermo Fisher Scientific, cat# IB23002). They were incubated with mouse
anti-FLAG mAb (clone M2, Sigma-Aldrich, cat# F3165) (1 μg/mL) and probed with HRP-
conjugated goat anti-mouse polyclonal antibody (GAM-HRP) (Sigma-Aldrich, Burlington,
MA, USA; cat# A2554) (1:10,000 dilution). The visualization of protein bands was performed
with Pierce ECL Plus Western Blotting Substrate (Thermo Scientific, cat# 32132) using the
ChemiDoc MP Imaging System and Image Lab software (version 6.0.1, both from BioRad,
Hercules, CA, USA).

2.6. Size-Exclusion Chromatography

Size-exclusion chromatography (SEC) was performed on a Superdex 200 Increase
10/300 GL column (Cytiva) on an ÄKTA go chromatography system (Cytiva). The column
was equilibrated in 0.22 μm filtered PBS. Analytical runs of the antibody were performed
at room temperature at a flow rate of 0.75 mL/min, injecting 20 μg of protein. The column
was calibrated using the Gel Filtration HMW Calibration Kit from Cytiva (cat# 28403842).
Data acquisition and analysis were performed using ASTRA software (version 7.6, Wyatt
Technology, Santa Barbara, CA, USA). The reported molar mass corresponds to the center
of the chromatography peaks.

2.7. Molecular Modeling

The three-dimensional representation of IgTT-4E1 was built by comparative homology
modeling using MODELLER [28]. The model was created by using different templates
for the different domains. The VHH monospecific TT model was generated utilizing as a
template the monospecific anti-CEA TT from a prior study [23]. The Fc region was modeled
based on the human IgG1 B12 structure (pdb:1HZH.H) [29], obtained from the Protein Data
Bank [30] (99% sequence identity, e-value of 1 × 10−169 as calculated by BLAST (version
2.2.24) [31]). The 1HZH structure also guided the dimer modeling. The scFv domain was
modeled using the interleukin 18 receptor antagonist scFv (pdb:6NK9.D) [32] as a template
(83% sequence identity, e-value of 2 × 10−138 as calculated by BLAST). Ultimately, the final
representation was generated by merging the models.

2.8. Biolayer Interferometry

The simultaneous binding of all three cognate antigens by IgTT-4E1 was investigated
using biolayer interferometry (BLI) on an Octet RED96 system (Fortebio, Fremont, CA,
USA). We immobilized 5 g/L of hEGFR-Fc onto AR2G biosensors (Fortebio) at pH 5.0
using amine-reactive coupling. Then, IgTT-4E1 in HEPES-buffered saline (HBS; 20 mM
HEPES, 150 mM NaCl, pH 7.4) at 20 nM was allowed to associate with the hEGFR-Fc-coated
biosensors for 20 min, after which the dissociation of the antibody from the biosensors
was measured for 5 min in HBS buffer only. The biosensors were then moved into HBS
containing 50 nM hPD-L1-Fc for 20 min and subsequently into HBS containing 50 nM
h4-1BB-Fc for 20 min, followed by 5 min of dissociation in HBS.

2.9. Flow Cytometry

The purified antibody IgTT-4E1 or control monospecific mAbs (6.67 nM) were in-
cubated with CHO, CHOEGFR, CHOPD-L1, 3T3, 3T3EGFR, Jurkat, or Jurkat4-1BB T cells
(1 × 105 cells/well) for 30 min on ice. After washing, PE-conjugated F(ab’)2 goat anti-
human (GAH) polyclonal antibody (Jackson ImmunoResearch, West Grove, PA, USA;
cat# 109-116-170) was added and incubated for 30 min. Rituximab (Fritz Hoffmann-La
Roche, Basel, Switzerland), urelumab (MedChemExpress, Monmouth Junction, NJ, USA;
cat# HY-p99055), atezolizumab (Fritz Hoffmann-La Roche), and cetuximab (Merck KGaA,
Darmstadt, Germany) (6.67 nM) were used as monospecific controls. To immunophenotype
MDA-MB-231 cells and peripheral blood mononuclear cells (PBMC), the following mAbs
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were used: PE-conjugated anti-EGFR (Becton Dickinson, Franklin Lakes, NJ, USA; cat#
555997), APC-conjugated anti-PD-L1 (BD, cat# 563741), FITC-conjugated anti-PD-1 (BD,
cat# 557860), PE-conjugated anti-CD137 (BD, cat# 555956), PE-conjugated isotype IgG1
(BD, cat# 554680), APC-conjugated isotype IgG1 (BD, cat# 554681), and FITC-conjugated
isotype IgG1 (ImmunoTools; Friesoythe, Germany; cat# 21275513) and incubated for
30 min. Finally, after washing, DAPI (Sigma Aldrich, cat# D9542) was added, and the
samples were analyzed with a FACSCanto II flow cytometer (Becton Dickinson).

2.10. ADCC Reporter Bioassay

The ADCC reporter bioassay (Promega, cat# G7010) was performed according to the
manufacturer’s instructions. Briefly, 3T3 or 3T3EGFR cells (1.2 × 104/well) were seeded
in 96-well white plates in DMEM-10% FBS and incubated overnight at 37 ◦C. Then, the
medium was removed, and different amounts of rituximab, IgTT-4E1, or IgTT-4E1-S (final
concentrations 66.7; 6.67; 0.667 nM) were added in 40 μL of RPMI-1% FBS/well. Then,
JurkatNFAT-CD16 effector cells (7.5 × 104/well) were added to RPMI-1% FBS (40 μL/well)
and incubated for 6 h at 37 ◦C. Finally, 80 μL/well of BioGlo Reagent (Promega) was added,
and bioluminescence was measured in a Tecan Infinite F200 Fluorescence Microplate Reader
(Life Sciences, St. Petersburg, FL, USA; Tecan).

2.11. PD-1/PD-L1 Blockade Bioassay

The PD-1/PD-L1 Bioassay (Promega, cat# J1250) was used following the manufac-
turer’s instructions. Briefly, PD-L1 aAPC/CHO-K1 cells (2.5 × 104/well) were seeded
in 96-well white plates in DMEM-10% FBS and incubated overnight at 37 ◦C. Then, the
medium was removed, and different amounts of atezolizumab, cetuximab, or IgTT-4E1-
S (final concentrations 66.7; 6.67; 0.667 nM) were added in RPMI-1% FBS (40 μL well).
Then, JurkatNFAT-PD-1 cells (1.25 × 105/well) were added to RPMI-1% FBS (40 μL/well)
and incubated for 6 h at 37 ◦C. Finally, 80 μL/well of BioGlo Reagent was added, and
bioluminescence was measured in a Tecan Infinite F200 Fluorescence Microplate Reader.

2.12. Antigen-Dependent Jurkat 4-1BB Activation Assay

The 4-1BB Bioassay (Promega, cat#. J2332) was used, following the manufacturer´s
instructions. Briefly, CHO, CHOEGFR, or CHOPD-L1 cells (3 × 104/well) were seeded in 96-
well white plates in DMEM-10% FBS and incubated overnight at 37 ◦C. Then, the medium
was removed, and different amounts of urelumab, rituximab, purified IgTT-4E1-S (final
concentrations 66.7; 6.67; 0.667 and 0.0667 nM), or conditioned media containing IgTT-1E,
IgTT-4E1-S, and IgTT-41E-S were added. Then, JurkatNFkB-4-1BB cells (1.25 × 105/well) were
added to RPMI-1% FBS (40 μL/well) and incubated for 6 h at 37 ◦C. Finally, 80 μL/well of
BioGlo Reagent was added, and bioluminescence was measured in a Tecan Infinite F200
Fluorescence Microplate Reader.

2.13. IFNγ Secretion Analysis

Human peripheral blood mononuclear cells (PBMCs) were isolated from healthy
donors by density gradient centrifugation (Lymphoprep, Axis–Shield, Dundee, UK; cat#
AXS-1114544). All donors provided a written informed consent in accordance with the
Declaration of Helsinki. PBMCs were activated overnight with 0.3 μg/mL of anti-CD3
mAb (OKT3; BD, cat#. 566685) and co-cultured with MDA-MB-231 cells (5 × 104/well) at
an effector/target (E/T) ratio of 1:1 (5 × 104 cells/well) and 2:1 (1 × 105 cells/well) in the
presence of 6.67 nM control polyclonal human IgG (Griffols, Barcelona, Spain), urelumab,
atezolizumab, or IgTT-4E1-S for 48 h. The supernatants were collected, and IFNγ levels
were analyzed by ELISA (Bionova, Fremont, CA, USA; cat# 851.560.010) following the
manufacturer’s instructions. The experiment was performed in triplicate.
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2.14. Statistical Analysis

All graphs and statistical analyses were performed using GraphPad Prism 9.0. Most
in vitro experiments were performed in triplicate, and the values are presented as
mean ± SD. Significant differences (p value) were identified using one-way analysis of
variance (ANOVA), adjusted by Dunnett’s test for multiple comparisons, as indicated.
p values are shown in the corresponding figures. Two-way ANOVA was used to ana-
lyze experiments that evaluated the interaction of two variables, such as cell type and
therapy, following multiple comparison testing using either Dunnett’s or Tukey’s test,
as appropriate.

3. Results

3.1. Generation of IgTT-4E1 and IgTT-4E1-S

In this study, we generated a trispecific 4-1BBxEGFRxPD-L1 IgTT by replacing the
N-terminal scFv from IgTT-1E [24] with an anti-4-1BB agonistic scFv [13], and the C-
terminal anti-EGFR VHH with an anti-PD-L1 blocking VHH [27] (IgTT-4E1, Figure 1a). This
antibody was further modified by replacing the parental wild-type IgG1 Fc region with an
engineered Fc region containing P329G L234A/L235A (PGLALA) mutations attenuating
FcγR binding [33] (IgTT-4E1-S, Figure S1a). As shown in Figure 1b,c, the middle VHH
(green) and the C-terminal VHH (blue) were each connected to the trimerization domains
by two linkers, whereas the N-terminal scFv (magenta) had a single linker, providing the
binding domains with variable distances and broad areas of action around the central
Fc region. Both IgTT-4E1 and IgTT-4E1-S antibodies were purified from the conditioned
medium of transfected Expi293 cells by Strep-Tactin affinity chromatography and eluted
as a single and an symmetrical peak with protein yields of approximately 13 mg/L. The
analysis of the purified IgTT-4E1-S by SEC showed a major symmetric peak with an elution
volume corresponding to an experimental molecular mass of 305 kDa, in accordance with
the calculated value for the dimeric species in solution (240 kDa) (Figure S1b). A major
band corresponding to the IgTT-4E1-S monomer was identified by visual inspection of
the reducing SDS-PAGE analysis after SEC (Figure S1c). Both IgTT-4E1 and IgTT-4E1-S
specifically recognized human 4-1BB-Fc (4-1BB), human EGFR-Fc (EGFR), and human
PD-L1 Fc (PD-L1) (Figure S1d).

BLI experiments were used to investigate whether IgTT-4E1 could simultaneously
bind to all three antigens. First, IgTT-4E1 was found to interact with EGFR immobilized
onto biosensors. Then, the IgTT-4E1-loaded biosensors were incubated with PD-L1 and
subsequently with 4-1BB, which resulted in cumulative increases in the signal (Figure 1d).
The signal increases were not observed when the antigens were incubated with EGFR-
coated biosensors not loaded with IgTT-4E1, demonstrating that they in fact represented
complex formation with IgTT-4E1 and not non-specific interactions with EGFR or the
biosensor surface. Complex formation between IgTT-4E1 and all three antigens showed
that IgTT-4E1 is functionally trispecific, demonstrating a lack of steric hindrance between
its three cognate interactions in this experimental context.

The ability to specifically detect antigens in a cellular context was studied by flow cy-
tometry, using urelumab, cetuximab, and atezolizumab as binding controls, and rituximab
as a negative control (Figure 1e). With Jurkat4-1BB cells, a specific displacement in fluo-
rescence intensity was observed with IgTT-4E1 and urelumab compared to untransfected
Jurkat cells. A specific increase in fluorescence intensity was observed upon the addition
of both IgTT-4E1 and cetuximab to EGFR-positive cells (3T3EGFR and CHOEGFR) when
compared to EGFR-negative cells (3T3 and CHO). For CHOPD-L1 cells, a shift is shown
with IgTT-4E1 and atezolizumab, with respect to CHO cells. Moreover, with IgTT-4E1 and
atezolizumab, a shift was observed in both Jurkat and Jurkat4-1BB cells with respect to the
control, due to PD-L1 expression in Jurkat cells.
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Figure 1. Gene construct, molecular model, and binding characteristics of the IgTT-4E1 antibody.
(a) Gene layout of the IgTT-4E1 antibody bearing a signal peptide from oncostatin M (white box),
one anti-4-1BB scFv (magenta boxes), one anti-EGFR VHH (green box), one anti-PD-L1 VHH (blue box),
three collagen-derived trimerization (TIE) domains (yellow boxes) flanked by peptide linkers, and the
Fc-encoding element (gray box). N-terminal FLAG-Strep and C-terminal Myc-His tags (orange boxes)
were appended for purification and immunodetection purposes. (b) Schematic diagram showing
the three-dimensional model of the anti-4-1BB/EGFR/PD-L1 tandem trimerbody (TT). (c) Molecular
diagram of the IgTT-4E1 antibody and its three-dimensional modelizations, in front and top views.
(d) Human EGFR-Fc (EGFR) was immobilized onto four different biosensors; three biosensors were
incubated in 20 nM IgTT-4E1 for 20 min (red trace), while the fourth was kept in HBS as a negative
control (gray trace). Then, 50 nM human PD-L1-Fc (PD-L1) was added to two of the IgTT-4E1-loaded
biosensors (blue trace) and the control biosensor for 20 min. Also, 50 nM human 4-1BB-hFc (4-1BB)
was then added to one PD-L1- and IgTT-4E1-treated biosensor (black trace) and the control biosensor.
The cumulative signal increases on the biosensor receiving IgTT-4E1, PD-L1, and 4-1BB demonstrate
that all three antigens can be bound by the IgTT-4E1 antibody simultaneously. (e) The binding to
human EGFR, PD-L1, and 4-1BB on the cell surface of 3T3, 3T3EGFR, CHO, CHOEGFR, CHOPD-L1,
Jurkat, and Jurkat4-1BB cells by rituximab (rtx), cetuximab (ctx), atezolizumab (atz), urelumab (url),
and IgTT-4E1 at 6.67 nM was measured by FACS. Cells incubated with PE-conjugated GAH antibody
(GAH-PE) are shown as non-filled histogram. The y-axis shows the relative cell number, and the
x-axis represents the intensity of fluorescence expressed on a logarithmic scale.

3.2. Determination of Fc-Mediated Effector Functions

To measure differences in ADCC activity, Jurkat cells constitutively expressing human
FcγRIIIa (CD16) on the cell surface (JurkatNFAT-CD16) and a luciferase reporter driven by
an NFAT response element were co-cultured with 3T3EGFR cells or with 3T3 cells as a
negative control. IgTT-4E1 induced the activation of JurkatNFAT-CD16 cells in co-cultures
with 3T3EGFR cells, as evidenced by a significant increase in luciferase activity (p < 0.0001;
Figure 2a), while the IgTT-4E1-S protein and rituximab (negative control) did not show an
increase in luciferase activity. In the absence of EGFR-mediated interactions (co-cultures
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with 3T3 cells), rituximab and both IgTT-4E1 and IgTT-4E1-S showed no induction on
JurkatCD16 cells.

Figure 2. Effect of IgTT-4E1-S on PD-L1/PD-1 blockade, 4-1BB costimulation, and IFNγ secretion.
(a) ADCC reporter bioassay response to rituximab (rtx), IgTT-4E1, and IgTT-4E1-S, using ADCC
bioassay effector JurkatNFAT-CD16 cells co-cultured with 3T3 or 3T3EGFR target cells at a 6:1 E/T ratio
for 6 h at 37 ◦C. After incubation, Bio-Glo™ Luciferase Assay Reagent was added for luminescence
determination. Data shown represent the mean ± standard deviation of triplicates. Data are presented
as the mean ± SD (n = 3). Significance was determined by two-way ANOVA with Tukey’s multiple
comparison test. (b) PD-L1/PD-1 blockade bioassay assesses the inhibitory activities of IgTT-4E1-S.
Y-axis represents reporter gene fold induction. Cetuximab (ctx) was used as a negative control, and
atezolizumab (atz) as a positive control. Fold induction relative to negative control (ctx)-incubated
cells. Results are expressed as mean ± SD (n = 3). Significance was measured by one-way ANOVA
with Dunnett’s multiple comparison test. (c) Costimulation of JurkatNFkB-4-1BB cells co-cultured
with CHO cells, CHOEGFR, or CHOPD-L1 cells in the presence of 10-fold increasing concentrations
of IgTT-4E1-S, urelumab (url), and rituximab (rtx) antibodies for 6 h at 37 ◦C. After incubation,
luminescence was determined. Data are presented as fold induction relative to the values obtained
from unstimulated JurkatNFkB-4-1BB cells. Representative dose–concentration curves are presented
and expressed as mean ± SD (n = 3). Significance was determined by two-way ANOVA with
Tukey’s multiple comparison test. (d) Flow cytometry analysis of EGFR and PD-L1 expression in
MDA-MB-231 cancer cells. Cells incubated with PE-conjugated and APC-conjugated isotypes are
shown as gray-filled histogram. (e) Flow cytometry analysis of PD-1 and 4-1BB expression in PBMCs
preactivated with anti-CD3 mAb for 24 h. PBMCs incubated with FITC-conjugated and PE-conjugated
isotypes are shown as gray-filled histogram. (f) Anti-CD3 preactivated PBMCs were co-cultured with
MDA-MB231 target cells at effector/target (E/T) ratios of 1:1 and 2:1. Control human polyclonal
IgG (control hIgG), urelumab (url), atezolizumab (atz), and IgTT-4E1-S were added at 6.67 nM. The
IFNγ concentrations in supernatant after 48 h were analyzed and expressed as mean ± SD (n = 3).
Significance was determined by two-way ANOVA with Tukey’s multiple comparison test.
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3.3. Effect of IgTT-4E1-S on PD-1/PD-L1 Blockade

To demonstrate the ability of IgTT-4E1-S to block PD-1/PD-L1 interactions, Jurkat
cells expressing human PD-1 and a luciferase reporter driven by an NFAT response element
(JurkatNFAT-PD-1) were co-cultured with APC/CHO-K1 cells, which express human PD-L1,
and an engineered cell surface protein designed to activate cognate TCRs in an antigen-
independent manner. As shown in Figure 2b, IgTT-4E1-S efficiently blocked PD-1/PD-L1
interactions, leading to a significant induction of luciferase activity in JurkatNFAT-PD-1 cells
(p = 0.0429), similar to that observed with the PD-L1 blocking antibody atezolizumab
(p = 0.0442). In contrast, no PD-1/PD-L1 blocking activity was observed in the presence of
cetuximab.

3.4. Costimulatory Activity of IgTT-4E1-S

The agonist activities of IgTT-4E1-S and urelumab were assessed using Jurkat cells
stably transfected with NFκB-inducible luciferase and 4-1BB (JurkatNFkB-4-1BB), co-cultured
with target cells expressing either EGFR (CHOEGFR) or PD-L1 (CHOPD-L1), and untrans-
fected CHO cells as a negative control. In the absence of EGFR- or PD-L1-mediated
cross-linking at the target cell surface (CHO cells), IgTT-4E1-S showed no induction in
untreated JurkatNFkB-4-1BB cells at all tested concentrations, whereas urelumab showed
an approximately 25-fold induction (EC50 = 0.3115 nM, Figure 2c). In the presence of
EGFR-mediated cross-linking (i.e., using CHOEGFR as target cells), IgTT-4E1-S induced an
NFκB dose-dependent activation with a 15-fold induction (p < 0.0001). Effective costimula-
tion was achieved at concentrations that were an order of magnitude lower than those of
urelumab (EC50 = 0.02635 nM) (Figure 2c). In contrast, in co-cultures with PD-L1-positive
cells (CHOPD-L1), IgTT-4E1-S showed no induction of luciferase at any concentration tested
(Figure 2d). The negative control rituximab showed no activation (Figure 2c,d).

Thus, IgTT-4E1-S demonstrated potent and conditional costimulation that was de-
pendent on EGFR but not on PD-L1 expression. To further investigate this issue, we
generated an additional IgTT silent molecule with the order of the VHH domains reversed
(Figure S1a). This construct (IgTT-41E-S) was also efficiently secreted, and Western blot anal-
ysis under reducing conditions showed a migration pattern consistent with the molecular
weight calculated from their amino acid sequence (Figure S2a). ELISA analysis demon-
strated that IgTT-41E-S specifically recognized 4-1BB, EGFR, and PD-L1 (Figure S2b). In
the presence of PD-L1-expressing cells, IgTT-41E-S also showed no induction of luciferase
in JurkatNFkB-4-1BB cells. However, in the presence of EGFR cells, IgTT-41E-S showed a fold
induction similar to that observed with IgTT-4E1-S (Figure S2c). These results show that
EGFR but not PD-L1 enabled cross-linking-mediated 4-1BB signaling with two different
configurations of the PD-L1- and EGFR-binding VHHs, indicating that the issue did not
arise from steric hindrance of the PD-L1-binding domain.

3.5. IgTT-4E1-S Enhances the Activation of Primary Human T Cells

The triple-negative breast cancer MDA-MB-231 cells expressing both EGFR and PD-L1
(Figure 2d) were co-cultured for 48 h at two different effector/target ratios (1:1 and 2:1) with
anti-CD3-prestimulated PBMCs expressing PD-1 and 4-1BB (Figure 2e). The agonistic anti-
4-1BB mAb (urelumab) and anti-PD-L1 blocking mAb (atezolizumab) had a modest effect
on IFNγ production (Figure 2f). In contrast, the IgTT-4E1-S antibody strongly enhanced
IFNγ secretion levels, which were significantly higher (p < 0.0001) than those observed in
the single-treated co-cultures (Figure 2f).

4. Discussion

The design of multi-specific antibodies against a combination of immunomodulatory
targets is a promising approach to enhance the clinical benefit of conventional checkpoint
blockers. Here, we generated a trispecific IgG-like antibody by fusing an anti-4-1BB x
anti-EGFR x anti-PD-L1 TT with an engineered Fc silent region to abrogate FcγR binding.
This molecule was based on the previously described IgTT platform, which is a fusion of a
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mono- or multispecific TT with an Fc region to generate a hexavalent IgG-like antibody
capable of bivalently recognizing up to three different antigens [24]. The binding domains
of IgTT-4E1 are positioned around the human collagen homodimerization domain, and
BLI studies showed that IgTT-4E1 could bind all three antigens simultaneously in solution.
Furthermore, IgTT-4E1 was able to recognize the antigens in a cellular context. These
results suggest that the binding domains are predominantly sterically unhindered and
available for antigen binding.

Anti-4-1BB agonistic mAbs can be classified as either strong or weak agonists. Here,
we confirmed in a 4-1BB-reporting cell line that urelumab, a strong agonist, could induce
signaling activation without FcγR-mediated cross-linking. The anti-4-1BB antibody used to
generate IgTT-4E1-S is a weak agonist [13], and therefore 4-1BB signaling was only induced
with additional cross-linking. IgTT-4E1-S exhibited conditional 4-1BB agonist activity de-
pendent on the cross-linking with EGFR but not with PD-L1. This finding was independent
of the position of the anti-EGFR and anti-PD-L1 VHH domains in the TT, suggesting that
the agonist activity was not influenced by steric hindrance issues. These results are not
consistent with those published for other anti-4-1BB × anti-PD-L1 antibodies [19–22,34,35],
where conditional 4-1BB agonist activity dependent on PD-L1 cross-linking was reported.
These differences in the ability of IgTT to induce 4-1BB-mediated costimulation may be
related to structural determinants or to the epitopes recognized by the binding domains.
The anti-4-1BB antibody binds to the N-terminal CRD1 domain [36]; anti-EGFR VHH binds
in the cleft formed between domains II and III [37], while the epitope recognized by anti-
PD-L1 VHH has not been characterized. In the IgTT molecule, each TT is trispecific, and the
three binding domains are very close and spatially restricted, which may limit the potential
for the simultaneous recognition of distally located epitopes and epitopes more proximal
to the membrane [38], as might occur with 4-1BB (86 kDa) and PD-L1 (30 kDa) interactions.
This would probably not be a limitation with conventional bispecific antibodies, where
each arm recognizes a different antigen, and the area of influence is significantly greater. In
the context of simultaneous interactions between 4-1BB and EGFR (134 kDa) mediated by
IgTT-4E1-S, available structural data suggest that the epitopes may be in closer proximity
to each other. The ability to block the PD-L1/PD-1 interaction in a CHO cell system was
similar to that obtained with atezolizumab. This was also previously observed with a
dimeric version of the same anti-PD-L1 VHH by using an ELISA-type blocking assay [27].
Simultaneous targeting of PD-L1 and EGFR by bispecific antibodies promotes PD-L1 block-
ade selectively in the TME due to EGFR overexpression in malignant cells, while reducing
potential off-tumor binding to normal PD-L1-expressing cells [35]. In addition, EGFR
overexpression and activation enhances PD-L1 expression by tumor cells [39]. IgTT-4E1-S
enhanced the activation and effector functions of human primary T cells co-cultured with
EGFR+/PD-L1+ cancer cells. However, to determine the ability of IgTT-4E1-S to restrict
4-1BB costimulation to EGFR-expressing tumors while minimizing off-target costimulation,
further studies are required in cancer cell lines expressing different levels of EGFR and
PD-L1, as well as in humanized mouse models carrying patient-derived xenografts. In
addition, IgTT-4E1-S carries a silenced Fc domain to avoid or minimize anti-4–1BB-induced
hepatic damage, which is partly explained by Fc-FcγRs interactions [6–8], but studies in
non-human primates are warranted to further explore its toxicity profile.

In summary, here we described the generation of IgTT-4E1-S, the first IgG-like trispecific
antibody designed to provide EGFR-conditional 4-1BB stimulation to antigen-experienced T
cells while constitutively blocking the PD-1/PD-L1 inhibitory axis. This apparent asymmetry
between conditional 4-1BB agonism and PD-L1 blockade may be relevant when comparing
our antibody to other bispecific antibodies already on the market [17,20,22,35], but further
studies are needed to determine the efficacy and safety of the IgTT-4E1-S antibody.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antib13020034/s1, Figure S1: Gene constructs and structural
characterization of the IgTT-4E1-S antibody; Figure S2: Characterization of the IgTT-41E-S antibody;
Table S1: Oligonucleotides used in this study.
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Abstract: This study investigated a novel radioimmunotherapy strategy for targeting tumor angio-
genesis. We developed a radiopharmaceutical complex by labeling an anti-adenosine triphosphate
synthase (ATPS) monoclonal antibody (mAb) with the radioisotope 177Lu using DOTA as a chelating
agent. 177Lu-DOTA-ATPS mAb demonstrated high labeling efficiency (99.0%) and stability in serum.
MKN-45 cancer cells exhibited the highest cellular uptake, which could be specifically blocked
by unlabeled ATPS mAb. In mice, 177Lu-DOTA-ATPS mAb accumulated significantly in tumors,
with a tumor uptake of 16.0 ± 1.5%ID/g on day 7. 177Lu-DOTA-ATPS mAb treatment significantly
reduced the viability of MKN-45 cells in a dose-dependent manner. In a xenograft tumor model,
this radioimmunotherapy strategy led to substantial tumor growth inhibition (82.8%). Furthermore,
combining 177Lu-DOTA-ATPS mAb with sunitinib, an anti-angiogenic drug, enhanced the therapeu-
tic efficacy of sunitinib in the mouse model. Our study successfully developed 177Lu-DOTA-ATPS
mAb, a radioimmunotherapy agent targeting tumor blood vessels. This approach demonstrates
significant promise for inhibiting tumor growth, both as a single therapy and in combination with
other anti-cancer drugs.

Keywords: radioimmunotherapy; ATP synthase; 177Lu; angiogenesis; gastric cancer

1. Introduction

Angiogenesis, the formation of new blood vessels, is a crucial process for normal
tissue growth and tumor expansion. Disrupting this process has become a major focus
for researchers aiming to develop effective cancer therapies. Tumors hijack angiogenesis
to fuel their growth and metastasis [1]. This uncontrolled vessel formation is countered
by endogenous inhibitors like angiostatin. Angiostatin maintains a balanced angiogenic
environment by suppressing the effects of proangiogenic factors like vascular endothelial
growth factor and fibroblast growth factor [2]. While typically residing within the mitochon-
drial inner membrane, adenosine triphosphate synthase (ATPS), an enzyme responsible
for ATP generation, has been found on the surface of endothelial and tumor cells, called
“ectopic” ATPS [3]. Specific subunits (α/β) of this ectopic ATPS serve as binding sites for
angiostatin [4]. Antibodies developed against specific ATPS subunits can directly inhibit
the enzyme’s activity on the endothelial cell surface, which, in turn, disrupts the forma-
tion of new blood vessels and directly hinders the proliferation and migration of cancer
cells [5–7]. We also have shown that radiolabeled anti-ATPS antibodies are promising
tools for radioimmunotherapy and immuno-positron emission tomography (PET) imaging.
Radioiodine (131I)-labeled anti-ATPS antibody effectively suppressed the tumor growth
by 2.5-fold in a gastric cancer model [8]. Anti-ATPS antibodies labeled with Zirconium-89
(89Zr) demonstrated significantly higher targeting specificity for MDA-MB-231 tumors
with abundant ectopic ATPS expression compared to PC-3 tumors with low expression [9].
Given its role in tumor angiogenesis, ectopic ATPS emerges as a novel target for developing
effective anti-angiogenic therapies.
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Since the landmark report in 1981 on a successful radiolabeled antibody targeting
carcinoembryonic antigen [10], radioimmunotherapy has remained a beacon of hope in
the fight against cancer, offering a powerful tool for targeted therapy. Zevalin™ and
Bexxar™, being used for the treatment of non-Hodgkin’s lymphoma, are prime examples
of radioimmunotherapy successfully employed in modern medicine. Lutetium-177 (177Lu)
has gained widespread popularity as a preferred radioisotope in recent years. This radioiso-
tope demonstrates its versatility in cancer treatment. Studies have shown its effectiveness
in treating two distinct cancers: unresectable metastatic neuroendocrine tumors [11] and
metastatic castration-resistant prostate cancer [12]. In both cases, it is used as a targeted
therapy approach (peptide receptor radionuclide therapy and radioligand therapy). 177Lu
has favorable characteristics for radioimmunotherapy. It emits both high-energy β-ray
(Emax = 761 KeV) and γ-rays (113 in 6.4% and 208 KeV in 13%) and decays with a half-life
of 6.7 days [13], which is favorable for radioimmunotherapy.

This study aims to develop a new radioimmunotherapy approach that specifically
targets tumor angiogenesis. We synthesized 177Lu-labeled anti-ATPS antibody to achieve
this and evaluated its antitumor efficacy in a gastric cancer animal model.

2. Materials and Methods

2.1. Radiosynthesis of 177Lu-DOTA-ATPS mAb

The ATPS mAb was purchased from Abcam (ab14730, MW 52 kDa; Cambridge, MA,
USA) and stored as aliquots at −78 ◦C. 177LuCl3 was obtained from PLATOM (National
Centre for Nuclear Research, Poland). For conjugation, a 50-fold molar excess of p-SCN-
Bn-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA, Futurechem, Seoul, Republic
of Korea) in 30 μL dimethyl sulfoxide was added to the ATP mAb (100–200 μg in 20 μL
0.1 N NaHCO3 buffer), and the reaction mixture was incubated at 37 ◦C for 30 min.
After incubation, the conjugation mixture was purified by using Slide-A-Lyzer™ Dialysis
Cassettes (2K MWCO, Thermo Fisher Scientific, Rockford, IL, USA) to remove unconjugated
p-SCN-Bn-DOTA. 177LuCl3 (37–111 MBq/10 μL) was buffered with 0.5 M NH4OAc (pH 5.5),
followed by 100–200 μg DOTA-mAb. The reaction mixture was incubated at 37 ◦C for 1
h [14]. After completion of synthesis, the reaction mixture was purified on a size-exclusive
PD-10 column (GE Healthcare) and 177Lu-DOTA-ATPS mAb was separated by eluting
with PBS (Figure 1). For analysis of labeled 177Lu-DOTA-ATPS mAb, it was spotted on
silica gel impregnated aluminum sheets (Merck, Darmstadt, Germany), developed with
0.02 M citrate buffer, and confirmed by using radio-thin-layer chromatography (radio-TLC)
(Bioscan, Eckert & Ziegler Radiopharma Inc., Wilmington, MA, USA). In vitro stability was
measured in triplicates at 2 h, 24 h, and on the 7th day, in PBS or serum, at 4 ◦C, room
temperature, or 37 ◦C.

 
Figure 1. Schematic diagram for radiosynthesis of 177Lu-DOTA-ATPS mAb.

2.2. Cancer Cell Culture and Xenograft Tumor Model

All cancer cell lines, human breast adenocarcinoma (MDA-MB-231), human fibrosar-
coma (HT-1080), human lung adenocarcinoma (A549), human follicular thyroid carcinoma
(FTC-133), human prostate adenocarcinoma (PC-3), and human gastric adenocarcinoma
(MKN-45) were purchased from the Korean Cell Line Bank (Seoul, Republic of Korea).
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All cells except FTC-133 (FTC-133 cells were cultured in DMEM/F-12, 1:1 mixture, 10%
fetal bovine serum, WelGENE Inc., Daegu, Republic of Korea) were cultured with RPMI-
1640 medium (WelGENE) supplemented with 10% FBS and 1% penicillin/streptomycin
(WelGENE) at 37 ◦C and 5% fully humidified CO2. Animal experiments were performed
according to protocols approved by the Care of Experimental Animals Committee (IACUC
No. 2021-0067). Six-week-old female Balb/c nude mice (Orient Bio, Seongnam, Republic of
Korea) were maintained under specific pathogen-free conditions [15]. To create a tumor
xenograft model, 5 × 106 tumor cells were mixed with phenol red-free Matrigel (Corning®,
Bedford, MA, USA) and subcutaneous inoculation was injected into the right shoulder of
each mouse. Experiments were performed about 10 to 14 days after injection of cells, when
tumors reached a diameter of approximately 5 to 10 mm.

2.3. Cellular Uptake of 177Lu-DOTA-ATPS mAb in Various Cancer Cells

Cellular uptake of 177Lu-DOTA-ATPS mAb was measured in the six human cancer
cell lines as described previously [8]. In brief, 5 × 105 cells were seeded per well in 12-well
plates and cultured for 24 h. Upon attachment, 37 kBq 177Lu-DOTA-ATPS mAb was added
to freshly replaced culture media, followed by incubation of the cells for 1, 4, or 24 h at
37 ◦C and 5% CO2. After incubation, the cells were washed twice with cold PBS and
harvested with 0.1 N NaOH. Radioactivity of the cells was counted using a Gamma-HEs
gamma counter (Shinjin Medics Inc., Goyang, Republic of Korea) and normalized to the
cell protein content obtained using the Bradford method [16]. Data are presented as the
percentage of 1 h uptake.

2.4. Specific Binding of 177Lu-DOTA-ATPS mAb in MKN-45 Cells

MKN-45 cells were cultured in 12-well plates and incubated with 111 kBq free 177Lu,
177Lu-DOTA-ATPS mAb, or 177Lu-DOTA-IgG for 24 h at 37 ◦C and 5% CO2. After incu-
bation, the cells were washed twice with cold PBS, harvested with 0.1 N NaOH, and the
radioactivity was counted using a gamma counter. The cell protein content was deter-
mined using the Pierce 660TM Protein Assay Kit for normalization (Thermo Fisher Scientific,
Rockford, IL, USA). Cellular uptake was expressed as a percentage of free 177Lu uptake.

2.5. Competitive Binding of 177Lu-DOTA-ATPS mAb in MKN-45 Cells

Competitive inhibition of 177Lu-DOTA-ATPS mAb binding was examined using unla-
beled ATPS mAb in MKN-45 cells. Cells were cultured in 12-well plates and treated with
10% FBS and 1% penicillin/streptomycin at 37 ◦C and 5% CO2 (as described previously).
The cells were pretreated with 6.4 μM unlabeled ATPS mAb for 1 h, while control cells were
incubated with the vehicle. Then, 111 kBq 177Lu-DOTA-ATPS mAb was added to the cells
and incubated for 4 or 24 h under the same conditions. After incubation, cellular uptake
was calculated and expressed as a percentage relative to that of untreated control. Cellular
uptake, specific binding, and inhibition experiments were all performed in triplicate.

2.6. 177Lu-DOTA-ATPS mAb Radioimmunotherapy in MKN-45 Cells

MKN-45 cells were cultured in 96-well plates and treated with 3.7 or 7.4 MBq 177Lu-
DOTA-ATPS mAb, unlabeled ATPS mAb, or left untreated for 24 h at 37 ◦C and 5% CO2.
To investigate the effect of combination therapy, MKN-45 cells were treated with either
7.4 MBq 177Lu-DOTA-ATPS mAb or 5 mg/mL sunitinib (LC Laboratories®®, Woburn, MA,
USA), both, or left untreated for 24 h at 37 ◦C and 5% CO2 [17]. After incubation, cell
viability was measured using an XTT assay kit (Cayman Chemical, Ann Arbor, MI, USA)
with a further 2 h incubation at 37 ◦C. Absorbance was read at 450 nm using a microplate
reader (Bio-Rad Laboratories Inc., Hercules, CA, USA).

2.7. Biodistribution Study of Wild-Type Mice and MKN-45 Tumor Xenograft Models

Wild-type mice and MKN-45 tumor-bearing mice (n = 4–5 per time point) were
intravenously injected with 3.7 MBq 177Lu-DOTA-ATPS mAb, 177Lu-IgG, or free 177Lu. The
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mice were then anesthetized, sacrificed, and dissected for organ radioactivity analysis at 1,
2, 4, and 7 days after injection. Major organs (heart, lung, liver, spleen, stomach, kidneys,
intestine, muscle, and bone), blood, and tumors were dissected, weighed, and counted for
radioactivity using a gamma counter. Uptake in the organs and tumors was expressed as
the percentage of the injected dose per gram of tissue (%ID/g).

2.8. Blocking Study of 177Lu-DOTA-ATPS mAb in MKN-45 Tumor-Bearing Mice

To investigate blocking efficacy, 50 μg of unlabeled ATPS mAb was co-injected with
3.7 MBq 177Lu-DOTA-ATPS mAb (1 μg as mAb) through the tail vein (n = 2). Tumors
and organs were then removed at 1 and 7 days after injection for subsequent radioactivity
analysis. The organs were weighed and counted for radioactivity using a gamma counter.
Results were expressed as %ID/g.

2.9. Radioimmunotherapy, Immunohistochemical Staining, and 18F-FDG-PET Imaging in
MKN-45 Tumor-Bearing Mice

To investigate radioimmunotherapy, tumor models were intravenously injected with
18.5 MBq 177Lu-DOPA-ATPS mAb, 30 μg unlabeled ATPS mAb (10 times larger than
the therapeutic dosage of 177Lu-DOPA-ATPS mAb), 30 μg unlabeled IgG, and vehicle
(normal saline), respectively, once a week for 4 weeks (n = 4 for each group) [8]. Tu-
mor size was measured twice a week in two dimensions (length and width). Tumor
volume was calculated using the formula, V = (length ×. width2)/2, and compared among
the groups [18]. Tumor growth inhibition (TGI, %) was calculated using the formula,
TGI = (1 − mean volume of treated tumors/mean volume of control tumors) × 100.

The effect of combination therapy of 177Lu-DOTA-ATPS mAb and sunitinib was
evaluated in mice bearing MKN-45 tumors. Mice were divided into four groups: vehicle
(0.9% NaCl), 18.5 MBq 177Lu-DOTA-ATPS mAb alone, 40 mg/kg sunitinib alone, or a
combination of both (n = 6 for each group). Mice received 18.5 MBq 177Lu-DOTA-ATPS
mAb and 40 mg/kg sunitinib once a week for 4 weeks [19]. Tumor size was measured
twice a week as described above. Body weights were measured once a week.

For imaging, PET images were acquired 1 h after intravenous injection of 18.5 MBq
2-deoxy-2-[18F]fluoro-D-glucose (18F-FDG) using a PET scanner (SimPET, BRIGHTONIX
IMAGING®, Seoul, Republic of Korea) before and after therapies. Mice were scanned for
20 min under anesthesia with isoflurane inhalation.

For immunohistochemistry, tumors were dissected immediately after the PET imag-
ing at the 4th week. Slides were stained using an anti-CD31 antibody (ab28364, abcam)
according to the manufacturer’s standard procedure.

2.10. Statistical Analysis

All data are presented as means ± standard errors. The statistical comparison of
cellular uptake and tumor size was evaluated by Student’s t-test and Kruskal–Wallis test
using statistical software (R, version 3.1.2), and the difference was considered significant at
p < 0.05.

3. Results

3.1. Labeling Efficiency and In Vitro Stability of 177Lu-DOTA-ATPS mAb

The 177Lu-DOTA-ATPS mAb was successfully synthesized according to the schematic
representation. The radiochemical yield of 177Lu-DOTA-ATPS mAb was 99.0% (Figure 2A).
The in vitro stabilities of 177Lu-DOTA-ATPS mAb in serum were at least 95% on the 2nd
day and 85% on the 7th day at all temperature conditions (Figure 2B). Similarly, the in-vitro
stabilities of 177Lu-DOTA-ATPS mAb in PBS were at least 94% on the 2nd day, regardless
of temperature. However, on the 7th day, the stability dropped significantly to 65%, 68%,
and 91% at 4 ◦C, room temperature, and 37 ◦C, respectively (all p < 0.005).
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Figure 2. Labeling efficiency (A) and in vitro stability (B) of 177Lu-DOTA-ATPS mAb. The Rf value
of 177Lu-DOTA-ATPS mAb was between 0.01 and 0.05, while that of 177LuCl3 was between 0.6 and
1.0. The in vitro stabilities of 177Lu-DOTA-ATPS mAb in serum remained unchanged up to 7 days.
DOTA, tetraazacyclododecane-1,4,7,10-tetraacetic acid; ATPS, adenosine triphosphate synthase; mAb,
monoclonal antibody; RT, room temperature; PBS, phosphate-buffered saline.

3.2. Cellular Uptake, Specific Binding, and Inhibition of 177Lu-DOTA-ATPS mAb

Six cancer cell lines were evaluated for their cellular uptake of 177Lu-DOTA-ATPS
(Figure 3A). MKN-45 cells exhibited a time-dependent increase in uptake reaching
189.3% ± 9.8% and 450.8% ± 13.3% of the 1 h uptake at 4 and 24 h, respectively
(p < 0.0005 and < 0.0001, respectively). PC-3 also showed increased uptake at both 4 h
(121.9% ± 4.9%, p < 0.05) and at 24 h (190.7% ± 8.8%, p < 0.0005). Similarly, MDA-MB-231
(186.4% ± 7.7%, p < 0.001), HT-1080 (158.7% ± 9.5%, p < 0.005), A549 (128.0% ± 9.9%,
p < 0.05), and FTC-133 (186.2% ± 4.9%, p < 0.001) showed a significant increase in cellular
uptake of 177Lu-DOTA-ATPS mAb at 24 h, while their 4 h uptake remained unchanged (p >
0.05). Notably, MKN-45 cells demonstrated significantly higher uptake compared to other
cell lines at 24 h (all p < 0.0005). This finding prompted further cellular and animal studies
using MKN-45 cells.

In MKN-45 cells, the uptake of 177Lu-DOTA-ATPS mAb was compared with that
of free 177Lu (177LuCl3) and 177Lu-DOTA-IgG at 24 h (Figure 3B). The cellular uptake of
177Lu-DOTA-ATPS mAb (128.7% ± 3.6%) was significantly higher than that of free 177Lu
and 177Lu-DOTA-IgG (88.5% ± 7.8%) (all p < 0.05). There was no significant difference in
cellular uptake between free 177Lu and 177Lu-DOTA-IgG (p > 0.05).
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Figure 3. The cellular uptake (A), specific binding (B), and inhibition study (C) of 177Lu-DOTA-ATPS
mAb. MKN-45 cells showed the highest cellular uptake of 177Lu-DOTA-ATPS mAb among the tested
cancer cell lines. 177Lu-DOTA-ATPS mAb uptake was specific and inhibited by unlabeled ATPS
mAb in MKN-45 cells. DOTA, tetraazacyclododecane-1,4,7,10-tetraacetic acid; ATPS, adenosine
triphosphate synthase; mAb, monoclonal antibody. p < 0.05 *, p < 0.005 **, ns: not significant.

The uptake of 177Lu-DOTA-ATPS mAb was inhibited by a high dose of unlabeled
ATPS mAb at both 4 h (81.0% ± 5.9%, p < 0.005) and at 24 h (62.2% ± 5.4%, p < 0.005)
(Figure 3C). The inhibitory effect of unlabeled ATPS mAb was more pronounced at 24 h
compared to 4 h (p < 0.05).

3.3. 177Lu-DOTA-ATPS mAb Radioimmunotherapy in MKN-45 Cells

Radioimmunotherapy with 177Lu-DOTA-ATPS mAb significantly reduced cell viabil-
ity (Figure 4A) compared with vehicle-treated controls. Treatment with 3.7 MBq (78.9% ±
1.2%, p < 0.005) and 7.4 MBq (70.4% ± 1.7%, p < 0.01) of 177Lu-DOTA-ATPS mAb resulted
in a dose-dependent decrease in viable cells (p < 0.005). Unlabeled ATPS mAb also signifi-
cantly reduced cell viability (89.8% ± 0.5%, p < 0.001 vs. control); however, the therapeutic
effect of either dose of 177Lu-DOTA-ATPS mAb was significantly greater (all p < 0.0001).

Figure 4. Radioimmunotherapy with 177Lu-DOTA-ATPS mAb alone (A) and 177Lu-DOTA-ATPS mAb
in combination with sunitinib (B) in MKN-45 cells. DOTA, tetraazacyclododecane-1,4,7,10-tetraacetic
acid; ATPS, adenosine triphosphate synthase; mAb, monoclonal antibody. p < 0.05 *, p < 0.005 **,
p < 0.001 ***, p < 0.0005 +, p < 0.00005 ++.

An anti-angiogenic therapy with sunitinib (5 mg/mL) significantly decreased the num-
ber of viable MKN-45 cells (73.8% ± 1.0% of controls, p < 0.00005) (Figure 4B). Combination
therapy with 7.4 MBq of 177Lu-DOTA-ATPS mAb and sunitinib showed a greater reduction
in cell viability (46.5% ± 1.5%) compared to single therapy with 177Lu-DOTA-ATPS mAb
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(52.5% ± 0.2%, p < 0.05) or sunitinib (p < 0.00005). Notably, among single therapies, 7.4 MBq
of 177Lu-DOTA-ATPS mAb exhibited a greater therapeutic effect than 5 mg/mL sunitinib
(p < 0.00005).

3.4. Biodistribution of 177Lu-DOTA-ATPS mAb in Wild-Type Mice and MKN-45 Tumor
Xenograft Models

The biodistribution of 177Lu-DOTA-ATPS mAb was evaluated in wild-type mice
(Figure 5) and mice bearing MKN-45 tumors (Figure 6) on days 1, 2, 4, and 7. In wild-
type mice, bone marrow uptake of 177Lu-DOTA-ATPS mAb reached 20.4 ± 1.3%ID/g
on day 1 and remained stable from day 2 to day 7. Renal uptake was highest on day 1
(25.4 ± 0.6%ID/g) and decreased slightly from day 2 to day 7 (13.0 to 17.4%ID/g). Hepatic
uptake ranged from 17.9 to 20.6%ID/g.

Figure 5. Biodistribution of 177Lu-DOTA-ATPS mAb (A), 177LuCl3 (B), and 177Lu-DOTA-IgG (C) in
wild-type mice on days 1, 2, 4, and 7. DOTA, tetraazacyclododecane-1,4,7,10-tetraacetic acid; ATPS,
adenosine triphosphate synthase; mAb, monoclonal antibody.
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Figure 6. Biodistribution of 177Lu-DOTA-ATPS mAb (A), 177LuCl3 (B), and 177Lu-DOTA-IgG (C)
in mice bearing MKN-45 tumors on day 1, 2, 4, and 7. Comparison of bone marrow and tumor
uptake among radiopharmaceuticals (D). Inhibition of 177Lu-DOTA-ATPS mAb uptake in tumors by
unlabeled ATPS mAb (E). DOTA, tetraazacyclododecane-1,4,7,10-tetraacetic acid; ATPS, adenosine
triphosphate synthase; mAb, monoclonal antibody. p < 0.05 *, p < 0.005 **, ns: not significant.

In contrast, 177LuCl3 primarily accumulated in the bone marrow (68.1 ± 1.2%ID/g,
70.4 ± 1.6%ID/g, 75.6 ± 1.7%ID/g, and 72.7 ± 2.2%ID/g on days 1, 2, 4, and 7, respectively).
Renal uptake peaked at 11.8 ± 0.7%ID/g on day 1 and decreased slowly thereafter. The
liver uptake ranged from 5.6 to 6.2%ID/g.

For 177Lu-DOTA-IgG, bone marrow uptake remained lower than that of 177Lu-DOTA-
ATPS mAb and 177LuCl3 throughout the study (all < 10%ID/g). Uptake of 177Lu-DOTA-IgG
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was similar among the liver, spleen, and kidneys. Renal uptake reached a peak on day 1,
while hepatic and splenic uptake increased over time.

Tumor uptake of 177Lu-DOTA-ATPS mAb reached 16.0 ± 1.5%ID/g on day 7, which
was significantly higher than that of 177LuCl3 (7.6 ± 0.5%ID/g, p < 0.05) and 177Lu-DOTA-
IgG (8.9 ± 0.5%ID/g, p < 0.05). Similarly, on day 4, 177Lu-DOTA-ATPS mAb showed greater
tumor uptake (12.4 ± 0.4%ID/g) compared to 177LuCl3 (4.2 ± 0.5%ID/g, p < 0.005) and
177Lu-DOTA-IgG (8.8 ± 0.5%ID/g, p < 0.00005). There was no significant difference in tu-
mor uptake between 177LuCl3 and 177Lu-DOTA-IgG on day 7. The biodistribution patterns
of 177Lu-DOTA-ATPS mAb, 177LuCl3, and 177Lu-DOTA-IgG in the liver, spleen, kidney,
and bone marrow of tumor-bearing mice mirrored those observed in wild-type mice.

In an inhibition study, a high dose of unlabeled ATPS mAb significantly reduced the
tumoral uptake of 177Lu-DOTA-ATPS mAb from 6.08 ± 1.0%ID/g on day 1 to 3.8 ± 1.1%ID/g
(p < 0.05).

3.5. Radioimmunotherapy, Immunohistochemical Staining, and 18F-FDG-PET Imaging in
MKN-45 Tumor-Bearing Mice

All animals survived until the end of the experiment regardless of treatment (single
agent or combination). The therapeutic efficacy of single agents is shown in
Figure 7A. No significant difference in initial tumor volume was observed among the
groups (177Lu-DOTA-ATPS mAb, 92.0 ± 15.5 mm3; unlabeled ATPS mAb, 93.6 ± 3.5 mm3;
IgG,
104.6 ± 6.2 mm3; vehicle, 97.1 ± 8.6 mm3, p > 0.05). After four weeks, tumors treated with
177Lu-DOTA-ATPS mAb (269.1 ± 130.4 mm3) were significantly smaller than those treated
with unlabeled ATPS mAb (836.4 ± 53.1 mm3, p < 0.01), IgG (1117.1 ± 364.5 mm3, p < 0.05),
or vehicle (1561.4 ± 420.4 mm3, p < 0.05). While tumors treated with unlabeled ATPS mAb
or IgG displayed smaller volumes compared to controls, these differences were not statis-
tically significant. %TGI after four weeks of treatment was 82.8% for 177Lu-DOTA-ATPS
mAb, 46.4% for unlabeled ATPS mAb, and 28.5% for IgG treatment. Tumor volume in the
177Lu-DOTA-ATPS mAb treated group did not significantly change from baseline to the
4th week (p > 0.05).

Immunohistochemistry using an anti-CD31 antibody revealed moderate to strong
staining in the small vessels of the tumors treated with unlabeled ATPS mAb, IgG, or
vehicle (Figure 7B). Conversely, tumors treated with 177Lu-DOTA-ATPS mAb exhibited
minimal staining.

Representative 18F-FDG PET images of mice after four weeks of treatment are shown
in Figure 7C. Tumor volume increased in mice treated with unlabeled ATPS mAb, IgG, or
vehicle at the 4th week. These tumors also displayed central metabolic defects, indicative
of necrotic change. In contrast, tumor volume remained stable in mice treated with 177Lu-
DOTA-ATPS mAb.

The efficacy of combination therapy is shown in Figure 8A. Initial tumor volume did
not differ significantly among groups (177Lu-DOTA-ATPS mAb + sunitinib, 209.3 ± 31.3 mm3;
177Lu-DOTA-ATPS mAb, 210.3 ± 4.2 mm3; sunitinib, 207.6 ± 22.9 mm3; vehicle,
203.7 ± 18.9 mm3, p > 0.05). After four weeks, tumors treated with 177Lu-DOTA-ATPS
mAb (2644.4 ± 703.7 mm3, p < 0.05), sunitinib (3619.3 ± 1114.0 mm3, p < 0.05), or the
combination (1727.6 ± 793.5 mm3, p < 0.01) were significantly smaller than those in the
vehicle group. Combination therapy with 177Lu-DOTA-ATPS mAb and sunitinib demon-
strated a greater therapeutic effect compared to either single agent (177Lu-DOTA-ATPS
mAb, p < 0.05; sunitinib, p < 0.005). %TGI after four weeks of treatment was 70.3% for the
combination, 54.6% for 177Lu-DOTA-ATPS mAb alone, and 37.8% for sunitinib alone.
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Figure 7. Radioimmunotherapy with 177Lu-DOTA-ATPS mAb. (A) Tumor growth curve during the
4-week treatment with 177Lu-DOTA-ATPS mAb, unlabeled ATPS mAb, IgG, and vehicle. (B) Im-
munohistochemical staining with anti-CD31 antibody for MKN-45 tumors after 4 weeks of treatment.
(C) 18F-FDG PET imaging in mice bearing MKN-45 tumors at baseline and at 4th week of treatment.
DOTA, tetraazacyclododecane-1,4,7,10-tetraacetic acid; ATPS, adenosine triphosphate synthase; mAb,
monoclonal antibody. p < 0.05 *, p < 0.01 **, arrows indicate positive staining.

Immunohistochemistry using an anti-CD31 antibody revealed strong staining in the
small vessels of tumors from the vehicle group only (Figure 8B). In contrast, tumors treated
with 177Lu-DOTA-ATPS mAb, sunitinib or the combination exhibited minimal staining.
These findings indicate an anti-angiogenic effect of the therapeutic approaches.

Representative 18F-FDG PET images of mice after four weeks of treatment are shown
in Figure 8C. Tumor volume increased in all groups at the 4th week. Tumors treated with
single agents or vehicle were larger than those treated with the combination and displayed
central metabolic defects.
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Figure 8. Combination chemo-radioimmunotherapy with sunitinib and 177Lu-DOTA-ATPS mAb.
(A) Tumor growth curve during the 4-week treatment with 177Lu-DOTA-ATPS mAb, sunitinib,
combination, and vehicle. (B) Immunohistochemical staining with anti-CD31 antibody for MKN-45
tumors after 4 weeks of treatment. (C) 18F-FDG PET imaging in mice bearing MKN-45 tumors at
baseline and 4th week of treatment. DOTA, tetraazacyclododecane-1,4,7,10-tetraacetic acid; ATPS,
adenosine triphosphate synthase; mAb, monoclonal antibody. p < 0.05 *, p < 0.01 **, p < 0.005 ***,
arrows indicate positive staining.

4. Discussion

In the present study, we aimed to develop a radioimmunotherapy agent targeting
tumor angiogenesis. We achieved this by coupling anti-ATPS mAb to 177Lu using DOTA as
a chelator. Based on cellular uptake results, MKN-45 gastric cancer cells were selected for
further development and the evaluation of the therapeutic efficacy of 177Lu-DOTA-ATPS
mAb. The uptake of 177Lu-DOTA-ATPS mAb was specific and inhibited by unlabeled ATPS
mAb in both in vitro and in vivo experiments. 177Lu-DOTA-ATPS mAb demonstrated
a superior therapeutic effect compared to unlabeled ATPS mAb against MKN-45 cells,
both in vitro and in vivo. Furthermore, the combination of 177Lu-DOTA-ATPS mAb with
sunitinib significantly enhanced the therapeutic effect in mice bearing MKN-45 tumors. This
enhanced efficacy was also evident in 18F-FDG PET imaging and immunohistochemistry
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analysis. These results suggest that radioimmunotherapy using 177Lu-DOTA-ATPS mAb
has potential for application in cancer therapy targeting tumor angiogenesis.

177Lu is a long-lived (half-life of 6.7 days), β-ray emitting (Emax = 0.49 MeV, range = 670
μm in soft tissue) radioisotope suitable for therapy. The success of 177Lu-based radioligand
therapy and peptide receptor radionuclide therapy has contributed to the growing pop-
ularity of 177Lu as a radioisotope for radioimmunotherapy [20]. 177Lu-PSMA has shown
promising results as a treatment option for metastatic castration-resistant prostate can-
cer following chemotherapy and hormonal therapy [21]. 177Lu-DOTA-TATE effectively
reduces tumor growth and stabilizes disease in patients with gastroenteropancreatic well-
differentiated neuroendocrine tumors, leading to its establishment as a second- or third-line
treatment option [22]. 177Lu-labeled trastuzumab, an antibody that targets the HER2 recep-
tor protein, exemplifies radioimmunotherapy using 177Lu. This approach demonstrates
specific uptake in HER2-positive primary breast cancers and their metastatic sites [23].
Radioimmunotherapy with 177Lu has also been explored in anti-angiogenesis cancer treat-
ment. 177Lu-labeled TRC105, an antibody targeting CD105, demonstrated tumor uptake in
mice with breast cancer. The uptake was 14.3 ± 2.3%ID/g on day 1 and 11.6 ± 6.1%ID/g
on day 7, similar to our findings. This approach also inhibited tumor growth and im-
proved survival [24]. These results provide strong support for the use of 177Lu-labeled
radiopharmaceuticals in radioimmunotherapy.

Among the 177Lu-labeled radiopharmaceuticals previously mentioned, 177Lu-DOTA-
TATE (Lutathera®) was approved by the FDA in 2018 for the treatment of somatostatin
receptor-positive gastroenteropancreatic neuroendocrine tumors [25]. Additionally, 177Lu
-PSMA-617 (Pluvicto®) was approved in 2022 for the treatment of adult patients with
prostate-specific membrane antigen-positive metastatic castration-resistant prostate cancer
who have previously been treated with androgen receptor pathway inhibition and taxane-
based chemotherapy [26]. Due to the success of 177Lu-based therapy, it has recently
garnered significant attention. In the near future, we can expect the development of more
radiopharmaceutical therapies, not limited to those labeled with 177Lu. This progress will
provide clinicians with a broader range of treatment options for their cancer patients.

177Lu, a radiometal isotope, requires a chelating agent to form a stable complex
with antibodies. DOTA, diethylenetriamine pentaacetate (DTPA), and ethylene-diamine-
tetraacetic acid (EDTA) are the most common chelators for radiometal isotopes [27,28].
In our preliminary study, 177Lu-DOTA-ATPS mAb exhibited excellent labeling efficiency
(around 99.0%) and stability in repeated experiments. Conversely, the labeling efficiency of
177Lu-DTPA-ATPS mAb was significantly lower. This aligns with previous reports [29,30].
We opted for DOTA-based mAb on these findings.

DOTA, a macrocyclic chelator offers greater in vivo stability compared to acyclic chela-
tors like DTPA and EDTA (“macrocyclic effect”) [27]. This translates to its recommendation
for labeling 177Lu. As shown in this study, free 177Lu accumulates significantly in bone
marrow (72.7% for wild-type mice and 69.5% for tumor-bearing mice on day 7). In vivo
dissociation of 177Lu-DOTA-ATPS mAb can decrease therapeutic efficacy and increases
bone marrow toxicity. Despite maintaining high in vitro stability (85.5% at 37 ◦C on day
7) in serum, 177Lu-DOTA-ATPS mAb exhibited significant bone marrow uptake of free
177Lu (27.0% for wild-type mice and 39.3% for tumor-bearing mice on day 7). This can be
explained by two factors: first, the presence of various blood proteins like transferrin and al-
bumin that strongly bind to 177Lu and, furthermore, the dilution of 177Lu-DOTA-ATPS mAb
in vivo [28]. Overcoming this limitation is crucial, as researchers are actively developing
new chelators [31]. Further studies to improve the in vivo stability of 177Lu-DOTA-ATPS
mAb are required.

ATPS is normally located in the inner mitochondrial membranes as part of the mito-
chondrial respiratory complex. It participates in ATP production using a proton gradient
generated by mitochondrial respiratory complex I-IV [32]. Interestingly, ATPS can also
be found on the surface of some cancer and endothelial cells, known as ectopic ATPS.
This ectopic ATPS can be a binding site for angiostatin [3]. Therefore, ATPS could serve
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as a novel target for anti-angiogenic cancer therapies. As previously demonstrated, the
anti-ATPS mAb used in this study can target tumor vasculature and cancer cells [9]. In this
study, 177Lu-DOTA-ATPS mAb showed a significant inhibitory effect on MKN-45 gastric
cancers. TGI of 177Lu-DOTA-ATPS mAb (82.8%) was greater than that of unlabeled ATPS
mAb (46.6%). Additionally, immunohistochemistry with an anti-CD31 antibody revealed
minimal staining in tumors treated with 177Lu-DOTA-ATPS mAb (Figure 7B). Similarly,
minimal anti-CD31 staining was observed in tumors treated with either single-agent suni-
tinib or combination therapy (Figure 8B). These findings indicate that the anticancer efficacy
of these therapeutic strategies is likely mediated through targeting tumor angiogenesis.

Combination therapy offers a significant advantage by enhancing anticancer effects
while potentially reducing side effects compared to single-agent treatment. In this study, com-
bination therapy demonstrated a synergistic increase in therapeutic efficacy (TGI = 70.3%) com-
pared to sunitinib alone (37.8%). Furthermore, 177Lu-DOTA-ATPS mAb alone
(TGI = 54.6%) also demonstrated a greater therapeutic effect than sunitinib alone. This
finding suggests promising potential for the clinical application of 177Lu-DOTA-ATPS mAb
in the future. Chemotherapeutic agents, such as tyrosine kinase inhibitors, have been
known to show a broad spectrum of adverse effects in both the hematologic system and
nonhematologic systems [33]. 177Lu-based radiopharmaceutical therapies have also been
associated with various side effects, some of which are serious hematologic diseases [34,35].
Such side effects could obstruct the appropriate treatment of cancer patients, leading to
a reduction in dosage or discontinuation of therapeutic agents. Based on the results of
this study, combining 177Lu-radioimmunotherapy with conventional chemotherapy could
decrease the therapeutic doses of each treatment, leading to fewer adverse effects than
single-agent therapy. However, further clinical studies should be conducted.

177Lu decays by emitting two γ-rays (208 and 113 KeV), which are ideal for gamma
camera imaging. While we employed 18F-FDG PET for tumor visualization in this study,
whole-body gamma camera imaging could directly visualize or predict the biodistribution
of 177Lu-DOTA-ATPS mAb. A limitation of this study is the lack of a small animal gamma
camera, which prevented us from performing this complementary imaging modality.

We were unable to achieve tumor-free survival as tumors persistently grew in all
groups, whether they were subjected to single or combination treatments. In the combi-
nation treatment group, tumors from two mice did not exhibit growth until the fourth
week of therapy, although they did not completely disappear. In contrast, all tumors in the
other groups showed significant growth by the fourth week of treatment. In this study, we
initiated treatments when the tumors reached approximately 200 mm3 in size. For a more
accurate evaluation of tumor-free survival, treatments should ideally be started earlier.
This is another limitation of the study.

In our previous study [9], we categorized six types of cancer cells into two groups
based on their membranous ATPS expression, as determined by Western blot analysis and
immunofluorescence microscope findings. From these, we chose MDA-MB-231 (which has
high ATPS expression) and PC-3 (which has low ATPS expression) for further comparison.
We evaluated these cells using in vitro cellular uptake, binding, and in vivo tumor uptake
with 89Zr-labeled ATPS mAb and positron emission tomography imaging (utilizing the
same mAb as in this study). The MDA-MB-231 cells exhibited significantly higher cellular
uptake, binding capability (Kd), and in vivo tumor uptake than the PC-3 cells. Based on
these results, we hypothesized that cells demonstrating higher in vitro cellular uptake
would inevitably show higher in vivo tumor uptake, leading to increased therapeutic
efficacy. While it is a well-established concept in clinical radioimmunotherapy to predict
therapeutic outcomes using diagnostic radiopharmaceuticals with the same antibodies,
it would be beneficial to evaluate the ATPS expression of cancer cells concurrently with
cellular uptake. As an alternative, comparing the therapeutic effects between tumors with
high ATPS expression and those with lower ATPS expression could aid in drawing more
credible conclusions. This is also acknowledged as a limitation of this study.
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Despite encouraging preclinical results, this study represents early-stage research.
Further technical refinements are necessary before clinical trials with 177Lu-DOTA-ATPS
mAb can be initiated.
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Abstract: Natural killer (NK) cells play an important role in the surveillance of viral infections
and cancer. NK cell antibody-dependent cellular cytotoxicity (ADCC) and direct cytotoxicity are
mediated by the recognition of antibody-coated target cells through the Fc gamma receptor IIIA
(FcγRIIIa/CD16) and by ligands of activating/inhibitory NK receptors, respectively. Allelic vari-
ants of the FCGR3A gene include the high-affinity single-nucleotide polymorphism (SNP) rs396991
(V176F), which is associated with the efficacy of monoclonal antibody (mAb) therapies, and the SNP
rs10127939 (L66H/R). The contribution of FCGR3A SNPs to NK cell effector functions remains con-
troversial; therefore, we generated a panel of eight NK-92 cell lines expressing specific combinations
of these SNPs and tested their cytotoxicities. NK-92 cells were stably transfected with plasmids
containing different combinations of FCGR3A SNPs. Messenger RNA and FcγRIIIa/CD16 cell surface
expressions were detected using new generation sequencing (NGS) and flow cytometry, respectively.
All FcγRIIIa/CD16-transfected NK-92 cell lines exhibited robust ADCC against three different target
cell lines with minor differences. In addition, enhanced direct NK cytotoxicity against K562 target
cells was observed, suggesting a mechanistic role of FcγRIIIa/CD16 in direct NK cytotoxicity. In
conclusion, we generated eight FcγRIIIa/CD16-transfected NK-92 cell lines carrying different com-
binations of two of the most studied FCGR3A SNPs, representing the major genotypes described
in the European population. The functional characterization of these cell lines revealed differences
in ADCC and direct NK cytotoxicity that may have implications for the design of adoptive cancer
immunotherapies using NK cells and tumor antigen-directed mAbs.

Keywords: NK-92; FCGR3A; CD16; ADCC; L66H/R; V176F; L48H/R; V158F

1. Introduction

Natural killer (NK) cells are a subpopulation of lymphocytes that play an important
role in the immune response to viral infections and in cancer immunosurveillance [1–4].
The cardinal effector functions of NK cells are (i) the lysis of transformed (stressed) tar-
get cells triggered by the predominant expression of ligands for activating NK recep-
tors, leading to “natural” or “direct” NK cytotoxicity; (ii) the induction of apoptosis
through death receptors; and (iii) the recognition of antibody-coated target cells through
their Fc gamma receptor IIIA (FcγRIIIa/CD16), leading to antibody-dependent cellular
cytotoxicity (ADCC) [4]. In addition to the level of CD56 expression, the presence of
FcγRIIIa/CD16 on the cell surface allows for the discrimination between NK subpopula-
tions that are highly cytotoxic (CD56dimCD16pos) or predominantly cytokine-producing
NK cells (CD56brightCD16dim/neg) [1,5].

The FcγRIIIa/CD16 receptor consists of two extracellular Ig-like domains, D1 and D2;
a stalk region; a transmembrane domain; and a short cytoplasmic tail and has a low affinity
for immunoglobulin G (IgG) subclasses compared to other Fc-gamma receptors [6]. The Fc
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fragments of IgGs bind to the FcγRIIIa/CD16 at the beginning of D2 near the hinge region
between D1 and D2 [7–9]. In addition to NK cells, subsets of monocytes and macrophages
and small subpopulations of dendritic cells and T cells express FcγRIIIa/CD16 on their
surface [10–12]. FcγRIIIa/CD16 has different affinities for the different IgG subclasses [9]
and, upon activation, is either internalized for recycling or cleaved by ADAM17 (“a disin-
tegrin and metalloprotease 17”), which cleaves the stalk region and thereby reduces NK
cytotoxicity [13,14].

Several single nucleotide polymorphisms (SNPs) have been described for FCGR3A.
The most studied SNP is the rs396991 (V176F) located in D2, which affects the binding of
IgG to the receptor [15,16]. Furthermore, the tri-allelic SNP rs10127939 (L66H/R) in D1
is relevant for NK cytotoxicity; it influences the binding of IgG subclasses to the receptor,
with H having a higher binding to human IgG1, IgG3, and IgG4 than L [17]. However,
the consequences of combinations of these two SNP in the context of human disease and
intravenous immunoglobulin G and mAb therapies remain to be investigated [18–24].

Therapeutic mAbs are engineered to target specific molecules. EGFR is a transmem-
brane protein, a member of a large family of receptors involved in developmental biology
and cancer. EGFR overexpression, mutation, or both contribute to the malignant pheno-
type of many cancer cells. Thus, the design of therapeutic mAbs, such as cetuximab, that
target EGFR has led to improvements in the outcome of cancer patients [25]. Rituximab
and Obinutuzumab are IgG1 subclass mAbs that bind to CD20, a transmembrane protein
expressed on B cells. Although the exact biological function and physiological ligand
remain elusive, CD20 plays a major role in regulating B-cell activation and proliferation by
acting as a Ca2+ channel. There are two types of anti-CD20 mAbs based on their ability or
inability to translocate CD20 to lipid rafts after binding, type-I and -II, respectively [26].
Clinically, anti-CD20 mAb therapies are largely used to treat B-cell-derived hematologic
malignancies, autoimmune diseases, and humoral transplant rejection. Since the approval
of rituximab [27] and several other therapeutic antibodies, it remains controversial whether
or not the clinical efficacy of mAb therapy is associated with the FCGR3A rs396991 (V176F)
SNP [28–39]. The clinical consequences of rs10127939 and rs396991 combinations in the
context of human disease and intravenous immunoglobulin G and mAb therapies remain to
be investigated [18,21–26]. Furthermore, FCGR3A SNPs are clinically relevant in infections
such as malaria, severe COVID-19, bacteremia in transplant patients, periodontitis, as well
as in Kaposi’s sarcoma in HIV-infected patients and autoimmune diseases, including lupus
and rheumatoid arthritis [21,40–42].

The CD3negCD56pos human NK-92 cell line, characterized by a large granular lym-
phocytic phenotype, was originally obtained from a patient with non-Hodgkin’s lym-
phoma [43,44]. Cell culture of NK-92 cells is dependent on high doses of interleukin-2
(IL2), and the function and phenotype resemble activated NK cells with granzyme- and
perforin-containing granules and the surface expression of CD2, CD7, CD25, CD69, NKp30,
NKp46, and CD94 [43–45]. In contrast, NK-92 cells lack FcγRIIIa/CD16 expression and,
consequently, do not mediate ADCC [46]. To evaluate ADCC in vitro, NK-92 cells have
been transfected with murine CD16 and high-affinity CD16 CAR in the past [47,48] and
transduced with low-affinity CD16 to test therapeutic mAbs [49].

The aim of the present study was to generate and compare transfectants derived from
the NK-92 cell line carrying different combinations of the rs10127939 (L66H/R) and rs396991
(V176F) FCGR3A polymorphisms. In particular, the effect of specific SNP combinations on
NK cytotoxicity, both ADCC and direct killing, was investigated.

2. Materials and Methods

2.1. Reagents

Biologicals: The human type-II anti-CD20 antibody (Obinutuzumab, non-glycoengineered)
used in this study was kindly provided by Christian Klein from Roche Innovation Center,
Zurich. Human anti-EGFR (anti-EGFR-IgG1) antibody was purchased from Invivogen (San
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Diego, CA, USA). Human recombinant IL2 was obtained from Novartis Pharma (Proleukin,
Basel, Switzerland).

Antibodies: Three different antibody clones against FcγRIIIa/CD16 (B73.1, 3G8, and
MEM154), anti-HLA-ABC, and anti-CD58 were used for flow cytometry. Mouse IgG1
and IgG2a isotype controls were also included. All antibodies were conjugated to either
fluorescein isothiocyanate (FITC) or to R-phycoerythrin (PE). Additionally, F(ab’)2 fragment
goat anti-human IgG, F(ab’)2 fragment specific (BCR blocking), goat anti-human κ F(ab’)2-
PE, and goat polyclonal isotype control-PE were used (Table S1).

Chemicals, culture media, and supplements: Probenecid, bovine serum albumin (BSA),
ethylenediaminetetraacetic acid (EDTA), and fetal bovine serum (FBS) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Buffers Dulbecco’s Phosphate-Buffered Saline
(PBS), Dulbecco’s Modified Eagle Medium (DMEM), Roswell Park Memorial Institute 1640
(RPMI), Minimum Essential Medium Amino Acids Solution (EAA), Non-Essential Amino
Acids Solution (NEAA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), peni-
cillin/streptomycin (Pen/Strep), sodium pyruvate, and geneticin were all from Gibco
(Grand Island, NY, USA). The L-Alanyl-L-Glutamine (L-Glu/L-Ala) was from Bioswisstec
AG, Schaffhausen, Switzerland. AB serum was obtained from the “Centre de Transfusion de
Genève” of our institution, (Table S1).

Cell lines, PBMC isolation, and culture conditions: The cell lines A-431, Daudi, K562,
Raji, and NK-92 were acquired from ATCC. (Manassas, VA, USA) NK-92 transduced with
low-affinity CD16, with F in amino acid position 176, was a kind gift from Kerry Campbell
and NantKwest (noGFP-CD16 176F NK-92.05, US patent No. 7,618,817; EU patent No.
1771471). Of note, positions 66 and 176 correspond to 48 and 158, respectively, depending
on whether the leader peptide is considered (Table S1).

The A431 culture medium consisted of DMEM supplemented with 20 mM HEPES,
10% FCS, 1 mM sodium pyruvate, 2 mM L-Glu/L-Ala, 100 IU/mL of 1× NEAA and
1× EAA, and 100 μg/mL Pen/Strep. The Daudi, K562, and Raji culture media consisted
of RPMI-1640 containing 25 mM HEPES, 10% FCS, 2 mM L-Glu/L-Ala, and 100 μg/mL
Pen/Strep. NK-92 cells and the FcγRIIIa/CD16 stable transfectants were maintained in
RPMI-1640 medium containing 25 mM HEPES, 15% FCS, 5% AB serum, 2 mM L-Glu/L-Ala,
1 mM sodium pyruvate, Pen/Strep (10,000 U/mL), and 100 IU/mL of IL2. In all cases, cells
were maintained in 5% CO2 humidified incubator at 37 ◦C. In the case of ADCC assays,
NK-92 cells were cultured without IL2 for 16 h to reduce direct cytotoxicity.

Human NK cells were isolated from the blood of healthy donors. Peripheral blood
mononuclear cells (PBMCs) were separated using Ficoll-Paque PLUS density gradient
centrifugation GE Healthcare (Uppsala, Sweden) centrifugation at 900× g for 20 min at
room temperature without a brake. The cells were then washed twice in PBS and stored in
cold FACS buffer (PBS with 0.1% BSA) before antibody staining for flow cytometry analysis.

2.2. Construction of Plasmids Carrying FCGR3A Allelic Variants and NK-92 Transfectant
Cell Lines

The gene source for generating the different FCGR3A gene variants was the commercial
vector GenScriptpUC19-Amp FCGR3A transcript variant 3 (NM_001127593.1) (GenScript,
Piscataway, NJ, USA). FCGR3A was subcloned into the multiple cloning site 2 (mcs2) of
the pVITRO-neo-mcs plasmid (InvivoGen, San Diego, CA, USA) through the ligation of
PCR products obtained via amplification using the polymerase Q5 high-fidelity DNA
polymerase (New England BioLabs, NEB, Ipswich, MA, USA). We attempted to use the
mcs1 and mcs2 to generate “heterozygous” combinations of FCGR3A, but this proved im-
possible due to constant deletions, rearrangements, or aberrations after the transformation
of the constructs into E. coli. Detailed information on the primers used can be found in
Table S2. The PCR conditions consisted of 1 cycle of denaturation at 98 ◦C for 30 s, 30 cycles
consisting of denaturation at 98 ◦C for 10 s, annealing at 71 ◦C for 30 s, and extension at
72 ◦C for 30 s, ending with a final extension at 72 ◦C for 2 min. After amplification, DNA
was purified using a Monarch PCR & DNA Cleanup Kit (NEB). pVITRO-neo-mcs and
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PCR products were digested in a 25 μL reaction with high-fidelity AgeI and NheI (NEB)
and ligated with Instant Sticky-end Ligase master mix (NEB) in a vector-to-insert ratio of
1:3. The resulting 5 μL reaction was transformed into 50 μL of chemically competent NEB
5-alpha competent E. coli (high efficiency, NEB by propagation; all products details in Table
S1).

To generate the FGCR3A variants conferred by the rs10127939 (L66H/R) and rs396991
(V176F) SNPs, site-directed mutagenesis was performed using the Q5 Site-Directed Muta-
genesis kit (Promega, Madison, WI, USA) in the subcloned pVITRO-neo-CD16A_VLMCS2 b
vector with the primers described in Table S2 and according to the manufacturer’s specifica-
tions. All the PCR conditions for the site-directed mutagenesis were similar: 1 cycle at 98 ◦C
for 30 s; 25 cycles of denaturation at 98 ◦C for 30 s, annealing at 66 ◦C for 30 s, and extension
at 72 ◦C for 2 min; ending with 1 cycle at 72 ◦C for 3 min 36 s. The 5 μL of the resulting
reaction kinase, ligase, and DpnI mix, which contained the vector, was transformed into
50 μL of chemically competent NEB 5-alpha Competent E. coli for propagation according
to the manufacturer’s instructions and cultured for 16 h on Luria broth agar plates with
100 μg/mL ampicillin (Sigma-Aldrich). Large amounts of plasmids were recovered using
the classic phenol/chloroform method [50]. Finally, Sanger sequencing (Microsynth AG,
Balgach, SG, Switzerland) was performed at all steps to confirm that the constructs were
as expected.

To generate the NK-92 transfectants, 2 μg of pVITRO-neo-mcs plasmids carrying the
elongation factor 1 alpha (EF-1α) promoter, which allows for the stable and long-term
expression of the genes in transfected cells, were used. Subsequently, 4 × 106 NK-92
cells were transfected in the presence of 100 μL of Solution R from the Amaxa Cell Line
Nucleofector Kit R via electroporation using the program A-24 of the Nucleofector I device
according to the manufacturer’s instructions (Lonza AG, Stein, Switzerland). Since the
pVITRO-neo-mcs plasmid contains a neomycin resistance gene, 600 μg/mL of geneticin
was added 48 h after electroporation and maintained along with the cultures to maintain
the selection pressure. The control conditions included cells electroporated with empty
pVITRO-neo-mcs and pulsed only. All cells were maintained in a 5% CO2 humidified
incubator at 37 ◦C. Single plasmid transfections were performed to obtain single FCGR3A
variants (LL_VV, LL_FF, RR_VV, and HH_VV), while co-transfections were required to
obtain allelic FGCR3A variants.

2.3. Determination of FCGR3A Variants in NK-92 Transfectants from Messenger RNA Followed
by New-Generation Sequencing (NGS) Quantification

To detect the expression levels of the different FCGR3A variants in the NK-92 trans-
fectants, total RNA was extracted using Trizol Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The cDNA synthesis was conducted using a
ProtoScript II First Strand cDNA Synthesis Kit according to the manufacturer’s instructions,
starting with 0.5 μg of total RNA and 6 μM Random Primer Mix (both NEB) in a 20 μL final
volume. The controls included tubes containing all RT reagents minus the RNA template
or reverse transcriptase, designated “NAC-RT” and “no-RT” controls, respectively.

For cDNA synthesis, 1.25 μL of the cDNA reaction was used in a 25 μL reaction
containing 0.5 U of Q5 High-Fidelity (NEB); 1.5 mM MgCl2 (Promega, Madison, WI, USA);
0.2 mM Deoxynucleotide (dNTP) Solution Mix (NEB); 0.2 μM of each primer (designated
Seq 48_158 fw and Seq 48_158 rev, Microsynth AG, Balgach, Switzerland, Table S2); and in
1 × Q5 reaction buffer (NEB). The cDNA amplification PCR consisted of a denaturation
step at 95 ◦C for 30 s; followed by 30 cycles of denaturation at 98 ◦C for 5 s, annealing at
65 ◦C for 20 s, and extension at 72 ◦C for 15 s; ending with a final extension at 72 ◦C for
2 min. Negative PCR controls consisted of the following: all PCR reagents plus (i) “NAC-
RT control”, (ii) “no-RT control”, and (iii) minus the cDNA template, designated “NAC
RT-PCR”, “no-RT/ PCR”, and “NAC-PCR” controls, respectively.

The PCR products were run on 1.2% agarose gels at a constant 75 volts for 1 h, and
bands were visualized after 30 min of staining with a solution consisting of a 1:3000
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dilution in water of GelRed Nucleic Acid Gel Stain (Biotium Inc., Fremont, CA, USA) and
0.1 M NaCl for 30 min according to the manufacturer’s instructions. The 100 bp ladder
(ThermoScientific, Waltham, MA, USA) was used to determine DNA size.

PCR products were purified using Monarch PCR & DNA Cleanup Kit (NEB), resus-
pended in nuclease-free H2O, and quantified using the Qubit 4 fluorometer (ThermoFisher
Scientific, Waltham, MA, USA) coupled to the Qubit 1× dsDNA High Sensitivity (HS)
kit according to the manufacturer’s instructions. Next-generation sequencing (NGS) was
performed at the iGE3 Genomics Platform (University of Geneva, Geneva, Switzerland).
Briefly, libraries were generated using 100 ng of each PCR product and the TruSeq Nano
DNA High Throughput Library Prep kit (Illumina, San Diego, CA, USA). Libraries were
pooled at equimolar proportions (10 nM) before hybridization to a NovaSeq 6000 (Illu-
mina) flow cell and paired-end 100 bp (PE100) sequencing methods. The quantification
of FCGR3A variant expression was performed using the iGE3 Bioinformatics Platform
(University of Geneva). Briefly, an average of approximately 10 million paired-end reads
were obtained for each sample. Sequencing quality control (QC) was performed using
the FastQC analysis tool [v0.12.1]. The reads were then aligned to the Ensembl GRCh38
genome reference using STAR v.2.7.4. The average alignment rate was 99.2%. The different
genotypes at the SNP positions rs10127939 and rs396991 were then assessed using igvtools
(IGV v.2.16.2). Additional alignment analysis was performed using the igvtools command
“samtools-flagstat”, and no “QC failed” flagged reads were identified during the alignment
analysis. For all sequencing samples in the dataset, 100% of the reads were correctly paired,
and there were no singletons (i.e., reads with a sequence present exactly once, which is
unique among the reads). This confirmed that all paired-end reads originated from the
same DNA molecule and that, therefore, the identified SNPs were correctly matched.

2.4. Surface Marker Expression Using Flow Cytometry Analysis, Cell Sorting, and Cytotoxicity
Assays with NK-92 Cell Lines

Direct labeling was used to assess the cell surface expression of FcγRIIIa/CD16 on NK-
92 transfectants using three different mAb clones (3G8, B73.1, and MEM154), while HLA-
ABC and CD58 expressions were assessed on targets cells. Cells were washed with FACS
buffer and incubated for 30 min at 4 ◦C with saturating amounts of antibodies or isotype-
matched controls. After the labeling, excess antibody was removed by washing with FACS
buffer. To test for CD20 and EGFR antigen expressions on target cells, indirect labeling
was required, starting with the B-cell receptor blockade using 0.4 mg/mL F(ab’)2 fragment
goat anti-human IgG for 30 min at 4 ◦C. After incubation with anti-CD20 or anti-EGFR
at concentrations ranging from 0.125 to 20 μg/mL, a secondary polyclonal antibody, goat
anti-human κ F(ab’)2-PE, was used for final labeling. Data acquisition and analysis were
performed using an Attune NxT Acoustic Focusing Cytometer (ThermoFisher Scientific)
and FlowJo version 10.5.3 software (RRID:SCR_008520), respectively, using the gating
strategy depicted in Figure S1. The surface expression levels were compared by calculating
the geometric mean fluorescence intensity ratios (MFIRs) as previously described [51].

NK-92 transfectants were sorted for FcγRIIIa/CD16 expression using a MoFlo Astrios
cell sorter (Beckman Coulter Life Sciences, Brea, CA, USA) at our institution’s flow cytome-
try core facility. Briefly, 20 × 106 cells were stained with the mAb 3G8 and the appropriate
isotype control antibody for 30 min at 4 ◦C, washed, and resuspended in 2 mL FACS buffer
plus 2.5 mM EDTA. The 3G8-positive cell fraction was then collected, centrifuged, and
seeded at 0.3 × 106 cells/mL in the culture medium as previously described. Twenty-four
hours after sorting, 600 μg/mL of geneticin was added to the cell cultures. The transfected
NK-92 cells were cultured in the presence of 100 IU/mL of IL2.

2.5. Cytotoxicity Assays by NK-92 Cell Lines

Non-radioactive DELFIA EuTDA Cytotoxicity Reagents (PerkinElmer, Waltham, MA,
USA) were used to determine the level of NK-92 cell-mediated cytotoxicity according to
the manufacturer’s instructions and as previously described [52]. Briefly, the target cells
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(K562, Daudi, Raji, and A431) were labeled with BATDA for 20 min and washed with PBS
containing 20 mM HEPES and 2.5 mM probenecid to inhibit dye leakage.

For the ADCC assays, NK-92 cell lines were deprived of IL2 overnight, washed, and
maintained in a serum-free AIM-V medium. Fixed effector-to-target (E:T) ratios of 5:1 and
10:1 were used for the anti-CD20 and -EGFR dose-response assays, respectively. Direct
cytotoxicity was assessed in all ADCC experiments by co-culturing the target cells and
NK-92 effector cells in the absence of mAbs. The plates were incubated for 1 h when
co-cultured with Daudi cells or 2 h for the other target cells at 5% CO2 and 37 ◦C.

For direct cytotoxicity assays against K562 targets, NK-92 cell lines were maintained
in culture medium with 200 IU/mL IL2 and used at E:T ratios of 20:1; 10:1; 5:1; and 2.5:1.

In both assays, the maximum release was obtained by the lysis of labeled target cells
(Lysis Buffer, PerkinElmer). To assess cytotoxicity following co-incubation, the released
TDA ligand in the supernatants was chelated with europium salt and measured in a time-
resolved fluorometer (EnVision 2014 Multilabel reader, PerkinElmer). Cytotoxicity was
expressed as a percentage (%) of specific lysis.

For the ADCC dose-response assays, the curves were fitted using the three-parameter
dose-response curves for the agonist model. The agonist was the mAb, anti-CD20 or -EGFR,
and the EC50 was estimated accordingly, where EC50 was the concentration at which the
mAb produced a half-maximum response. In direct cytotoxicity assays, plots were fitted
using the asymptote-modified exponential growth model of Pross et al. [53] to obtain the
lytic units, defined as the number of effector cells required to lyse a given number of target
cells. We defined the reference lytic level as 30% (LU30) for 107 effector cells. The EC50 and
LU30 were estimated, and all curves were plotted using Prism GraphPad (version 9.5.0,
RRID:SCR_002798).

2.6. Statistical Analysis

Analysis was performed with GraphPad Version 10.2.0. Comparisons of paired deter-
minations were performed using a ratio-paired t-test or mixed-effect analysis with Šídák’s
multiple comparisons test. For unmatched determinations, the Brown–Forsythe and Welch
ANOVA with Dunnett’s T3 multiple comparisons test correction or one-way ANOVA
corrected by Tukey’s multiple comparisons test were used to compare among cell lines.
Other statistic tests are indicated in the text. The correlation between the 3G8 MFIR and
EC50 was analyzed by calculating Spearman’s Rank Correlation Coefficient. The statistical
test used is indicated in each figure legend. The significance is indicated by the p-values in
the graphs.

3. Results

3.1. Expression of mRNA of FCGR3A SNPs rs10127939 and rs396991 in Transfected NK-92
Cell Lines

The vector design for the FCGR3A SNP variants, rs10127939 (L66H/R) and rs396991
(V176F), started from the FCGR3A transcript variant 3 (NM_001127593.1). Sequence analy-
sis confirmed that this plasmid contains the bases encoding the V and L for rs396991 and
rs10127939, respectively (sequence provided in Figure S2). After initial subcloning into
the multiple cloning site 2 of the pVITRO-neo-mcs, only the pVITROneoCD16A_VLMCS2
clone b was kept and used as the starting material for the site-directed mutagenesis. Thus,
pVITROneoCD16A_VHMCS2 clones a/c, pVITROneoCD16A_VRMCS2 clones a/b/c, and
pVITROneoCD16A_FLMCS2 clones 4/13/14/15 were generated and sequenced for quality
control purposes. The constructs of all SNP variants for FCGR3A used in this study are
shown in Table S3 and were used for the transfection of NK-92 cells.

Huang et al. previously reported that the NK-92 cell line carries the FCGR3A gene
but fails to express it on the surface [46]. Moreover, the expression of transfected genes
can be impaired either by de-novo methylation [54] or by their random integration into
transcriptionally silent DNA regions [55]. Therefore, the expression of each FCGR3A
transgene was assessed at the mRNA level using RT-PCR with primers designed to cover
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rs10127939 (L66H/R) and rs396991 (V176F), spanning exons 4 and 5 and excluding the
<3.4 Kb intron 4. Deep sequencing of the RT-PCR amplicons allowed us to identify each
variant and determine its frequency in NK-92 transfectants.

The expression of a single FCGR3A variant was confirmed in the cell lines generated
using single-plasmid transfection, namely NK-92 LL_FF, NK-92 LL_VV, NK-92 RR_VV, and
NK-92 HH_VV. The expressions of two FCGR3A allelic variants were confirmed in NK-92
LL_VF, NK-92 LR_VV, NK-92 LH_VV, and NK-92 LR_VF. In the latter three cell lines, the ratio
of the two transgene variants was approximately 1:3, possibly due to the intrinsic nature
of random plasmid integration in the genome (Figure 1b). The results were confirmed
via the sequencing of amplicons derived from the mRNA of two healthy human donors
(HD.CMU.003, HD.CMU.005), whose genotypes have been previously confirmed using
Sanger sequencing Figure S3.

 

Figure 1. Messenger expression and NGS of NK-92 transfectants for the rs10127939 and rs396991
SNPs. (a) Total RNA was extracted from NK-92 transfectants and converted into cDNA. The cDNA
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was then amplified for a 484 bp region covering both SNPs, rs10127939 and rs396991. The resulting
amplicons were run in a 1.2% agarose gel and stained with RedGel. These 484 bp fragments were used
for the NGS analysis. The gel includes controls for cDNA synthesis and PCR, specifically the “No
amplification controls” (NAC) for NAC RT-PCR and NAC PCR, as well as a control without reverse
transcriptase (no-RT PCR). (b) The pie charts show the NGS reads corresponding to rs10127939
(L66H/R) and rs396991 (V176F) for each of the NK-92 transfectants. The total number of reads is
shown below each pie chart, with bases represented by color codes. For each SNP, a specific base read
corresponds to amino acids: leucine (L), arginine (R), histidine (H), phenylalanine (P), and valine (V).

In summary, the expression of either one or two sets of SNPs, rs10127939 (L66H/R)
and rs396991 (V176F), in the eight different NK-92 cell lines generated in this study was
confirmed through the NGS of amplicons derived from reverse-transcribed mRNA.

3.2. Stable FcγRIIIa/CD16 Cell Surface Expression of Different Combinations of the FCGR3A
SNPs rs10127939 and rs396991

FcγRIIIa/CD16 cell surface expression of the eight NK-92 cell lines (Table S4), success-
fully transfected with different combinations of the SNP variants rs10127939 and rs396991
was determined using flow cytometry. Figure 2 shows the level of expression using three
different mAb clones. Clone B73.1 binds to domain 1 (D1) of the FcγRIIIa/CD16 molecule,
recognizing predominantly the L, weakly the R, but not the H variant; clone 3G8 binds to
D2; and clone MEM154 has been reported to discriminate V from F by strong binding to V
(Figure 2a) [15]. Figure 2b shows representative histograms for the relative expression of
FcγRIIIa/CD16 compared to matched isotype controls when the transfectant cells were
cultured in the presence of 100 IU/mL of IL2. Clone B73.1 showed high expression for trans-
fectants with only L, i.e., NK-92 LL_VF, NK-92 LL_FF, and NK-92 LL_VV (MFIRs of 14.3 ± 7.9,
27.1 ± 14.0, and 25.4 ± 9.0, respectively), lower for the other combinations (MFIRs ranging
from 3.2 ± 1.6 to 7.9 ± 1.9), and no staining for NK-92 HH_VV (MFIR of 0.8 ± 0.1; Table S5,
left column). In our hands, MEM154 stained the NK-92 transfectants poorly (right column),
with MFIRs ranging from 1.4 ± 0.3 to 5.5 ± 1.2 (Table S5, right column). In the case of clone
3G8, the MFIR varied between 13.0 ± 4.2 (NK-92 LR_VF) and 91.9 ± 38.4 (NK-92 LL_VV)
(Table S5, middle column). Nonetheless, FcγRIIIa/CD16 expression was higher on freshly
isolated NK cells compared to transfected NK-92 cells. Here, the clone MEM154 clearly
discriminated between the donors with different V176F variants (Figure 2b,c). Our NK-92
LL_FF cell line showed 14- to 12-fold higher levels of FcγRIIIa/CD16 expression for B73
and 3G8, respectively, compared to the transduced noGFP-CD16 176F NK-92.05 cell line
with the same combination of FCGR3A SNPs previously described by Binyamin et al. [49]
(Figure 2b,c and Table S5). The parental NK-92 cell line, as well as NK-92 pVITRO, had no
detectable levels of FcγRIIIa/CD16 on its surface (Figure 2e,f). At last, FcγRIIIa/CD16
expression on NK-92 transfectants was stable after selection and cell sorting, as it did not
change for more than five months or 80 cell culture passages (Figure 2g).

Thus, the eight transfected NK-92 cell lines not only express the different combinations
of FCGR3A SNPs rs10127939 (L66H/R) and rs396991 (V176F) at the mRNA level, but also
show stable surface expression.
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Figure 2. Cont.
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Figure 2. Surface expression of FcγRIIIa/CD16 on NK-92 transfectants using different anti-CD16

monoclonal antibody clones. Transfected NK-92 cell lines were tested for the surface expression
of FcγRIIIa/CD16 using the mAb clones B73.1, 3G8, and MEM154 and matching isotype controls
(grey), followed by flow cytometry analysis. (a) Schematic overview of the epitopes recognized by
the anti-CD16 monoclonal antibody clones. These cover the different L66H/R and V176F variants of
the FcγRIIIa/CD16 receptor located in domain 1 (D1) and domain 2 (D2), respectively. MEM154 only
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recognizes valine (V) at position 176 but not phenylalanine (F), whereas the clone B73.1 recognizes
leucine (L) at position 66, binds poorly to arginine (R), but does not recognize histidine (H). In the
case of clone 3G8, it recognizes a different epitope of D1, independent of the polymorphisms studied.
(b–e) Representative histograms showing the recognition of FcγRIIIa/CD16 by the three clones.
The L66H/R and V176F polymorphisms present in each cell line/donor are indicated next to the
histograms, and the mean intensity ratio (MFIR) for each histogram is described in the upper-left
corner. (b) The eight transfected cell lines (n = 10, except for NK-92 LL_VF, NK-92 LR_VV, and NK-92
LR_VF, where n = 13, 2, and 5). (c) Single determination for the level of expression of FcγRIIIa/CD16
for two of the most common variants in fresh PBMCs gated on CD3–CD56+ NK cells are shown for
donors HD.CMU.003 and HD.CMU.005. (d) Evaluation of FcγRIIIa/CD16 in the transduced cell
line noGFP-CD16 176F NK-92.05 used as reference [49] (n = 3). (e) Transfection controls, including
parental NK-92 and NK-92 pVITRO (n = 12 and 15, respectively). (f) Summary plots of FcγRIIIa/CD16
expression shown as MFIRs for the staining with anti-CD16 clones B731, 3G8, and MEM154 for
all NK-92 cell lines (transfectants and transduced), including expression on fresh NK cells. One-
way ANOVA (Brown–Forsythe and Welch) analysis for all cell lines except for human NK cells.
(g) Time course of FcγRIIIa/CD16 expression as measured using 3G8 mAb FACS staining in six
NK-92 transfectants over six months (80 passages), including a freeze/thaw cycle and cell sorting of
the transfectants in January 2022 (arrow).

The culture, proliferation, and cytotoxicity of the NK-92 cell line are IL2 dependent [43,44].
Nevertheless, to better distinguish between direct cytotoxicity and ADCC, we deprived
NK-92 cells of IL2 prior to the assays [56,57]. It is also known that the activation of human
NK cells leads to the membrane shedding of FcγRIIIa/CD16 by ADAM-17 (13, 14). Thus, it
was of interest to determine whether overnight IL2 withdrawal from the cultures affected
FcγRIIIa/CD16 surface expression in six of our NK-92 transfectants. Flow cytometric anal-
ysis using the 3G8 clone demonstrated that four out of the six transfectants tested (NK-92
LL_VF, NK-92 LL_VV, NK-92 LH_VV, and NK-92 RR_VV) exhibited increased FcγRIIIa/CD16
expressions when deprived of IL2 overnight, with adjusted p-values of 0.0015, 0.0141,
0.0397, and 0.0060, respectively (Figure 3a). In contrast, the two other cell lines, NK-92 LL_FF

and NK-92 HH_VV, did not significantly change their FcγRIIIa/CD16 expressions. NK-92
LL_VV showed the highest expression (3G8 MFIR values of 83 ± 24.0 and 135.2 ± 46.7,
with and without IL2, respectively) and NK-92 HH_VV the lowest expression (37.1 ± 9.68
and 48.4 ± 17.6, with and without IL2, respectively). The pooled mean FcγRIIIa/CD16
expression of the six NK-92 transfectants increased upon IL2 deprivation (p = 0.0010),
with variations from 1.3- to 2-fold higher MFIRs in the case of NK-92 HH_VV, and NK-92
RR_VV, or NK-92 LL_VF (Figure 3b). The same analysis, using clone MEM154, also revealed a
significant increase in FcγRIIIa/CD16 expression upon IL2 deprivation for most of the cell
lines, with the exception of NK-92 LL_FF and NK-92 HH_VV. For the clone B73.1, only NK-92
LL_VF showed an increase in FcγRIIIa/CD16 (p = 0.0213) after IL2 deprivation (Figure S4).
The overnight removal of IL2 resulted in a slight reduction in the viability of NK-92 cells,
from 91.6 ± 4.4% to 88.7 ± 2.4%, which was nevertheless statistically significant (p = 0.0007).
In all but one instance, the viability of the cells remained above 70% (Figure 3c).

In conclusion, overnight deprivation significantly increased the surface expression of
FcγRIIIa/CD16 in the NK-92 transfectants.

39



Antibodies 2024, 13, 55

 

Figure 3. Interleukin-2 deprivation increased FcγRIIIa/CD16 expression on NK-92 transfectants.

(a) Analysis of FcγRIIIa/CD16 expression using flow cytometry of the NK-92 cell lines stained with
clone 3G8 after three days in culture with 100 IU/mL of IL2 (black circles) or IL2-deprived overnight
(open circles) for six NK-92 transfectants. (b) Summary plot of the average of the mean fluorescence
intensity ratio (MFIR) for each cell line analyzed under the two conditions previously described.
In all cases, comparisons were made using a ratio-paired t-test, with n = 10. No values are shown
if p ≥ 0.05. (c) Cell viability of NK-92 cell lines after short-term IL-2 deprivation. Different NK-92
cell lines, including both transfected and non-transfected cells, were cultured in the presence of IL-2
(100 IU/mL) or in the absence of IL-2 (0) for 16 h. Cell viability was analyzed using flow cytometry
using the dead cell exclusion dye 7-AAD, and comparisons were made using a paired t-test, with
n = 67.

3.3. Characterization of Cell Surface Antigen Expression on Target Cells

The target cells used to study cytotoxicity were characterized to avoid the misinterpre-
tation of the results due to different levels of antigen expression. Figure 4a shows that the
level of CD20 expression on Raji cells was higher than on Daudi cells, with MFIR values at
1250 ng/mL of 59.2 ± 5.4 and 20.2 ± 2.3, respectively (p = 0.0003, unpaired t-test). On the
other hand, EGFR expression on A431 cells, as measured using cetuximab staining, reached
saturation at 2000 ng/mL, with MFIR values of 153.0 ± 15.9 and 165.1 ± 18.8 at 2000
ng/mL and 20 μg/mL, respectively (Figure 4b). Additionally, the target cells were tested
for two antigens that may affect NK cytotoxicity, HLA-ABC and CD58. We confirmed that
the prototypic cell line K562 used in direct NK-92 cytotoxicity assays, as well as Daudi
cells, lacked HLA-ABC expression (MFIRs of 1.09 ± 0.04 and 1.13 ± 0.04, respectively). In
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contrast, Raji and A431 expressed high (MFIR 30.2 ± 7.4) and moderate (MFIR 17.7 ± 4.5)
HLA-ABC levels, respectively (Figure 4c, left). Finally, CD58, which is the ligand for the
co-stimulatory receptor CD2 on NK cells, was expressed at higher levels on Raji compared
to the other cell lines with MFIRs of 55.4 ± 1.1, 26.7 ± 2.2, 102.7 ± 21.7, and 37.6 ± 4.7 for
K562, Daudi, Raji, and A431, respectively (Figure 4c, right).

Figure 4. Expression of surface antigen on target cells. (a) Representative histogram overlays for the
expressions of CD20, EGFR, and MHC-I (HLA-ABC), conducted by indirect and direct antibody staining
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using the humanized anti-CD20 and -EGFR at 1.25 and 2 μg/mL, respectively, and the mouse anti-
HLA-ABC at a saturation condition. The antigen expression in each cell line is indicated next to the
histogram, and the mean intensity ratio (MFIR) for each histogram is described in the upper-left
corner. Gray histograms correspond to isotype controls. (b) Pooled data (n = 3) of MFIRs with
respect to target cell lines at three different primary antibody concentrations for anti-CD20 and -EGFR.
(c) Pooled data (n = 3) for HLA-ABC and CD58 expressions in target cells used in the study. Each
symbol represents an independent experiment.

3.4. FcγRIIIa/CD16-Transfected NK-92 Cell Lines Induce Antibody-Dependent Cell-Mediated
Cytotoxicity (ADCC)

The parental NK-92 cell line has been extensively used to dissect the mechanisms
of direct NK cytotoxicity. However, the lack of FcγRIIIa/CD16 expression makes them
unsuitable for ADCC studies. The generation of a panel of NK-92 cell lines expressing dif-
ferent combinations of FCGR3A SNP variants, rs10127939 (L66H/R) and rs396991 (V176F),
allowed us to test for differences in ADCC depending on a given SNP combination. First,
one of the most common FCGR3A genotypes in the population, i.e., homozygosity for
L and F, was analyzed. ADCC mediated by a transfected NK-92 LL_FF cell line against
Daudi target cells was induced by an anti-CD20 mAb as compared to the ADCC induced
by matching-genotype NK cells isolated from either fresh blood or buffy coat. As little as
125 ng/mL of anti-CD20 induced the maximal lysis of Daudi cells (~80%, Figure 5a) with
no apparent differences between NK-92 LL_FF and primary NK cells despite the fact that
primary NK cells have higher levels of FcγRIIIa/CD16 on their surface (Figure 1b,c).

ADCC was demonstrated for all NK-92 cell lines transfected with the allelic variants
of FcγRIIIa/CD16, as shown in the summary plots (Figure 5b,c). The direct cytotoxicity
of NK-92 transfectants against Daudi cells in the absence of anti-CD20, a control included
in all experiments, was significantly lower than ADCC, with minor variations within the
six NK-92 transfectants (Figure 5b, open circles). The FcγRIIIa/CD16 deficient controls,
parental NK-92 and empty vector NK-92 pVITRO transfectant, induced direct cytotoxicity of
the Daudi target cells with 12.2 ± 7.2% and 11.7 ± 6.4% of specific lysis, respectively. The
addition of 500 ng/mL anti-CD20 antibody to the NK-92 control cells increased specific
lysis by 11% compared to direct cytotoxicity (23.5 ± 9.2% and 21.5 ± 4.0%, respectively;
Figure 5b, star symbols). Since the only difference between the two conditions was the
presence of the anti-CD20 antibody, this additional killing was related to the direct induction
of programmed cell death, a mechanism of target cell destruction that can be observed with
type-II anti-CD20 antibodies such as Obinutuzumab [58–60]. Importantly, all eight NK-92
transfectants induced ADCC, significantly different from parental NK-92 and the NK-92
pVITRO cell lines, using Daudi cells as target (p ≤ 0.0001).

Overall, ADCC mediated by the transfected NK-92 cell lines against both CD20-
expressing target cells was antibody dose-dependent when assayed at a fixed E:T ratio
of 5:1 (Figure 5c: top Daudi; middle Raji). Maximum lysis of Daudi cells was achieved
at 12.5 ng/mL of anti-CD20, with 56.3% and 55.9% specific lysis for NK-92 LR_VV and
NK-92 LR_VF, respectively, compared to an average of 79.4 ± 6.6% specific lysis for the
other FcγRIIIa/CD16-expressing NK-92 transfectants. Of note, the low-affinity transfectant
NK-92 LL_FF showed 79.1% specific lysis. In terms of the EC50, NK-92 LL_FF and NK-92
HH_VV had the highest (2.13 and 2.23 ng/mL), while NK-92 LR_VV had the lowest (0.02
ng/mL) value; all other transfectants had an EC50 ranging from 0.62 to 1.64 ng/mL.
Nevertheless, using Raji target cells, which express more than twice as much CD20 as
Daudi cells (Figure 4), the average maximum specific lysis (72.6 ± 5.6%) for the six NK-92
transfectants tested was observed at an anti-CD20 mAb concentration of 125 ng/mL. ADCC
against Raji target cells mediated by NK-92 LL_FF showed an EC50 of 6.22 ng/mL in contrast
to the average of 1.1 ng/mL observed for the other five NK-92 transfectants.
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Figure 5. All NK-92 transfectants expressing FcγRIIIa/CD16 variants perform ADCC against
antibody-coated cells. ADCC assays were performed using either Daudi or Raji cells as targets
opsonized with the anti-CD20 antibody at an effector-to-target ratio (E:T) of 5:1 or A431 cells with
anti-EGFR antibody at an E:T ratio of 10:1. The non-radioactive cytotoxic assays lasted for one and
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two hours for anti-CD20 and anti-EGFR, respectively. The graphs show the percentage of specific
release (%) mean ± SD versus anti-CD20 or anti-EGFR. (a) Comparison of ADCC between the NK-92
LL_VF transfectant cells (black circle), NK cells from healthy donors isolated from blood (HD.CMU.003,
magenta diamond), and a buffy coat (HD.CTS.012, green square) used as effectors, and Daudi cells as
targets opsonized with different concentrations of anti-CD20 antibody (125, 500, and 2000 ng/mL) at
an E:T of 5:1 (one experiment per donor). Direct cytotoxicity controls (i.e., no antibody, open symbols)
are included. (b) This panel compares the six NK-92 cell lines and NK-92 controls co-cultured with
Daudi cells alone (direct cytotoxicity, white circle), together with 500 ng/mL of anti-CD20 (ADCC,
black circles), or NK-92 controls (parental and pVITRO) with targets and anti-CD20 (programmed
cell death, PCD, stars). (c) The summary plots display the mean ± SD of the specific release (%) for
ADCC by different transfected NK-92 cell lines, shown for Daudi (top, n = 5), Raji (middle, n = 3),
and A431 (bottom, n = 3). The ADCC dose-response curves were fitted using the dose-response
curves for the agonist model, where the agonist was the mAb, anti-CD20 or -EGFR, and the EC50

was estimated accordingly. (d) ADCC was measured at non-saturating concentrations of anti-CD20
and -EGFR mAbs, corresponding to 1.25 ng/mL and 2 ng/mL, respectively. The targets used were
Daudi (n = 3 to 10, upper), Raji (n = 3, middle), and A431 (n = 3, bottom). Data were analyzed using
one-way ANOVA, and multiple comparisons were made against NK-92 LL_FF.

Finally, ADCC against the A431, a cell line expressing the EGFR antigen, was demon-
strated for all NK-92 transfectants, with a maximum of lysis reached at 20 ng/mL. In the
presence of an anti-EGFR mAb, the variants NK-92 LL_VF and NK-92 RR_VV showed the
highest ADCC (85.3% and 84.1% specific lysis, respectively), followed by NK-92 LL_VV, NK-
92 LH_VV, and NK-92 HH_VV (68.5, 71.1, and 67.1%, respectively), whereas the low-affinity
variant NK-92 LL_FF showed only 52.8% of the maximum specific lysis (Figure 5c, bottom)
and the highest EC50 (5.02 ng/mL, Table 1).

Table 1. EC50 obtained from ADCC dose-dependent curves using different NK-92 cell lines against
target cells.

Daudi Raji A431

Transfectant n * R2 ‡ EC50

(ng/mL)
n R2 EC50

(ng/mL)
n R2 EC50

(ng/mL)

NK-92 LL_VF 2, 5 0.9139 0.99 3 0.9268 1.1 3 0.9715 1.8
NK-92 LL_FF 4, 8 0.8504 2.13 3 0.9039 6.2 3 0.9011 5.0
NK-92 LR_VV 3 0.5515 0.02 ND ND
NK-92 LL_VV 4 0.5578 1.02 3 0.8626 1.2 3 0.9284 2.8
NK-92 LH_VV 2, 4 0.7898 1.58 3 0.9106 1.1 3 0.9472 3.1
NK-92 LR_VF 3 0.5181 0.62 ND ND
NK-92 RR_VV 2, 5 0.7526 1.64 3 0.9749 1.4 3 0.9689 1.1
NK-92 HH_VV 2, 4 0.5679 2.23 3 0.8003 1.8 3 0.9379 2.2

Parental 3, 6 0.0476 -; 3 - 3 0.0097 -
NK-92 pVITRO 7, 9 0.0738 - 3 - 3 0 -

* The goodness of fit (R2) for the curves was calculated. For R2 < 0.5, poor fitting to asymptotic curves. ‡ Estimate of
EC50 for calculated from the fitted curves. Abbreviations: EC50, effective concentration to reach 50% of cytotoxicity;
ND, not determined.

To better describe the differences between cell lines, particularly the NK-92 LL_FF vari-
ant, we analyzed the specific release of each target cell line at non-saturating concentrations
of mAbs, which were 1.25 ng/mL and 2 ng/mL for anti-CD20 and -EGFR, respectively. The
comparisons showed statistical differences in ADCC mediated by NK-92 LL_FF when the
Raji and A421 cells were used as targets but not when Daudi cells were used (Figure 5d).

Finally, we tested whether there was a correlation between ADCC and FcγRIIIa/CD16
surface expression as detected using the 3G8 clone in overnight IL2-deprived NK-92
transfectants. No correlation was found for any of the three different target cell lines with R
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squared values of 0.1564, 0.2671, and 0.2110 and a two-tailed p of 0.4377, 0.938, and 0.3594
for Daudi, Raji, and A431 cells, respectively (Figure S5).

In conclusion, all NK-92 cells transfected with different combinations of SNPs for
FCGR3A, rs10127939 (L66H/R) and rs396991 (V176F), mediated ADCC, which could be
clearly distinguished from direct cytotoxicity.

There were minor differences in the lytic activity induced by anti-CD20 antibody
binding to FcγRIIIa/CD16, independent of the genetic variant involved. Nevertheless,
more pronounced differences were observed for anti-EGFR and against CD20-positive
Raji target cells at non-saturating concentrations of anti-CD20 mAb. For example, ADCC
against EGFR-positive A431 target cells in the presence of cetuximab was lower with the
low-affinity variant expressed on NK-92 LL_FF compared to the high-affinity variants.

3.5. Direct Cytotoxicity against K562 Target Cells Mediated by FcγRIIIa/CD16-Transfected NK-92
Cell Lines

Direct cytotoxicity of IL2-deprived NK-92 transfectants against Daudi target cells
showed little variation among the six cell lines tested (open circles, Figure 5b). To further test
the direct NK cytotoxicity mediated by the FcγRIIIa/CD16-expressing NK-92 transfectants,
we performed cytotoxicity assays against the prototypic HLA-ABC-negative K562 target
cells in the presence of 200 IU/mL of IL2 (Figure 6). Several transfected NK-92 lines
showed increased direct cytotoxicity compared to the FcγRIIIa/CD16-negative NK-92
control effector cells, parental NK-92, and NK-92 pVITRO lines (Figure 6a). To show all
the pooled data, we plotted the results for all the different cell lines as described in the
Materials section to obtain the LU30, i.e., the number of effector cells required to kill 30%
of the K562 expressed per 107 effectors (Table 2). Thus, the NK-92 LL_VV and NK-92 LR VF

transfectants showed the same LU30 values as the control cell lines (parental and pVITRO),
followed by the NK-92 LL_FF and NK-92 LH_VV transfectants. NK-92 LR_VV and NK-92
HH_VV required three times less effectors than controls to lyse 30% of the targets. Finally,
the NK-92 LL_VF transfectant showed enhanced direct cytotoxicity (Figure 6a).

Figure 6. Direct cytotoxicity against K562 target cells by NK-92 transfectants expressing
FcγRIIIa/CD16 variants. The direct cytotoxicity assay used K562 cells as the target. The cytotoxicity
assay quantified the release of a non-radioactive compound resulting from the lysis/destruction of
target cells over a two-hour period. NK-92 transfectants were cultured with 200 IU/mL of IL2 for
two days and challenged with K562 at different effector-to-target (E:T) ratios. (a) Summary plots of
specific release (%) are shown as the specific release mean ± SD of four independent experiments for
each target cell line. Lytic units at 30% specific lysis (LU30) for 107 effector cells were obtained by
fitting the plot of pooled data using an asymptote-modified exponential growth model. (b) This is
a summary plot that compares the mean ± SD of the area under the curve (AUC) calculated from
individual cytotoxicity assays for the eight transfectants, including the parental and NK-92 pVITRO

control cell lines. A comparison was made between the mean of NK-92 parental and the remaining
NK-92 transfectants using Dunnett’s T3 multiple comparisons test. Values are not shown if p ≥ 0.05.
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Table 2. Comparison of the direct cytotoxicity of NK-92 transfectants against K562 cells by using the
lytic units at 30% specific lysis (LU30) for 107 effector cells.

Name Goodness of Fit, R2 * Maximum Specific Lysis (%) LU30/107 Effectors

NK-92 LL_VF 0.8095 83 63
NK-92 LL_FF 0.8588 52 18
NK-92 LR_VV 0.6181 71 28
NK-92 LL_VV 0.9251 55 10
NK-92 LH_VV 0.8174 80 18
NK-92 LR_VF 0.7148 100 * 11
NK-92 RR_VV 0.3276 77 n/a †
NK-92 HH_VV 0.6209 73 31

parental 0.6521 91 8
NK-92 pVITRO 0.5487 83 10

* The goodness of fit (R2) for the curves was calculated. For R2 < 0.5, poor fitting curves. Constriction, specific
release < 100%. † n/a, not applicable, as the cells never reached 30% of specific lysis.

For the two most common FCGR3A allelic variant combinations in the European
population, NK-92 LL_VF and NK-92 LL_FF, the increase in direct NK cytotoxicity, measured
as the area under the curve (AUC), reached statistical significance, with p-values of 0.0197
and 0.0245, respectively. In contrast, the NK-92 RR_VV transfectant showed a slightly
lower cytotoxicity compared to the controls, which did not reach statistical significance
(Figure 6b).

Finally, direct cytotoxicity mediated by IL2-deprived NK-92 transfectants against all
four target cell lines was analyzed. The absence of HLA-ABC in K562 and Daudi, as
compared to Raji and A431, was associated with higher direct cytotoxicity, when tested
at an E:T ratio of 5:1, with specific lysis of 12.6 ± 12.8% (n = 11), 21.9 ± 7.8% (n = 11),
5.1 ± 2.7% (n = 8), and 4.1 ± 1.4% (n = 8), respectively, and with small differences between
the different NK-92 transfectants. In contrast, no differences were observed against target
cells expressing HLA-ABC (Figure S6).

In summary, this study demonstrated that all NK-92 cells transfected with different
combinations of SNP for FCGR3A can effectively mediate ADCC, which is distinct from
direct cytotoxicity. The lytic activity observed in ADCC varied depending on the genetic
variant and the type of target cells. The expression of FcγRIIIa/CD16 resulted in an increase
in direct cytotoxicity on some NK-92 transfectants as compared to parental NK-92 cells.
These findings open new avenues of investigation.

4. Discussion

Immortal cell lines derived from leukemia or lymphoma are powerful tools for the
study of NK cell biology (44). The NK-92 cell line was first reported by Klingemann and
colleagues in 1994 [43–45]. This cell line lacks FcγRIIIa/CD16 surface expression for largely
unexplained reasons and, therefore, does not perform ADCC. In recent years, attempts
have been made to generate NK cell lines expressing FcγRIIIa/CD16 to study ADCC and
for adoptive cancer immunotherapy using tumor antigen-directed mAbs [61]. Several
publications describe the generation of NK-92 cell lines expressing FcγRIIIa/CD16 by
viral transduction [48,49] or electroporation [47,62,63]. More recently, the modification of
the promoter region of FCGR3A in the parental NK-92 cell line using CRISPR genome
editing technology resulted in the endogenous expression of FcγRIIIa/CD16 [46]. Other
attempts include tools to test the ADCC capacity of murine monoclonal antibodies using
NK-92 cells transduced with murine CD16 [47]. Moreover, CAR-modified NK-92 cell
lines against various tumor types and an NK-92 cell line expressing the high-affinity 176V
variant of FCGR3A, also called high-affinity NK (haNK), have been reported. A robust
antitumor activity in vitro and in vivo has been demonstrated using irradiated haNK cells
in combination with IgG1 anti-tumor mAbs [64–66].
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The focus of all these studies was on the SNP rs396991 (V176F), and to our knowledge,
only Rataj et al. evaluated the impacts of both FCGR3A SNPs on ADCC. Nonetheless,
the latter study analyzed the effect of FcγRIIIa/CD16 expression on T-cell function by
transducing human T cells with three homozygous combinations of FCGR3A SNPs (HH_VV,
LL_VV, and LL_FF) [67]. NK-92 cells were not tested in the latter study. A correlation
between the two SNPs has been reported in European and Colombian populations [15,68].
This finding in European and Colombian populations was confirmed using an ‘LDpair
Tool’ analysis [https://ldlink.nih.gov/, accessed on 27 July 2023], which only reports the L
and H alleles for the tri-allelic variant rs10127939 (L66H/LR) without considering the R
allele Table S6. In contrast, a linkage disequilibrium for rs10127939 and rs396991 was not
found when ‘all populations’ (5008 individuals) were tested [69].

The present study is the first to successfully generate and characterize eight different
NK-92 cell lines carrying these two most studied SNPs of FCGR3A. Despite the fact that
there are 18 theoretical combinations, our panel of eight transfected NK-92 cell lines
represents all combinations of the rs396991 (V176F) and rs10127939 (L66H/R) SNPs present
in a human cohort of 87 European individuals, according to the study of Koene et al. The
two most common combinations were LL_FF (32.2%) and LL_VF (39.1%) [15].

4.1. Expression of FcγRIIIa/CD16

The surface expression of the FcγRIIIa/CD16 depends on the association with signal-
ing adaptor molecules such as TCRζ-chain (CD247) and/or FcγR1 [70]. Since Maki et al.
demonstrated that NK-92 expresses CD247 at the mRNA level [45], we did not consider
co-transfecting adaptor molecules to our NK-92 transfectants.

The analysis of FcγRIIIa/CD16 protein expression using different anti-CD16 mAb
clones demonstrated levels within the same order of magnitude for all NK-92 transfectants.
Moreover, FcγRIIIa/CD16 expression was higher compared to the previously reported
transduced NK-92 cells [49] and, most importantly, was stable over time. In general, the
expression levels of FcγRIIIa/CD16 on normal human NK cells were one to two orders of
magnitude higher than on our NK-92 transfectants. Possible explanations for this finding
include the (i) weaker activity of the plasmid promoter compared to the endogenous
promoter, (ii) the downregulation of FcγRIIIa/CD16 in highly activated NK-92 cells due
to the presence of high concentrations of IL2 in the culture media, (iii) the shedding of
FcγRIIIa/CD16 by ADAM-17 [13,14], and (iv) elevated levels of miR218 compared to blood
NK cells [71]. Indeed, we showed that overnight IL2 deprivation doubled the surface
expression of FcγRIIIa/CD16 in the transfected NK-92 cell lines. However, without further
experiments, we cannot draw firm conclusions to explain the overall lower FcγRIIIa/CD16
expression levels observed in the transfected NK-92 cell lines.

In our hands, the clone MEM154 discriminated poorly between V and F for the V176F
SNP in transfectants, contrary to what we and others have previously described in NK cells
isolated from peripheral blood [15] probably due to the lower expression of FcγRIIIa/CD16
in the transfected NK-92 cell lines. Indeed, the MEM154 signal was the weakest of all
antibody clones tested. A problem with the reagent was excluded because MEM154 easily
identified the SNP rs396991 (V176F) in primary NK cells. On the other hand, we are aware
that clone 3G8 does not bind equally to F and V allotypes (rs396991), showing stronger
binding to V, which is consistent with our flow cytometry results. Unfortunately, we did not
have access to the reagent reported by Li et al. that binds equally to F and V allotypes [72].
In conclusion, our results indicate differences in the overall FcγRIIIa/CD16 expression
levels on the NK-92 transfectants as compared to primary NK cells.

4.2. ADCC Mediated by NK-92 Expressing FcγRIIIa/CD16

Regardless of the difference in the expression level between the NK-92 transfectants
and primary NK cells carrying the same SNP combination (LL_FF), ADCC was equivalent
for CD20-expressing target cells. This indicates that the FcγRIIIa/CD16 expression levels
on the NK-92 transfectants are sufficient for ADCC under our experimental conditions. Pre-
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viously, it was reported that the combination of rs396991 (V176F) and rs10127939 (L66H/R)
affected the binding of IgG, dividing the individuals in the study population into high
(66RR or HH with 176VF or 176VV), intermediate (66LH or LR with 176VF or 176VV), and
low binders (66LL with 176VF or 176FF; 66RR or 66HH with 176FF; 66LH with 176FF; 66RH
with 176FF). However, ADCC assays were not performed in this study to analyze the effect
of different SNPs combinations on NK cell function [73]. Interestingly, the IgG low binders,
grouped by the combinations of rs396991 (V176F) and rs10127939 (L66H/R), conferred an
increased risk for lupus nephritis in African Americans. The authors speculate that less
efficient immune complex handling by low binders may contribute to lupus pathogenesis
and that targeting FcγRIIIa/CD16 to improve receptor expression and function may be a
potential therapeutic approach. To our knowledge, there are no other studies reporting
the clinical relevance of different combinations of rs396991 and rs10127939 FCGR3A SNPs.
However, rs396991 has been extensively studied and reported to be relevant in infection,
autoimmunity, and inflammation [21,40–42].

Although IL2, added to maintain NK-92 cultures, has a major impact on the overall
NK killing machinery as recently highlighted by transcriptomic analysis for activating and
inhibitory receptors [74], ADCC mediated by NK-92 transfectants was clearly depended on
IgG1 monoclonal antibody concentrations, as demonstrated by the dose-response curves.
No major differences were observed in the lytic activity against two different CD20-positive
target cell lines at saturating antibody concentrations, regardless of the genetic variant
tested. However, compared to NK-92 LL_VF and other variants, ADCC induced by the
low-affinity variant NK-92 LL_FF was indeed lower against EGFR-positive A431 target
cells in the presence of cetuximab and against CD20-positive Raji target cells at non-
saturating concentrations of anti-CD20 mAb. In addition to the role of the two SNPs,
rs396991 (V176F) and rs10127939 (L66H/R), other factors may be considered. Several other
molecular interactions between the antigen, the mAb, and the FcγRIIIa/CD16 could be
involved to explain these findings. These include (i) the antigen density on the target
cells; (ii) the epitope recognized by the antibody paratope (which may induce or block
conformational changes leading to oligo- or dimerization of the antigen); or (iii) the fluidity
of the cell membrane (given by fatty acid composition and raft formation), which may
favor or impede the binding of the Fc portion to the FcγRIIIa/CD16. For example, the
anti-EGFR mAbs cetuximab and panitumumab both interact with the extracellular domain
of EGFR. Bárta et al. found that the binding of these mAbs to the EGFR depends on
the cell line used to measure the antibody affinity. The anti-EGFR binding affinity to the
keratinocyte cell line HaCaT was higher and more heterogeneous as compared to A431.
These differences, detected using interaction map analysis, suggest that it is not the target
but the supramolecular context in which the antigen is located that determines the binding
of the mAb [75]. Thus, the conflicting data stemming from therapeutic mAb studies could
be the result of focusing only on the genetic variations in FCGR3A and not considering
variations in the antigen levels on the targeted cells.

4.3. Direct or Natural Cytotoxicity of NK-92 Transfectants

Unexpectedly, several FcγRIIIa/CD16-transfected NK-92 lines showed increased di-
rect cytotoxicity against HLA-ABC class-negative K562 target cells compared to FcγRIIIa/CD16-
negative NK-92 control cells. A role for FcγRIIIa/CD16 in direct cytotoxicity independent
of antibody ligation has been reported, but the mechanisms remain elusive [76]. Target
cells may express putative ligands for FcγRIIIa/CD16; alternatively, FcγRIIIa/CD16 may
interact with other activating receptors expressed on NK cells. Supporting this hypothesis,
physiological interactions between FcγRIIIa/CD16 and the co-stimulatory receptor CD2
were shown to be necessary to induce direct NK cytotoxicity but not ADCC in a patient
with EBV-driven Castleman’s disease homozygous for H in position 66 (rs10127939) [19].
Interactions between CD58 and CD2 are essential for immune synapse formation and target
cell elimination by NK cells [77,78]; however, the observed differences in ADCC and direct
NK cytotoxicity could not be explained by differences in the expression levels of CD58 on
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our target cells. Furthermore, CD2 is expressed by NK-92 cells [43–45,77,78] and by our
NK-92 transfectants, including the parental line and NK-92 pVITRO transfected NK-92 cells
Figure S7).

The NK-92 RR_VV cell line showed lower direct cytotoxicity against K562 cells com-
pared to NK-92 LL_VF. Here, we could speculate that single or multiple random plasmid
integrations into the genomic DNA led to a dysregulation of pathways involved in direct
cytotoxicity [79]. It is worth mentioning that the parental NK-92 cell line has numerical and
structural cytogenic alterations, making it difficult to predict which chromosomes these
alterations will be inserted into [43]. At last, the NK-92 HH_VV transfectant showed similar
direct NK cytotoxicity against K562 targets compared to the parental NK-92 line. This
finding contrasts with some previous reports of patients homozygous for H at position 66 of
FcγRIIIa/CD16 (rs10127939) with recurrent infections and deficient NK cytotoxicity [18–20].
However, our results are consistent with findings in a patient with DiGeorge syndrome,
homozygous for H, and with normal NK cytotoxicity, leading the authors to conclude that
the L66H variant is unlikely to be a direct genetic cause of NK cell dysfunction [80].

5. Conclusions

In summary, we have generated eight NK-92 transfectants carrying different combina-
tions of two important SNPs of FCGR3A, covering all major genotypes described in the
human population. The functional characterization of these cell lines revealed differences
in ADCC and direct NK cytotoxicity that may have implications for immunotherapy. The
use of either patient-derived NK cells or “off-the-shelf” NK-92 cells offers the potential to
modify or include the FCGR3A SNP combination in a more effective manner, depending
on the desired activity. For instance, the LL_VF SNP combination demonstrated potent
ADCC and direct cytotoxicity. In addition, other mAb engineering approaches such as
afucosylation alter the affinity of IgG to the FcγRIIIa/CD16.
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Abstract: We previously reported the structure, affinity, and anticancer activity of a bivalent bispecific
natural killer cell engager (BiKE) composed of one anti-CD16a VHH and one anti-HER2 VHH fused
via a linker. In this study, we explored the engineering of a tetravalent BiKE by fusing two anti-CD16a
and two anti-HER2 VHHs in tandem, using bivalent BiKE as a template. The tetravalent BiKE was
genetically engineered, and its tertiary structure was predicted using in silico modeling. The antigen
binding and affinity of the tetravalent BiKE were assessed using ELISA, flow cytometry, and biolayer
interferometry. The ability of the BiKEs to kill cancer cells was evaluated through classical and
residual antibody-dependent cellular cytotoxicity (ADCC) assays. Additionally, we investigated
the potential for NK cell fratricide via CD16a-CD16a crosslinking. Our results revealed that the
tetravalent BiKE exhibited at least 100-fold higher affinity toward its target antigens compared to its
bivalent counterpart. The residual ADCC assay indicated that the tetravalent BiKE was more effective
in killing cancer cells than the bivalent BiKE, attributable to its lower Koff value, which prolonged
its binding to NK cell surfaces. Fratricide assays demonstrated that neither the bivalent nor the
tetravalent BiKE mediated fratricide. Notably, our findings showed that daratumumab-induced NK
fratricide was restricted to CD38-CD38 crosslinking and was not related to ADCC via CD16a-CD38
crosslinking. This study is the first in the literature to show the successful engineering of a tetravalent
immune cell engager composed of tandem VHH units, which achieves high affinity and anticancer
activity without mediating fratricide.

Keywords: multi-paratope antibody; BiKE; immune cell engager; VHH; tetravalent bispecific
antibody; fratricide; daratumumab; CD16a; laNK92

1. Introduction

Variable domains of heavy chain-only antibodies (VHH) are single-domain antibodies
derived from camelid heavy chain-only antibodies [1]. VHHs were first discovered in 1993
and are commonly referred to as nanobodies, a term originally coined by the company
Ablynx in 2003 [2]. The monomeric, highly structured scaffold of VHHs imparts antigen
binding abilities comparable to conventional monoclonal antibodies (mAbs) but with
ten times smaller size and greater thermostability. These characteristics make VHHs
suitable for the modular design of multivalent antibody drugs. The small size and stable
architecture of the VHHs facilitate improved avidity through the creation of bi-, tri, or
multi-paratope forms. Multivalent VHHs, composed of repeating units of the same VHH,
often exhibit significantly higher overall functional affinity and activity due to increased
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avidity compared to their monovalent counterpart [3]. In this context, the objective of
this study was to examine the physicochemical properties and biological activities of a
tetravalent bispecific immune cell engager and demonstrate its superior activity to its
bivalent counterpart.

Previously, we reported the sequence of a bispecific killer cell engager (BiKE) that
targets the CD16a activating receptor on natural killer (NK) cells and the human epidermal
growth factor receptor 2 (HER2) on cancer cells [4]. This BiKE, composed of one anti-
CD16 VHH (clone C1) and one anti-HER2 VHH (clone E5), is recombinantly fused via
a semi-flexible human muscle aldolase (HMA) linker [4]. For simplicity, we refer to this
bivalent bispecific antibody as BiKE-E5:C1. To create a tetravalent BiKE, we employed
protein engineering techniques to develop BiKE-2E5:2C1, which consists of 2 anti-CD16a
VHHs fused in tandem with two anti-HER2 VHHs. Both constructs were characterized for
their binding affinity to target antigens using ELISA, biolayer interferometry (BLI), and
flow cytometry. The ability of these constructs to activate NK cells and induce cytotoxicity
against HER2+ cancer cells was evaluated using an antibody-dependent cell-mediated
cytotoxicity (ADCC) assay. NK cell activation by BiKEs was further validated by measuring
the release of cytokines IFN-γ and TNF-α via ELISA. Finally, we assessed the potential of
both bivalent and tetravalent BiKEs to induce fratricide due to the crosslinking of two or
more NK cells.

2. Experimental Methods

2.1. Cell Culture and Handling

SKOV-3 ovarian cancer cells (Cat# HTB-77), NK92 cells (Cat# CRL-2407), and laNK92
(CD16aF176, Cat#PTA-8837) cells were purchased from American Type Cell Culture
(Manassas, VA, USA). LaNK92 cells are not currently available at ATCC but can be pur-
chased directly from Brink Biologics through an MTA. The laNK92 cells are genetically
engineered NK92 cells that constitutively express the low-affinity CD16a receptor, making
them a suitable CD16+ NK cell line for evaluation of the activity of NK cell engagers
using ADCC assay [5]. Peripheral blood NK cells (PB-NK; Cat# 2W-501) were purchased
from Lonza Bioscience and cultured as recommended by the vendor. LaNK92 cells were
cultured in α-MEM (ThermoFisher, Somerset, NJ, USA, Cat#12561056), supplemented with
12.5% FBS (ThermoFisher, 10437028), 12.5% horse serum (ThermoFisher, 16050122), 0.2 mM
myo-inositol (Sigma Aldrich, Burlington, VT, USA, Cat# I7508-100G), 0.02 mM folic acid
(Sigma Aldrich, F8758-5G), 100 U/mL penicillin-streptomycin (ThermoFisher, 15140122),
0.1 mM β-mercaptoethanol (ThermoFisher, 21985023), and 100 U/mL IL-2 (Peprotech,
Cranbury, NJ, USA, Cat# 200-02). NK92 and LaNK92 cells were passaged every two days
and seeded at a density of 0.2 million/mL in a non-treated flask. SKOV-3 cells were cul-
tured in McCoy’5A media (ThermoFisher, 16600108) supplemented with 10% FBS and
100 U/mL penicillin-streptomycin. SKOV-3 cells were passaged every 5–7 days and seeded
in a treated flask.

2.2. Expression and Purification of BiKEs

The bivalent BiKE-E5:C1 was expressed and purified, as we described previously [4,6].
To express the tetravalent BiKE-2E5:2C1, the gene encoding BiKE-2E5:2C1 was synthesized
and cloned into a pET28b vector by Genscript (Piscataway, NJ, USA). The vector was
then transformed into a SHuffle DE3 E. coli strain (New England Biolabs, Ipswich, MA,
USA, Cat# C3026J) for BiKE expression. Following inoculation of overnight culture at
30 ◦C in LB medium (IBI Scientific, Dubuque, IA, USA, Cat# IB49020) supplemented with
50 μg/mL kanamycin (ThermoFisher, Cat# 11815024), the culture was induced at OD600
of 0.5 and with 0.5 mM IPTG (Teknova, Hollister, CA, USA, Cat# I3325) and continued at
25 ◦C for 18 h. Cells were pelleted and resuspended in lysis buffer composed of 0.5 mg/mL
lysozyme (ThermoFisher, Cat# 89833), 10 μg/mL RNase A (Sigma, Cat# R4875), 5 μg/mL
DNase I (Sigma, Cat# 10104159001) in pH 7.0 tris-phosphate-saline (TBS) buffer. The
suspension was then incubated at room temperature for 40 min while stirring using a
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plate stirrer. Subsequently, it was sonicated for 5 min on ice (3 s on, 5 s off, amplitude
75%, 120 Watt, 20 kHz). Following centrifugation at 30,000× g at 4 ◦C for 45 min, the
supernatant was recovered and incubated with 1 mL slurry of Ni-NTA beads (Qiagen,
Germantown, TN, USA, Cat# 30210) pre-equilibrated with 10 mL of pH 7.0 TBS, at 4 ◦C
for 1 h. The mixture was washed once with 20 mL pH 7.0 TBS buffer containing 0.05%
Tween 20 (TBS-0.05%T) and once with 20 mL DPBS (ThermoFisher, Cat# 14190144). Then,
1 mL of DPBS containing 100 U WELQut protease (ThermoFisher, Cat# EO0861) was added
for overnight digestion to remove the histag. Next, BiKE-2E5:2C1 underwent a second
round of purification using resin conjugated with an anti-myc tag antibody (ThermoFisher,
Cat# 20169) using the purification method recommended by the manufacturer. Elution
was accomplished using 1 mL of 3M sodium thiocyanate (Spectrum Chemical MFG, New
Brunswick, TN, USA, Cat# S1495). Eluted BiKE was concentrated and exchanged into DPBS
buffer using a Centriprep®30K centrifugal filter column (Sigma). The purity was assessed
using SDS-PAGE gel stained with colloidal Coomassie blue (Biorad, San Francisco, CA,
USA, Cat# 1610803), and the concentration was determined using the BCA assay following
the manufacturer’s protocol (ThermoFisher, Cat# 23225).

2.3. In Silico Modeling of Bivalent BiKE-E5:C1 and Tetravalent BiKE-2E5:2C1

The amino acid sequences of BiKEs were utilized as input for structure predic-
tion. Specifically, ChimeraX software (Version 1.8) was employed, leveraging the Al-
phaFold algorithm for 3D structure prediction. The ImmunoGenetics (IMGT)/V-Quest
database was used to identify the complementarity-determining regions (CDRs) in each
binder. Subsequently, the predicted 3D models were refined using GalaxyRefine (http:
//galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE) (Access date: 8 January 2024),
which performs atomic-level energy minimization and optimizes hydrogen bond networks.
Finally, the quality of the refined tertiary structures was validated through Ramachandran
plot analysis using PROCHECK (SAVES) (https://saves.mbi.ucla.edu/) (Access date: 8
January 2024).

2.4. Evaluation of the Ability of BiKE to Bind to CD16a and HER2 Antigens Using ELISA

To assess the binding activity, 0.1 μg of recombinant human CD16a (AcroBiosystem,
Newark, NJ, USA, Cat# CDA-H82E8) or HER2 (AcroBiosystem, HE2-H82E2) protein in
coating buffer (Biorad, Cat# BUF030C) was applied onto a 96-well plate and incubated at
4 ◦C overnight. After one wash with 250 μL DPBS containing 0.05% Tween 20 (DPBS-T), the
plate was blocked with 3% skim milk (Merck, Cat# 1.15363.0500) in DPBS for 1.5 h. Next,
100 μL of BiKEs at equimolar concentrations, i.e., 1 μg/mL of BiKE-E5:C1 and 2 μg/mL
of BiKE-2E5:2C1, was added to each well. 3G8 (anti-CD16a antibody, Invitrogen, MA1-
10112) and trastuzumab (anti-HER2 antibody, Novus, NBP2-75895) were used as controls.
Following five washes, 100 μL of secondary HRP-conjugated anti-myc tag antibody (Abcam,
Waltham, MA, USA, Cat# ab1326), or HRP-conjugated goat anti-mouse IgG antibody
(Abcam, Waltham, MA, USA, Ab6789), or HRP-conjugated goat anti-human IgG antibody
(Abcam, Waltham, MA, USA, Ab97165) diluted to 0.1 ug/mL was added. Each well was
then washed five times before the addition of TMB substrate (ThermoFisher, Cat# 34029).
The reaction was stopped after 2–5 min with 1 N H2SO4, and measurements were taken
using a Tecan Infinity® PRO plate reader ((Tecan, Morrisville, NC, USA) at 450 nm with a
reference wavelength of 650 nm.

2.5. Evaluation of the Ability of BiKE to Recognize HER2 and CD16a Antigens on Cells Using
Flow Cytometry

To analyze binding activity to HER2 and CD16a, 0.5 million SKOV-3 cells (HER2+)
were resuspended in 100 μL of staining buffer (DPBS containing 3% FBS). Equimolar
amounts of BiKE-E5:C1 (0.5 μg) or BiKE-2E5:2C1 (1 μg) were added to the resuspended
cells and incubated for 45 min at 4 ◦C. After incubation, the cells were washed and stained
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with secondary anti-myc tag antibody (Abcam, Cat#ab223896). Following three additional
washes, the cells were analyzed using a flow cytometer.

Similarly, for laNK92 cells (CD16+), 0.5 million cells were resuspended in 100 μL of
staining buffer and stained with either BiKE-E5:C1 (0.5 μg) or BiKE-2E5:2C1 (1 μg). After
washing, cells were stained with 1 μg of rabbit anti-VHH antibody (Genscript, Piscataway,
NJ, USA, Cat# A01861). The cells were then washed again and stained with goat anti-rabbit
antibody conjugated with Alexa Fluor 647 (Abcam, Cat# ab150079). The stained cells were
analyzed using a CytoFlex® flow cytometer (Beckman Coulter, Jersey City, NJ, USA) at the
Flow Cytometry Core Facility of Rutgers University.

2.6. Measurement of the Binding Affinities of BiKEs Using Biolayer Interferometer

Using a previously published method [4], the binding affinity (KD), rate constant of
association (kon), and rate constant of dissociation (koff) were measured using a biolayer
interferometer (Octet RED96e, Sartorius, Bohemia, NY, USA) at the Biophysics Core Facility
at Princeton University. In brief, streptavidin biosensors (Octet®) were soaked inside DPBS
containing 0.1% casein, with either biotinylated HER2 or biotinylated CD16a, until a 1 nm
shift was noted by the instrument. Subsequently, the sensor was kept in a wash buffer
for baselining, followed by loading HER2 or CD16a at concentrations of 60, 30, 15, 7.5,
3.75, 1.875, and 0 nM in the association step for 5 min. For the acquisition of the data, in
the dissociation step, the sensors were dipped in the wash buffer (DPBS containing 0.1%
Casein). The data were analyzed with Octet Data Analysis HT 11.1 software at the core
facility. For fitting the 1:1 binding model in analysis, the sensorgrams were subtracted from
the reference. The program “association and dissociation” was used to analyze affinity
and kinetics.

2.7. Measurement of Antibody-Dependent Cellular Cytotoxicity

For the antibody-dependent cellular cytotoxicity (ADCC) assay, we adhered to our
previously published methodology [7]. Briefly, SKOV-3 cells were seeded in a 96-well plate
at a density of 10,000 cells per well one day before the experiment. On the following day,
the supernatants were removed, and the antibodies, diluted to the indicated concentrations,
were added to each well containing SKOV-3 cells for opsonization for 30 min. Concurrently,
laNK92 cells were resuspended at the specified densities to achieve different effector:target
(E:T) ratios and then incubated with the SKOV-3 cells. After the incubation period, the
plate was washed three times with DPBS, followed by the addition of the AlamarBlue™
(ThermoFisher, Cat#A50101) viability assay reagent and further incubation for 2 h at 37 ◦C.
Measurements were taken using an excitation wavelength of 560 nm and an emission
wavelength of 590 nm, with a bandwidth of 5.0 nm.

2.8. Residual Antibody-Dependent Cellular Cytotoxicity Assay

For the residual antibody-dependent cellular cytotoxicity assay, we followed proce-
dures adapted from a previously published method [8]. Briefly, SKOV-3 cells were seeded
in a 96-well plate at a density of 10,000 cells per well one day before the experiment. On the
day of the experiment, laNK92 cells were resuspended in media supplemented with BiKEs
at the indicated concentrations and incubated at 37 ◦C for 30 min for opsonization. The
laNK92 cells were then washed twice by laNK92 media at 37 ◦C to remove any unbound
BiKEs. Subsequently, the laNK92 cells were resuspended in media for an additional 30 min
to allow for the dissociation of the BiKEs. The laNK92 cells were pelleted, resuspended
in media, and added to the 96-well plate containing the pre-seeded SKOV-3 cells at dif-
ferent E:T ratios. The plate was then incubated for 4 h at 37 ◦C. Following the incubation,
AlamarBlue™ reagent was added, and cell viability was measured as previously described.

2.9. Measurement of Fratricide

To study fratricide, 50,000 laNK92 cells were first resuspended in fresh media and
then added to a flat-bottom low-attachment 96-well plate (Corning, NY, USA, Cat#3370).
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Daratumumab (ThermoFisher, Cat# MA5-41886), 3G8 (ThermoFisher, Cat# 16-0166-65),
trastuzumab (Novus, Centennial, CO, USA, Cat# NBP2-75895), BiKE-E5-C1, or BiKE-
2E5:2C1 were added to each well at specified concentrations and incubated for 2 or 24 h
at 37 ◦C. In experiments that lasted 24 h, after an initial 2 h incubation with the antibody,
50 μL of 40% AlamarBlue™ reagent diluted in NK cell culture media was added to each
well, followed by an additional 22 h incubation (total 24 h). NK cell viability was measured
using the AlamarBlue™ kit and protocol.

To quantify fratricide after a 2 h incubation with antibodies, we employed the Trypan
blue assay as cell viability assays that rely on the metabolic activity of the cells were
not suitable. The reason is that NK cells have low metabolic activity, and incubation
of NK cells with reagents such as AlamarBlue™ does not provide sufficient sensitivity
(change in color) to detect dead cells. In the Trypan blue assay, 50,000 NK cells were first
incubated with either daratumumab alone for 2 h or with Fc blocker or 3G8 for 30 min,
followed by incubation with daratumumab at indicated concentrations for an additional
1.5 h. Aggregated cells were then dispersed into single cells by pipetting, diluted in trypan
blue (0.4%, ThermoFisher Cat# 15250-061) in a 1:1 ratio, loaded onto cell counter slides,
and analyzed using a Countless 3 cell counter (ThermoFisher) (n = 12). The gating method
for viability was as follows: living cells (size = 70; brightness = 255; circularity = 100);
dead cells (size = 0; brightness = 0; circularity = 0). A 100% viability corresponded to the
total number of viable cells in the control group (treated with culture media), and relative
viability was determined by the ratio of the total number of living cells in the treatment
groups compared to that of the control groups.

2.10. Measurement of the NK Cell Degranulation and Release of Cytokines and Effector Proteins

Measurement of the surfaced CD107a (LAMP-1) on NK cells was adapted from a
previously published method [4]. Briefly, 10 nM of anti-CD107a antibody was mixed with
40,000 laNK92 cells per well in a non-treated 96-well plate and incubated for two hours
at 37 ◦C. Following incubation, the plate was centrifuged, and the cells were washed
three times with staining buffer (DPBS supplemented with 3% FBS). Subsequently, the cells
were stained with APC-conjugated anti-CD107a antibody (R&D Systems, Minneapolis,
MN, USA, Cat#IC4800A), supplemented with Fc blocker solution (ThermoFisher, Cat#14-
9161-73), and incubated for 1 h at 4 ◦C. Finally, the cells were centrifuged and washed
three times, resuspended, and analyzed using a Beckman Coulter CytoFLEX Cytometer at
the Rutgers University Flow Cytometry Core Facility.

Cytokine concentrations before and after NK cell activation were measured using
our previously published method [4]. In brief, SKOV-3 cells were seeded at a density of
10,000 cells per well in a 96-well plate one day prior to the experiment. The next day, 10 nM
of BiKE or control antibodies were added to the plate and incubated at 37 ◦C for 30 min.
Then, NK cells were added to the plate and incubated for the specified duration. The
plate was centrifuged at 2000× g for 10 min to pellet the cells, and the supernatant was
transferred to a non-treated 96-well plate. The concentrations of TNF-α (R&D Systems,
Cat# DY210-05), IFN-γ (R&D Systems, Cat# DY285B-05), and granzyme B (R&D Systems,
Cat# DGZB00) were measured using ELISA kits following the manufacturers’ protocols.

3. Results and Discussion

3.1. Prediction of 3D Molecular Structure of BiKE-2E5:2C1

To predict the tertiary structure of the tetravalent BiKE-2E5:2C1, we utilized the
AlphaFold 2 algorithm. The AlphaFold 2 is a high-precision software that uses artificial
intelligence algorithms to model protein structures [9]. The predicted structures for BiKEs
reveal that both antibodies are composed of nine anti-parallel β-sheets, which are typical of
immunoglobulin structures (Figure 1). The structure of tetravalent BiKE-2E5:2C1 resembles
a horseshoe, with all the CDRs accessible for binding, oriented toward the surface. The
CDR3, shown in green, is the most variable and the longest CDR, playing a critical role in
antigen binding, and is also accessible in all four binders. One advantage of the horseshoe
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structure, compared to a linear one, is that it creates a tighter immunological synapse, which
contributes to enhanced cytotoxicity [10]. The Ramachandran analysis of both structures
revealed that over 96% of the amino acid residues were in the most favored region, and less
than 6% were in the allowed region, with an ERRAT score of 100%, indicating no errors in
the modeled residues.

Figure 1. The predicted model of tetravalent and bivalent BiKEs’ tertiary structures using AlphaFold
software. While the bivalent BiKE appears to have assumed a linear structure, the tetravalent BiKE
appears U-shaped.

3.2. Tetravalent BiKE-2E5:2C1 Binds to Its Target Antigens Similar to Bivalent BiKE-E5:C1

In the next step, we investigated whether the tetravalent BiKE retained its activity
and could recognize its target antigens, addressing a common concern with multi-domain
fusion proteins where one domain might interfere with another, rendering the fusion
protein inactive. To test this, we first expressed and purified both BiKE constructs to high
purity. The SDS-PAGE analysis confirmed that both BiKEs were over 95% pure, making
them suitable for binding activity studies (Figure 2A). We then performed an ELISA to
assess the ability of tetravalent BiKE to bind to HER2 and CD16a antigens, using the
bivalent BiKE as a positive control due to its previously validated activity [4]. The ELISA
results demonstrated that BiKE-2E5:2C1 could recognize both HER2 and CD16a antigens
similarly to BiKE-E5:C1 (Figure 2B).

Next, we evaluated the ability of the tetravalent BiKE-2E5:2C1 to recognize HER2
and CD16a antigens on the surface of SKOV-3 (HER2+) and laNK92 (CD16a+) cells. Flow
cytometry, with BiKE-E5:C1 as the positive control, showed that the tetravalent BiKE-
2E5:2C1 was as effective as the bivalent BiKE-E5:C1 in binding to its target antigens on the
cell surface. Overall, the ELISA and flow cytometry data indicated that both constructs
were equally active, with no significant differences in antigen targeting, thereby validating
that the paratopes on the tetravalent BiKE-2E5:2C1 were effectively exposed.
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Figure 2. Characterization of the tetravalent BiKE-2E5:2C1 and its comparison to the bivalent BiKE-
E5:C1. (A) SDS-PAGE analysis of the purified BiKEs. (B) ELISA for recognition of HER2 and CD16a
antigens by the tetravalent and the bivalent BiKEs. 3G8 and trastuzumab (Trz) are used as positive
controls. n.s.: not significant (t-test, p > 0.05). (C) Flow cytometry dot plots showing recognition
of HER2 antigen on the surface of HER2+ SKOV-3 cells. (D) Flow cytometry dot plots showing
recognition of CD16a antigen on the surface of CD16a+ laNK92 cells.

3.3. Tetravalent BiKE-2E5:2C1 Exhibits Picomolar Affinity toward Its Target Antigens

We have previously demonstrated that bivalent BiKE-E5:C1, due to its high-affinity
interaction with the CD16a receptor, could activate the NK cells to kill cancer cells more effi-
ciently than the best-in-class anti-HER2 antibody, trastuzumab [4]. Given the importance of
antibody affinity toward their target antigens in determining their activity, we investigated
whether tetravalent BiKE-2E5:2C1 could bind to its target antigens with higher avidity than
bivalent BiKE-E5C1. To this end, we employed BLI to measure the affinity of both BiKEs
toward the HER2 antigen. The BLI sensograms revealed KD values of 56 pM for tetravalent
BiKE-2E5:2C1 and 3.8 nM for the bivalent BiKE-E5:C1 (Figure 3A–C). Next, we assessed the
affinities of BiKEs toward the CD16a antigen. The BLI sensograms showed the affinities of
106 pM for the tetravalent BiKE-2E5:2C1 and 11 nM for bivalent BiKE-E5:C1 (Figure 3B,C).
While most antibodies have KD values in the range of 10−7 to 10−9 M, high-affinity anti-
bodies have KD values in the sub-nanomolar range (10−9 M). Therefore, the tetravalent
BiKE-2E5:2C1 can be considered a very high-affinity antibody due to its picomolar affinity
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toward its target antigens. Overall, the BLI data demonstrated a significant enhancement
of binding affinity when the bivalent BiKE-E5:C1 was engineered as the tetravalent BiKE-
2E5:2C1, conferring enhanced affinity through avidity. These findings prompted us to
conduct an ADCC assay to measure and compare the anticancer activity of the tetravalent
and the bivalent BiKEs.

Figure 3. Measurement of KD (binding constant), Kon (association constant), and Koff (dissociation
constant) of the tetravalent BiKE-2E5:2C1 and the bivalent BiKE:E5C1 using BLI. (A,B) BLI sensograms
showing the binding kinetics of BiKEs for HER2 and CD16a antigens. (C) The measured KD, Koff,
and Kon values of BiKEs for HER2 and CD16a antigens.

3.4. Tetravalent BiKE-2E5:2C1 Has Higher Anticancer Activity than Bivalent BiKE-E5:C1

Multivalent antibodies contain multiple paratopes, allowing them to target selected
antigens of interest with enhanced avidity and reduced dissociation rates, ultimately
resulting in higher efficacy. Clinical data have shown a direct correlation between the
affinity of antibodies for CD16a receptors and therapeutic outcomes [11,12]. Given that
the tetravalent BiKE-2E5:2C1 exhibited approximately 100-fold higher affinity toward
its target antigens compared to the bivalent BiKE-E5:C1, we sought to determine if this
increased affinity would translate into enhanced anticancer activity. To test this, we first
conducted a classical ADCC assay using laNK92 (CD16a+) cells as effector cells and SKOV-
3 cells as targets. We have previously demonstrated that the bivalent BiKE could activate
CD16-expressing immune cells, including PB-NK cells, laNK92 cells, and THP-1-CD16a
macrophages [7]. For the ADCC assay in this study, we utilized both laNK92 and PB-
NK cells. The results indicated no significant difference in anticancer activity between
the tetravalent and bivalent BiKEs regardless of the NK cell type used (Figure 4A,B).
This observation was unexpected because measurement of the concentrations of released
cytokines (i.e., TNF-α and IFN-γ) from the PB-NK cells illustrated that at almost all E:T
ratios, the tetravalent BiKE-2E5:2C1 activated NK cells more efficiently than the bivalent
BiKE-E5:C1 (t-test, p < 0.05) (Figure 4C,D). To resolve this ambiguity, we performed a
residual ADCC assay, which serves as a proxy for the in vivo persistence of an antibody.
We removed excess unbound BiKE in each well and placed BiKE-coated NK cells under sink
conditions to accelerate the dissociation of lower affinity BiKE molecules. This approach
allowed high affinity BiKE molecules that remained bound to the surface of the NK cells
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to interact with SKOV-3 cancer cells. The rationale was that the higher avidity and the
resultant lower koff for the CD16a receptor of the tetravalent BiKE would lead to greater
antibody retention on the pre-opsonized NK cells. The results of the residual ADCC assay
demonstrated that the tetravalent BiKE-2E5:2C1 was significantly more effective in killing
cancer cells than the bivalent BiKE-E5:C1 (Figure 4E). The prior literature on potent high-
affinity antibodies targeting CD16a receptors also supports the fact that residual ADCC
is a more effective method for capturing the differences between tetravalent and bivalent
antibodies, especially when both are highly potent [8]. Our earlier work has shown that the
bivalent BiKE could activate NK cells to kill not only HER2-positive cancer cells but also
those with low HER2 expression [7]. Given that the tetravalent BiKE exhibits higher affinity
with lower Koff for both CD16a and HER2 antigens and is more efficient at killing cancer
cells under sink conditions than its bivalent counterpart, it may offer the potential to target
and eradicate low HER2-expressing cancer cells with greater specificity and efficiency.
This could ultimately lead to improved therapeutic responses with fewer side effects in
low HER2-expressing cancer patients (e.g., breast, ovarian, and lung) due to prolonged
recruitment and activation of immune effector cells.

Figure 4. Measurement of the difference in anticancer activity of the tetravalent BiKE-2E5:2C1 and
the bivalent BiKE-E5:C1. (A) Classical ADCC assay using laNK92 cells and SKOV-3 cells at fixed
E:T ratio of 4 but variable BiKE concentrations. (B) Classical ADCC assay using PB-NK cells and
SKOV-3 cells at various E:T ratios but fixed BiKE concentration (100 nM). (C,D) Measurement of the
IFN-γ and TNF-α after incubation of SKOV-3 cells with PB-NK cells in presence of BiKE using ELISA.
(E) Residual ADCC assay using laNK92 cells and SKOV-3 cells at different E:T ratios. * t-test, p < 0.05,
ns: not significant (n = 3).

3.5. Tetravalent BiKE-2E5:2C1 Targeting CD16a Receptors Does Not Mediate NK Fratricide

In this study, we evaluated the safety of our BiKE platform by assessing the risk
of intercellular CD16a-CD16a crosslinking and the mediation of NK fratricide—a phe-
nomenon where NK cells kill each other, often seen as an unwanted side effect. Frat-
ricide has been documented with daratumumab, which is a bivalent anti-CD38 anti-
body [13,14]. Clinical data indicate that treatment with daratumumab leads to the rapid
depletion of approximately 85% of NK cells, lasting up to six months post-treatment
discontinuation [15,16].

Given that BiKE-2E5:2C1 is a tetravalent antibody capable of crosslinking NK cells via
CD16a activating receptors, we investigated whether it could mediate NK cell fratricide.
For antibody controls, we utilized daratumumab, an anti-CD38 antibody with a human IgG
Fc domain, and 3G8, an anti-CD16a antibody with a mouse IgG Fc domain (Figure 5A,B).
The mouse Fc domain of the 3G8 antibody is unable to engage CD16a receptors on human
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NK cells, thereby restricting its interaction with NK cells solely through the Fab regions.
Bivalent BiKE-E5:C1, which is incapable of crosslinking CD16a receptors, was used as a
negative BiKE control. For clarity, we illustrated the molecular structures of the tetravalent
and bivalent BiKEs using a ball-and-stick model (Figure 5C,D). As cell controls, we em-
ployed NK92 cells (CD16−, CD38+) and laNK92 cells (CD16+, CD38+) [17]. While NK-92
cells cannot mediate ADCC [18], laNK92 cells are highly efficient in mediating ADCC [4,7].
Therefore, the NK92/laNK92 pair were selected as effector cells for the fratricide studies.

Figure 5. Specifications of the antibodies and cells used in examining fratricide. (A) Bivalent anti-
CD16a antibody (3G8) with mouse IgG Fc domain. (B) Bivalent anti-CD38 antibody (daratumumab)
with human IgG Fc domain. (C,D) schematic representation of tetravalent and bivalent BiKEs.
(E) flow cytometry histogram demonstrating the expression of CD16a receptor on laNK92 cells but
not NK92 cells using 3G8 antibody. (F) flow cytometry histogram showing expression of CD38
receptors on both laNK92 and NK92 cells using daratumumab.

Initially, NK92 cells, laNK92 cells, daratumumab, and 3G8 were used to validate the
expression of CD38 receptors on both cell lines, as well as the presence of CD16a receptors
on laNK92 cells but not NK92 cells (Figure 5E,F). While the ability of laNK92 cells to induce
ADCC has previously been demonstrated by our group [4], the inability of NK92 cells to
induce ADCC, due to the lack of CD16a expression, was confirmed using SKOV-3 cells
(HER2+) as target cells (Supplementary Figure S1).

Using the aforementioned cells and antibodies, we conducted fratricide assays by
incubating NK92 and laNK92 cells with daratumumab, 3G8, or a combination of daratu-
mumab and 38 antibodies. The objective was to determine whether fratricide occurs due to
CD38-CD38 crosslinking or if it could be initiated through CD38-CD16a or CD16a-CD16a
crosslinking. To test this hypothesis, we performed three independent fratricide assays. The
results revealed that daratumumab was equally toxic to both NK92 and laNK92 cells regard-
less of incubation time, whereas the 3G8 antibody did not mediate fratricide (Figure 6A–C).
These observations indicated that daratumumab’s toxicity was due to the crosslinking of
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CD38-CD38 and not CD16a-C38 crosslinking, as NK92 cells mediated fratricide similar
to laNK92 cells. This suggests that CD38-CD38 crosslinking, rather than CD16a-CD16a,
is the major player in fratricide. To validate this observation, we incubated laNK92 cells
with daratumumab alone or with daratumumab plus 3G8 antibodies. The results revealed
that blocking of CD16a with the 3G8 antibody or Fc blocker did not significantly im-
pact daratumumab’s fratricide effect, ruling out CD16a-CD38 crosslinking as the culprit
(Figure 6D) (Supplementary Figure S2). Overall, our data indicate that daratumumab is
an agonistic CD38 antibody that mediates fratricide through NK cells’ natural cytotoxicity
capability, which is the innate ability of NK cells to lyse tumor or virally infected target cells.
While some reports suggest that daratumumab mediates fratricide through crosslinking of
CD16a-CD38 receptors, which is an antibody-dependent mechanism (ADCC) [13], our data
do not support this idea and are more in agreement with early report by Sconocchia et al. [19].

Figure 6. Evaluation of the ability of tetravalent BiKE to induce fratricide by measuring the cell
viability after incubation of NK cells with antibodies. (A,B) Fratricide (ADCC) assay using NK92
and laNK92 cells in combination with daratumumab at different concentrations. (C) Fratricide assay
using NK92 and laNK92 cells in combination with 3G8 antibody at different concentrations. (D) Frat-
ricide assay using daratumumab in combination with 3G8 or Fc blocker at different concentrations.
(E) Fratricide assay using laNK92 cells and tetravalent and bivalent BiKEs along with control anti-
bodies. * t-test, p < 0.05. ns: not significant.

Finally, we examined whether the tetravalent BiKE-2E5:2C1 could mediate fratricide.
The results of the fratricide assay showed that similar to the 3G8 antibody, the tetravalent
BiKE-2E5:2C1 did not mediate fratricide (Figure 6E).

To elucidate the mechanism of action, we measured the degranulation of laNK92 cells
and the release of granzyme B from activated NK cells. Flow cytometry histograms and
ELISA results illustrated that only daratumumab was capable of degranulating NK cells,
resulting in the release of granzyme B (Figure 7A–C) (Supplementary Figure S3). Given that
CD38, through its enzymatic functions, can regulate granule polarization and degranulation
of the NK cells [20,21], this explains daratumumab’s ability to activate NK cells, leading to
fratricide. Overall, unlike daratumumab, the tetravalent BiKE-2E5:2C1 did not compromise
NK cell viability, indicating its potential to serve as a safe therapeutic platform.
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Figure 7. Determination of NK cell activation. (A–C) Measurement of the degranulation of laNK92
cells after incubation with tetravalent BiKE, trastuzumab (Trz.), 3G8, and daratumumab at 10 nM
concentration (2 h exposure time) using flow cytometry. (D) Measurement of the concentration of
granzyme B from antibody treated laNK92 cells using ELISA. * t-test, p < 0.05. ns: not significant.

4. Conclusions

The data presented in this manuscript demonstrate that a tetravalent BiKE can be
engineered from its bivalent counterpart by fusing VHH units in tandem. The resulting
tetravalent BiKE exhibits high affinity toward its target antigens due to avidity. This study
is the first in the literature to show the successful engineering of a tetravalent immune
cell engager composed of tandem VHH units, which achieves high affinity and anticancer
activity without mediating fratricide.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antib13030075/s1, Figure S1: ADCC assay using NK92 as effector
cells and SKOV-3 as target cells at E:T ratio of 4. BiKE-E5:C1 and trastuzumab (Trz) were used at 10 nM
concentration. n.s.: not significant, t-test p > 0.05.; Figure S2: Fratricide assay using daratumumab
alone or in combination with 3G8 or Fc blocker at different concentrations (24 h incubation time);
Figure S3: Flow cytometry data for degranulation of laNK92 cells after incubation with antibodies.
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Abstract: Background/Objectives: Photoimmunotherapy (PIT) is an innovative approach
for the targeted therapy of cancer. In PIT, photosensitizer dyes are conjugated to tumor-
specific antibodies for targeted delivery into cancer cells. Upon irradiation with visible
light, the photosensitizer dye is activated and induces cancer-specific cell death. In the
present article, we describe the PIT of prostate cancer (PC) as a therapeutic option for
the targeted treatment of localized prostate cancer. Methods: We conjugated the silicon
phthalocyanine dye WB692-CB2 to recombinant cysteine-modified anti-CD44 and anti-
EpCAM antibodies via a maleimide linker and tested the antibody dye conjugates for PIT
on PC cells and prostate cancer stem cell (PCSC)-like cells. Results: The anti-CD44 and anti-
EpCAM antibody dye conjugates showed specific binding and high cytotoxicity against
PC and PCSC-like cells following irradiation with red light. Combined treatment with both
conjugates led to enhanced cytotoxic effects. Conclusions: PIT with our dye WB692-CB2
can serve as an effective focal therapy against prostate cancer, preserving the prostate
gland and minimizing side effects. It can be employed during radical prostatectomy (RP)
to treat residual tumor cells or lymph node metastases in areas where further surgical
intervention is not feasible. Utilizing multiple conjugates against antigens expressed on
differentiated PC and PCSC-like cells, such as CD44 and EpCAM, could be an effective
method to eradicate residual cancer cells in heterogeneous tumors. This approach could
reduce the risk of local recurrence after RP and thus increase the therapeutic outcome of
PC patients.

Keywords: prostate cancer; photoimmunotherapy; CD44; EpCAM; antibody dye conjugates

1. Introduction

Prostate cancer (PC) is the second most common cancer in men from industrial coun-
tries with over 1.46 million new cases and 396,000 deaths reported annually [1]. Demo-
graphic changes and increasing life expectancy indicate that annual new PC cases will
increase to 2.9 million in 2040 [2].

Treatment options for localized PC include radical prostatectomy (RP), active surveil-
lance, watchful waiting, external beam radiation and brachytherapy [3]. The prerequisite
for a successful treatment is the complete eradication of the tumor. In the case that resid-
ual tumor cells persist in the surgical margins, the tumor may recur locally and begin
to metastasize. Biochemical recurrence affects approximately 20–40% of patients within
ten years after RP [4]. Androgen deprivation therapy (ADT), either as monotherapy or
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in combination with radiotherapy and/or chemotherapy, has become the standard treat-
ment for patients with relapsed castration-sensitive PC [3]. Unfortunately, the efficacy
of ADT is limited. Over time, the tumor becomes hormone refractory and progresses to
metastatic castration-resistant PC (mCRPC). The standard treatment for mCRPC involves
ADT in combination with chemotherapy and prednisolone. However, this approach is
primarily palliative and only marginally prolongs the patient’s overall survival, which is
on average 16 to 18 months [5]. Depending on the treatment and the progression of the
disease, patients suffer from a range of symptoms and adverse effects such as incontinence,
erectile dysfunction, decreased libido, reduction in muscle mass and bone density, edema
and psychosomatic symptoms, which negatively affect their quality of life [3]. Given the
limitations of current therapeutic strategies, there is a need for the development of novel
and innovative therapeutic approaches for PC.

Despite the promising results of conventional and PSMA-targeted therapies, tumor
heterogeneity remains a major cause of treatment failure in PC [6]. Patients with primary
PC often harbor multiple distinct tumor foci within the prostate gland, exhibiting high
levels of intra-tumoral heterogeneity [7]. Prostate tumor heterogeneity refers to cancer
cells with differences in morphology, transcriptional profiles, metabolism and metastatic
potential. Factors that contribute to tumor heterogeneity are genetic mutations, epigenetic
alterations, influence of the tumor microenvironment, evolutionary pressure and tumor cell
plasticity [7–9]. Tumor heterogeneity can also be explained by the existence of the prostate
cancer stem cell (PCSC) hypothesis, which postulates that PCSCs form a small subset of
cells within the tumor capable of self-renewal and differentiate into various cell types. From
a therapeutic point of view, this means that all tumor cells, i.e., PCSCs and differentiated
PC cells, have to be eliminated to achieve a cure. Since PCSCs are characterized by
unique tumor antigens, either exclusive to them or shared with differentiated PC cells, they
can be targeted using RNA knockdown, inhibitors or antibodies directed against these
antigens [10].

In the present study, we introduce photoimmunotherapy (PIT) as an innovative
supportive treatment during RP to target PC cells and PCSC-like cells. PIT employs tumor-
specific antibodies conjugated with photoactivatable dyes (photosensitizers) that can be
activated by visible light to selectively induce cancer cell death [11]. In our approach, we
used antibodies against the cluster of differentiation 44 antigen (CD44) and the epithelial
cell adhesion molecule (EpCAM) to target both PC cells and PCSC-like cells. CD44 is a
hyaluronic acid transmembrane receptor, which serves as a cell adhesion and signaling
molecule. It is associated with the self-renewal, proliferation, differentiation, invasion and
metastasis of PC. EpCAM is a transmembrane glycoprotein with various cellular functions,
contributing to cancer stem cell maintenance, proliferation, invasion, metastasis and ther-
apeutic resistance [10]. We conjugated the anti-CD44 and anti-EpCAM antibodies to our
silicon phthalocyanine photosensitizer dye, WB692-CB2, and evaluated these antibody dye
conjugates for PIT of PC and PCSC-like cells.

2. Materials and Methods

2.1. Cell Lines and Dye

The suspension cell line EXPI293F (Thermo Fisher Scientific, Waltham, MA, USA) was
propagated in serum-free FreeStyle F17 medium (Thermo Fisher Scientific) with 8 mM
L-glutamine (PAN-Biotech, Aidenbach, Germany) and 0.1% pluronic F68 (PAN-Biotech).
The PC cell line PC3-PSMA was a kind gift from P. Giangrande (University of Iowa, Iowa
City, IA, USA). The cell line PC3-MM2 was kindly provided by the MD Anderson Cancer
Center (Huston, TY, USA). This cell line is marked by different stem cell characteristics,
e.g., expression of the stem cell markers CD44, CD133, ß1 integrin or ALDH1, sphere
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formation, high tumorigenic and metastatic potential, and therapeutic resistance, and can
therefore serve as a PCSC-like cell line [12–14]. Both cell lines were cultivated in RMPI 1640
medium supplemented with 10% fetal bovine serum (FBS, Merck, Darmstadt, Germany)
and 1% penicillin/streptomycin (Pen/Strep, Merck). The control cell line CHO (Thermo
Fisher Scientific) was cultivated in Ham’s F-12 Nutrient Mixture medium (Thermo Fisher
Scientific) with 10% FBS and 1% Pen/Strep. All cell lines were propagated under sterile
conditions at 37 ◦C in a 5% CO2 atmosphere. Cell line identities were confirmed using
short tandem repeat (STR) analysis (CLS GmbH, Eppelheim, Germany). Lysates were
generated through lysis of cells in 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.5%
sodium deoxycholate, 0.05% SDS, 1% Igepal supplemented with cOmpleteTM Protease
Inhibitor Cocktail for 30 min on ice, and centrifugation at 18,000× g and 4 ◦C for 30 min.
Protein concentration of the supernatant was determined by using the Quick StartTM

Bradford Protein Assay according to manufacturer’s instructions (Bio-Rad Laboratories
Inc., Hercules, CA, USA). The phthalocyanine photosensitizer dye WB692-CB2 [15] was
kindly provided by Jonas Storz and Reinhard Brückner, Institute for Organic Chemistry,
University of Freiburg, Germany.

2.2. Cloning, Expression and Purification of the Anti-CD44 and Anti-EpCAM Antibodies

The genes encoding the human IgG1 heavy chains of the anti-CD44 antibody [16] and
the anti-EpCAM antibody [17] each containing the cysteine mutations T120C and D265C
(EU numbering) were synthesized (GeneArt, Invitrogen, Regensburg, Germany) and cloned
into the expression vector pCSEH1c [18]. In our previous studies, both mutations were
shown not to influence the specificity of an antibody targeting the prostate specific antigen
by protein modeling [15]. Synthesized variable domains of the light chains (VL) of both
antibodies were cloned into the expression vector pCSL3k, containing a constant domain
(CL) of a human IgG1 kappa light chain. Vectors were transformed into XL1-Blue MRF’
supercompetent E. coli cells (Agilent Technologies, Waldbronn, Germany) and purified with
help of the NucleoBond® Xtra Maxi Kit (Macherey-Nagel, Düren, Germany). The sequences
of the antibody chains were then verified for accuracy through sequencing (Microsynth
Seqlab, Göttingen, Germany). Antibody expression in EXPI293F cells was performed as
published previously [15]. After purification by protein G affinity chromatography (Cytiva,
Marlborough, USA) and dialysis against PBS, concentrations of the antibodies, called
CD44T120C/D265C and EpCAMT120C/D265C, were determined by Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific).

2.3. Conjugation of the Photosensitizer Dye WB692-CB2

For dye conjugation, 1 mg of the cysteine-modified antibodies CD44T120C/D265C or
EpCAMT120C/D265C were diluted in PBS containing 1 mM EDTA (pH 7.4) and were reduced
using 40 molar equivalents of Tris-(2-Carboxyethyl)phosphine Hydrochloride (TCEP, Carl
Roth, Karlsruhe, Germany) at 37 ◦C for 3 h. The antibodies were then dialyzed overnight
at 4 ◦C against PBS containing 1 mM EDTA (pH 7.4). Subsequently, re-oxidation was
performed with 30 molar equivalents of dehydroascorbic acid (dHAA, Sigma-Aldrich,
St. Louis, MI, USA) at room temperature for 4 h. For conjugation, the antibodies were
incubated with 10 molar equivalents of WB692-CB2 at room temperature for 1 h. The
reaction was quenched by adding 25 molar equivalents of N-acetyl-L-cysteine (Sigma-
Aldrich) for 15 min, followed by overnight dialysis against PBS (pH 7.4) [15]. Unbound
dye was removed by protein G affinity chromatography and the antibody dye conjugates
were stored a 4 ◦C protected from light. The dye-to-antibody ratios of the conjugates were
determined as published [15].

70



Antibodies 2025, 14, 5

2.4. SDS-PAGE and Western Blots

Cell lysates, antibodies and conjugates were analyzed by SDS-PAGE using the
NuPAGE® Bis-Tris Electrophoresis System (Thermo Fisher Scientific). For SDS-PAGE
under reducing conditions, 3 μg of antibody or conjugate was combined with NuPAGE®

LDS Sample Buffer and NuPAGE® Reducing Agent, followed by incubation for 10 min
at 70 ◦C. Then, the samples were loaded onto a pre-cast NuPAGE® Novex® Bis-Tris Gel
(Thermo Fisher Scientific). Electrophoresis was performed at 200 V for 35 min using the
XCell SureLockTM Mini-Cell system (Thermo Fisher Scientific), with NuPAGE® MES
Buffer supplemented with NuPAGE® Antioxidant as running buffer. For SDS-PAGE un-
der non-reducing conditions, the same protocol using Laemmli sample buffer without
NuPAGE® Reducing Agent was used. Protein detection was achieved by Coomassie stain-
ing or fluorescence-based imaging (λmax = 680 nm, IVIS Spectrum, In Vivo Imaging System,
PerkinElmer, Waltham, MA, USA).

For Western blot analysis, the proteins were blotted onto nitrocellulose membranes
at 30 V for 1 h in NuPAGE® Transfer Buffer supplemented with 10% methanol and 1%
NuPAGE® antioxidant. The membrane was blocked with 5% non-fat milk in 0.1% Tween-
20/PBS (M-PBST) for 1 h, followed by incubation with mouse anti-human CD44 (#ab82529,
Abcam, Cambridge, UK) or mouse anti-human EpCAM (#sc-25308, Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) as primary antibodies overnight at 4 ◦C in M-PBST. After washing
with 0.1% Tween-20/PBS, the membrane was incubated with the horseradish peroxidase
(HRP)-conjugated secondary antibody rabbit anti-mouse Ig/HRP (#P0161, DAKO, Ham-
burg, Germany) for 1 h, followed by another washing step. ß-actin as loading control
was detected using the antibody mouse α-human β-actin-HRP (Proteintech Group Inc.,
Rosemont, IL, USA). Detection of the target proteins was conducted using an enhanced
chemiluminescence solution and the INTAS Chemo Star Imager (INTAS Science Imaging
Instruments, Göttingen, Germany).

2.5. Flow Cytometry

Specific binding of the antibodies or antibody dye conjugates to the PC cells was
evaluated by flow cytometry. An amount of 2 × 105 cells per well was seeded in flow
cytometry buffer consisting of PBS, 3% FBS, 0.1% sodium azide. Cells were then incubated
with different concentrations of antibody or conjugate for one hour on ice. Following this,
the cells were washed with PBS and incubated using a goat-anti-human Ig(H+L)-RPE
detection antibody (Southern Biotech, Birmingham, AL, USA) for 30 min at 4 ◦C. After
washing, cells were resuspended in flow cytometry buffer supplemented with 1 μg/mL
propidium iodide. Mean fluorescence intensities of the stained cells were measured with
a FACS Calibur Flow Cytometer and the CellQuest Pro software 4.0.2 (BD Biosciences,
Heidelberg, Germany). Binding affinities of the antibodies or conjugates were determined
using GraphPad Prism software 8.01. Dissociation constants (Kd) were determined by
identifying the concentration of the antibody or conjugate required to achieve half-maximal
specific binding.

2.6. Photoimmunotherapy

For PIT, 2.5 × 105 cells were seeded in 35 mm cell culture dishes and cultivated
overnight at 37 ◦C, 5% CO2. On the next day, fresh medium containing the appropriate
treatment (medium, free dye, 10 μg/mL antibody, 10 μg/mL conjugate or 10 μg/mL of two
conjugates each in the combination experiment) was administered to the cells, followed by
incubation for 24 h. After washing with PBS, cells were incubated in fresh medium and
irradiated with various mean irradiation light doses (λmax = 690 nm) of a light-emitting
diode (LED, L690-66-60, Marubeni America Corporation, Santa Clara, CA, USA). At 24 h
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after irradiation, cells were trypsinized and stained with Erythrosine B (Logos, Biosystems,
Anyang-si, South Korea), followed by cell viability analysis with a Neubauer Counting
Chamber. Numbers of living cells were normalized relative to the untreated control.

3. Results

The recombinant cysteine-engineered antibodies, CD44T120C/D265C and
EpCAMT120C/D265C, were successfully cloned and expressed in EXPI293F cells. Antibody
yields were obtained, with 44.6 mg/L supernatant for CD44T120C/D265C and of 39.4 mg/L
supernatant for EpCAMT120C/D265C, in high purity after Protein G affinity chromatography
(Figure 1a). SDS-PAGE under non-reducing conditions confirmed the self-assembly of the
antibodies with two heavy and two light chains each, forming a whole hIgG1 molecule
with a predicted size of ~150 kDa (Figure 1b).

Figure 1. Generation of the anti-CD44 and anti-EpCAM antibody dye conjugates. (a) SDS gel
of the purified antibodies CD44T120C/D265C and EpCAMT120C/D265C under reducing conditions;
(b) SDS gel of the purified antibodies CD44T120C/D265C and EpCAMT120C/D265C under non-reducing
conditions; (c) SDS gels of the purified antibody dye conjugates CD44T120C/D265C-WB692-CB2 and
EpCAMT120C/D265C-WB692-CB2 under reducing and non-reducing conditions, and under white and
red light.

Following dye conjugation, the antibody dye conjugates CD44T120C/D265C-WB692-CB2
and EpCAMT120C/D265C-WB692-CB2 were also analyzed by SDS-PAGE. Examination of the
gels under red light (λmax = 680 nm) confirmed the successful conjugation of the dye to the
heavy chains of the antibodies (Figure 1c). Mean dye-to-antibody ratios were determined
to be 2.82 ± 0.02 for the CD44T120C/D265C-WB692-CB2 conjugate and 3.14 ± 0.17 for the
EpCAMT120C/D265C-WB692-CB2 conjugate.

In the subsequent step, Western Blot analyses confirmed the expression of the target
proteins CD44 and EpCAM in the prostate cancer cell line PC3-PSMA and the prostate
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cancer stem cell-like (PCSC-like) cell line PC3-MM2, whereas the control cell line CHO
showed no expression of either antigen (Figure 2a). The binding affinity of the conju-
gates CD44T120C/D265C-WB692-CB2 and EpCAMT120C/D265C-WB692-CB2 were then evalu-
ated on both cell lines. The conjugates exhibited slightly lower binding affinities (higher
Kd values) within the low nanomolar range compared to their uncoupled counterparts,
CD44T120C/D265C and EpCAMT120C/D265C (Figure 2b,c,e,f). No binding was detected with
both molecules on CD44 and EpCAM-negative CHO cells (Figure 2d,g). This proved that
the dye conjugation did not affect or only minimally affected the avidity of the antibodies
and did not result in unspecific binding of the conjugates.

Figure 2. Cell binding of the antibodies and antibody dye conjugates. (a) CD44 and EpCAM
expression of the target cells. Concentration-dependent binding of the antibody CD44T120C/D265C

and the conjugate CD44T120C/D265C-WB692-CB2 to (b) PC3-PSMA and (c) PC3-MM2 cells; (d) binding
to CD44 negative CHO cells at a saturation concentration of 20.8 nM. Concentration-dependent
binding of the antibody EpCAMT120C/D265C and the conjugate EpCAMT120C/D265C-WB692-CB2 to
(e) PC3-PSMA and (f) PC3-MM2 cells; (g) binding to EpCAM negative CHO cells at a saturation
concentration of 20.8 nM. Mean values ± SD of three independent experiments. Abbreviation: Kd,
dissociation constant.

The efficacy of PIT using the conjugates CD44T120C/D265C-WB692-CB2 and
EpCAMT120C/D265C-WB692-CB2 was evaluated on the target cells 24 h after exposure with
a light dose of 32 J/cm2. Control cells remained untreated or were incubated with equimo-
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lar concentrations of antibody or free dye. The viability of PC3-PSMA and PC3-MM2
cells treated with the conjugate CD44T120C/D265C-WB692-CB2 were significantly reduced to
29.9 ± 10.7% (p = 0.0027) and 27.1 ± 5.8% (p = 0.0102), respectively (Figure 3a,b). In contrast,
no cytotoxic effects were observed in cells treated with the antibody or free dye. Cells from
all treatment groups remained alive without irradiation. Moreover, CD44-negative CHO
cells were completely unaffected by PIT (Figure 3c). Similar results were obtained with the
conjugate EpCAMT120C/D265C-WB692-CB2 in PC3-PSMA and PC3-MM2 cells after PIT. Cell
viability was significantly reduced to 53.1 ± 15.4% (p = 0.0259; Figure 3d) and 7.1 ± 2.8%
(p = 0.0015; Figure 3e), respectively, while EpCAM-negative CHO cells were not impaired
by treatment (Figure 3f). These findings indicate that PIT using our dye WB692-CB2 is a
highly selective and effective therapeutic strategy for targeting PC cells and PCSCs.

Figure 3. PIT of PC or PCSC-like cells with the conjugates CD44T120C/D265C-WB692-CB2 and
EpCAMT120C/D265C-WB692-CB2. (a) Viability of PC3-PSMA, (b) PC3-MM2 or (c) CHO cells 24 h after
PIT incubated with 10 μg/mL CD44T120C/D265C, 10 μg/mL CD44T120C/D265C-WB692-CB2, free dye
or medium (untreated control), and irradiation with a light dose of 32 J/cm2. Control cells were
not irradiated (0 J/cm2). Viability of (d) PC3-PSMA, (e) PC3-MM2 and (f) CHO cells 24 h after PIT
incubated with 10 μg/mL EpCAMT120C/D265C, 10 μg/mL EpCAMT120C/D265C-WB692-CB2, free dye
or medium (untreated control), and irradiated with a light dose of 32 J/cm2. Control cells were not
irradiated (0 J/cm2). Mean values ± SD of three independent biological experiments. Statistical
analyses by Student’s t-test (unpaired, parametric with Welch’s correction).
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To develop a therapeutic approach against residual PC cells following RP, the efficacy
of PIT using CD44T120C/D265C-WB692-CB2 in combination with EpCAMT120C/D265C-WB692-
CB2 was evaluated using a reduced light irradiation dose of 16 J/cm2. In the PC cell line
PC3-PSMA, combinatorial PIT led to a significant reduction in cell viability compared to
single treatments. Specifically, cell viability was significantly reduced from 52.5 ± 5.6%
targeting CD44 and 88.1 ± 4.7% targeting EpCAM to only 28.9 ± 6.0% after PIT targeting
CD44 in combination with EpCAM (p = 0.0001 and p < 0.0001, respectively; Figure 4a).
Similar results were obtained in the PCSC-like PC3-MM2 cells, where the cell viability
was significantly reduced from 64.0 ± 4.5% targeting CD44 and 58.4 ± 3.4% targeting
EpCAM to 34.6 ± 6.5% after combinatorial PIT targeting CD44 and EpCAM (p = 0.0001
and p = 0.0006, respectively; Figure 4b).

Figure 4. Combined PIT of PC cells and PCSC-like cells. (a) Viability of PC3-PSMA cells and (b) PC3-
MM2 cells 24 h after PIT with 10 μg/mL CD44T120C/D265C-WB692-CB2 or EpCAMT120C/D265C-WB692-
CB2 alone or in combination, and a light dose of 16 J/cm2. Mean values ± SD of three independent
biological experiments. Statistical analyses were performed using one-way ANOVA, followed by
Tukey’s multiple comparison test for post hoc analysis, with an adjusted significance level of p = 0.05.

Our results demonstrated the enhanced efficacy of combined PIT compared to single
PIT, indicating that simultaneously targeting multiple tumor antigens may provide a more
effective therapeutic strategy for PC.

4. Discussion

Tumor heterogeneity in PC remains a major challenge, contributing to therapeutic
resistance and tumor recurrence. Consequently, there is an urgent need for the develop-
ment of novel and innovative therapeutic approaches for PC. PIT has emerged as a new
cornerstone in local cancer treatment with minimal off-target effects. This technique lever-
ages photoactivatable photosensitizers conjugated to antibodies or antibody fragments
to induce specific, immunogenic cancer cell death and systemic antitumor immunity [19].
We have developed the silicon phthalocyanine dye, WB692-CB2, which can be directly
conjugated to free cysteines in antibodies via a maleimide linker [15]. Since all naturally
occurring cysteines in an antibody molecule are used for the formation of intra- and in-
terchain disulfide bridges, our dye can be specifically conjugated to engineered cysteines,
which are not expected to affect the folding, and thus the avidity and specificity of the
antibody. The cysteine-specific conjugation offers an advantage over the conventional
coupling to lysines. A human IgG1 antibody contains approx. 80 to 90 lysines, leading
to undefined and heterogeneous conjugate preparations, when coupling occurs at these
sites. By specifically targeting engineered cysteines, we can achieve more homogenous
antibody dye conjugate preparations. Our conjugation method allowed the attachment
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of approximately 2.8 to 3.1 dye molecules to the four engineered cysteines of one each of
anti-CD44 and anti-EpCAM antibody molecules.

Our PIT experiments demonstrated that the anti-CD44 and anti-EpCAM conjugates,
with their specific dye loads, effectively induced the cell death of both PC and PCSC-like
cells within 24 h after irradiation using a light dose of 32 J/cm2. Antigen-negative control
cells were not affected by the treatment, which demonstrates the high selectivity of our
approach. Despite differences in CD44 expression levels, the therapeutic effects of PIT
targeting CD44 were similar in PC3-MM2 and PC3-PSMA cells. This discrepancy can be
explained by the fact that the Western Blot data reflect total CD44 expression levels in
the cells, but do not distinguish between intracellular and surface expression. Since PIT
efficacy depends on the binding of the conjugates to surface antigens, it is possible that
surface-accessible CD44 levels are more comparable between these cell lines than the total
expression levels would suggest. Furthermore, intrinsic differences in susceptibility to PIT-
induced cytotoxicity may also contribute to the equivalent therapeutic outcomes observed.

Combined PIT using both conjugates significantly enhanced cytotoxicity compared
to single treatments in an additive manner. This could substantially enhance therapeutic
outcomes compared to single treatments in the clinic. In addition to the combination of
different conjugates against different target antigens, it is also possible to achieve better
effects by increasing the light dose [15]. Moreover, engineering antibodies to incorporate
additional cysteines could increase dye loading in future applications, which could also
lead to an increased cytotoxicity. Further in vitro and in vivo studies are needed to validate
the proof of principle for PIT using anti-CD44 and anti-EpCAM antibodies against PC, and
to assess its potential as an effective option for future clinical use.

The un-conjugated dye exhibited no cytotoxicity, likely due to its inherent hydrophilic-
ity, which enhances solubility and inhibits its diffusion across cellular membranes [15].
This characteristic is particularly advantageous, as it ensures that the dye exhibits cytotoxic
effects only, when it is transported by the antibody into the target cells and is activated by
light. This might reduce potential side effects in clinical practice and enhances the specificity
of the therapeutic approach. Recently, we found that a main mechanism of PIT-induced
cell death with our dye is pyroptosis [15]. Pyroptosis is a distinct type of pro-inflammatory
programmed cell death, primarily driven by caspase-1 dependent cleavage of gasdermin
D. This cleavage leads to the formation of non-selective pores in the plasma membrane,
allowing the release of pro-inflammatory cytokines and influx of water. This is followed
by cellular swelling, membrane rupture and release of damage-associated molecular pat-
terns and tumor-associated neoantigens, which initiate an adaptive anti-cancer immune
response [20]. Thus, locally applied PIT could potentially lead to systemic immunological
antitumor effects. This means that, in clinical use, intraoperative PIT could also be effective
against tumor cells that have already spread or metastasized. To further explore this, future
studies can employ syngeneic tumor models in immunocompetent mice to investigate the
immunogenic effects of PIT [21].

5. Conclusions

In the context of PC, WB692-CB2-based PIT can serve as a focal treatment approach,
allowing for preservation of the prostate gland and minimizing side effects. It can be
utilized during minimally invasive robotic-assisted RP to detect and treat residual tumor
cells or lymph node metastases in areas where surgery cannot be continued in order to
protect adjacent structures like the rectum or nerves responsible for urinary and sexual
function. In clinical use, activation of the antibody dye conjugates during intraoperative
PIT will be influenced by two main factors: firstly, by light accessibility of the tumor and,
secondly, by tissue penetration of the conjugates. Light with a wavelength of around
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700 nm, which can activate our dye, shows a maximum penetration depth of several
millimeters in tissue, since it is only minimally absorbed by water or hemoglobin [22].
Light sources for illuminating the antibody dye conjugates could be easily implemented
in robot surgical systems for RP in the future. The tissue penetration of the antibody dye
conjugates depends on the antigen density, the tumor microenvironment, and the density
and morphology of the tumor vessels [23]. Since the application of PIT in our case is limited
to the outer margins after removal of the prostate, rather than deeper tumor areas, there is
a chance that enough antibody dye conjugates have accumulated there to enable effective
PIT. The use of multiple conjugates against antigens expressed on differentiated PC cells
and PCSC cells, e.g., CD44 and EpCAM, could be an effective method to eradicate the
heterogeneous population of residual cancer cells completely. This approach could lead to
the prevention of local recurrence after RP and thus increase the therapeutic outcome of
PC patients.
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Abstract: Monoclonal antibodies (mAbs) targeting various pathways in cancer therapy
play crucial roles in enhancing the immune system’s ability to recognise and eliminate
tumour cells. These therapies are designed to either block inhibitory immune checkpoint
pathways or to target specific tumour cell markers for direct destruction. Additionally,
mAbs can modulate the tumour microenvironment, enhance antibody-dependent cellular
cytotoxicity, and inhibit angiogenesis, further amplifying their therapeutic impact. Below is
a summary of monoclonal antibodies targeting key pathways, along with their indications
and mechanisms of action, which are reviewed based on therapeutic mechanisms.

Keywords: monoclonal antibody; immune cells; solid and haematological malignancies;
personalised medicine

1. Introduction

Antibodies have become a cornerstone of cancer immunotherapy, offering a targeted
approach to combat tumours [1]. Monoclonal antibodies (moAbs or mAbs) are produced to
recognise antigens expressed on tumour cells, enabling precise intervention with minimal
impact on healthy tissues [2]. These therapies work through various mechanisms, includ-
ing immune system activation, inhibition of tumour growth, and delivery of cytotoxic
agents [3].

A well-established application of antibodies is immune checkpoint blockade. An-
tibodies targeting “Programmed Cell Death Protein-1 (PD-1), Programmed Cell Death
Ligand-1 (PD-L1), and Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA-4)” restore
T-cell activity, allowing the immune system to identify and destroy tumours [4]. Another
advanced strategy involves antibody–drug conjugates (ADCs), which integrate the preci-
sion of antibodies with the potency of cytotoxic agents. By directing these drugs specifically
to cancer cells, ADCs reduce off-target effects [5].

Bispecific antibodies, designed to engage two different antigens simultaneously, are
also gaining prominence. For example, bispecific T-cell engagers (BiTEs) like blinatumomab
bring lymphocyte T into close proximity to tumour cells, facilitating immune-mediated
destruction [6].

Additionally, antibodies can act as carriers for radioisotopes or other therapeutic
agents in targeted delivery systems. This approach, known as radioimmunotherapy, has
shown promise in certain haematological malignancies [7].

Despite their success, antibody therapies are not without challenges, including high
production costs, potential resistance, and immune-related side effects [8]. Research is
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ongoing to improve antibody design, optimise dosing regimens, and identify biomarkers
to predict patient response [9].

Antibody-based immunotherapy continues to revolutionise cancer treatment, offering
hope for durable responses and improved survival in both haematological and solid
tumours. Its future lies in further innovation and broader application across oncology [10].

2. Immunomodulatory Approaches (Checkpoint Inhibitors, Bispecific
Antibodies, ADCs with Immune Modulation)

2.1. Immune Checkpoint Pathway

The immune checkpoint pathway plays a vital role in controlling immune responses,
preventing overactivity, and maintaining self-tolerance [11]. However, cancer cells exploit
these mechanisms to avoid destruction by the immune system [12]. Key checkpoints, such
as CTLA-4 and PD-1, serve as major regulators in this process [13]. Their activation sup-
presses T-cell function, allowing tumour cells to proliferate without restraint [14]. Table 1
shows indications of immune checkpoint inhibitors, along with comments and references.

Table 1. Immune checkpoint inhibitors, targeting pathways like PD-1, PD-L1, and CTLA-4, have
emerged as effective treatments for various solid tumours.

Indication Comments Reference

Melanoma These therapies revolutionised treatment by significantly improving
survival rates [15]

Non-Small Cell Lung Cancer
(NSCLC) PD-1/PD-L1 inhibitors are standard for advanced or metastatic cases [16]

Head and Neck Cancer Immune checkpoint inhibitors have shown efficacy in recurrent or
metastatic disease [17]

Cervical Cancer These treatments address advanced or recurrent cervical carcinoma,
particularly in PD-L1-positive patients [18]

Urothelial Carcinoma Effective for metastatic urothelial cancers, especially in patients who
are ineligible for chemotherapy [19]

2.1.1. Mechanism of Action

Immune checkpoint inhibitors block the interaction between checkpoint proteins and
their ligands (e.g., PD-1/PD-L1, CTLA-4/B7), restoring T-cell activity and enabling the
immune system to recognise and attack tumour cells [20,21]. However, ongoing research
focuses on overcoming resistance and expanding indications through combination thera-
pies [22,23]. “CTLA-4 inhibitors (e.g., ipilimumab) block the interaction between CTLA-4
and its ligands B7-1/B7-2 on antigen-presenting cells”, facilitating T-cell activation [24].

Immune checkpoint blockade enhances the activity of T cells that produce IFN-
γ, which subsequently revitalises the antitumour capabilities of tumour-associated
macrophages and dendritic cells as shown in Figure 1 [25].

2.1.2. The Future of Immune Checkpoint Inhibitors

Immune checkpoint inhibitors (ICIs) have transformed oncology by enabling the im-
mune system to effectively combat cancer. The future of these therapies lies in overcoming
current limitations, expanding indications, and optimising their efficacy. Addressing tu-
mour resistance and the variability in patient responses remains a key challenge. Research
is increasingly focused on identifying biomarkers, such as tumour mutational burden (TMB)
and immune profiles, to personalise treatments and predict outcomes more accurately [26].
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Figure 1. Summarises the mechanisms of action of immune checkpoint inhibitors. This was adapted
from open access journal, Pandey, P. et al. Pharmaceuticals 2022, 15, 335 [25]. Adaptation performed
by MDPI author services, ID: English-91110.

Combination therapies hold significant potential for future cancer treatment [27].
Integrating immune checkpoint inhibitors (ICIs) with targeted therapies, chemotherapy,
radiotherapy, or immunotherapies such as cancer vaccines and adoptive cell therapies aims
to improve anti-tumour responses [28]. Furthermore, the advancement of next-generation
ICIs targeting novel pathways, including “Lymphocyte Activation Gene-3 (LAG-3), T-cell
Immunoglobulin and Mucin-Domain Containing-3 (TIM-3), and T-cell Immunoreceptor
with Ig and ITIM domains (TIGIT)”, provides new opportunities for patients with treatment-
resistant cancers or those unresponsive to existing therapies [29,30].

Emerging applications for ICIs are also being explored in early-stage cancers, adjuvant
settings, and even non-cancerous diseases, such as infectious diseases and autoimmune
disorders [31]. Advances in technology, such as artificial intelligence, are aiding in drug
discovery and patient stratification [32,33], while a growing focus on reducing immune-
related adverse events seeks to improve tolerability. The future of ICIs lies in broader
applications, greater precision, and more durable outcomes [34,35]. Table 2 shows examples
of checkpoint inhibitors and their mechanism of action.

Table 2. Examples of checkpoint inhibitors and mechanism of action.

Antibody Remarks Reference

Nivolumab Enhances immune activity against malignant cells by blocking PD-1 on T-cells. [36,37]
Pembrolizumab Another PD-1 inhibitor with broad indications, including melanoma and lung cancer. [38]
Atezolizumab PD-L1 inhibitor used in bladder cancer and non-small cell lung cancer. [39,40]
Avelumab PD-L1 inhibitor, approved for Merkel cell carcinoma and urothelial carcinoma. [41,42]

Ipilimumab First approved CTLA-4 inhibitor, used for melanoma and in combination with PD-1
inhibitors like nivolumab for other cancers including lung and breast cancer. [43,44]
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2.1.3. Use of Bispecific Antibodies: Mechanisms of Action

CD19 inhibition utilises bispecific antibodies, particularly bispecific T-cell engagers
(BiTEs), to treat haematologic malignancies [45]. As a cell surface marker primarily found
on B cells, CD19 serves as a key target in managing conditions such as B-cell acute lym-
phoblastic leukaemia (B-ALL) and non-Hodgkin lymphoma [46]. The selective targeting of
CD19 has led to the development of novel therapeutic strategies in oncology.

Bispecific antibodies, for example, blinatumomab, serve a dual purpose by engaging
CD19 and CD3 on malignant B-cells and T-cells, respectively. This unique mechanism facili-
tates the recruitment of T-cells directly to the vicinity of cancer cells, effectively bridging the
gap between immune cells and tumours. Upon binding, T-cells become activated, which
leads to the release of cytotoxic agents that induce apoptosis in the target tumour cells.
This targeted engagement not only enhances the immune response against tumours but
also minimises the impact on healthy cells, addressing a common concern associated with
conventional therapies [47].

The clinical success of CD19 targeting has been evident, particularly with blinatu-
momab, which has achieved significant response rates in patients with relapsed or refrac-
tory B-cell malignancies. Research is also investigating the potential of CD19 inhibition
in solid tumours, expanding its therapeutic applications. Blinatumomab is administered
through a continuous intravenous infusion for 28 days, followed by a 14-day break. The
dosage varies based on the treatment phase and patient weight. In adults, the initial
dose is typically 9 mcg/day during the first week of cycle 1, increasing to 28 mcg/day in
subsequent weeks and cycles [48].

2.1.4. The Action of T-Cell Engagers (TCEs)

The action of T-cell engagers (TCEs), a type of bispecific antibodies, is summarised
in Figure 2. It involves their dual-binding capability, as they attach to tumour-associated
antigens (TAAs) and CD3 receptors. This dual interaction facilitates the establishment of a
cytolytic synapse. When TCEs engage with CD3, they initiate a signal that activates T-cell
cytotoxicity, leading to the release of granzymes and perforins that cause tumour cell de-
struction. Moreover, this engagement promotes the expansion of the T-cell population [49].

2.2. Antibody–Drug Conjugates (ADCs) with Immune Modulation

Antibody–drug conjugates (ADCs) with immune modulation refer to ADCs that not
only deliver cytotoxic payloads to tumour cells but also enhance anti-tumour immunity [50].
These ADCs can modulate the immune response through several mechanisms:

1. Inducing Immunogenic Cell Death (ICD): Some ADC payloads, such as microtubule
inhibitors (e.g., MMAE) or DNA-damaging agents (e.g., PBD dimers), can trigger ICD,
leading to the release of damage-associated molecular patterns (DAMPs) that activate
dendritic cells and enhance antigen presentation;

2. Targeting the Tumour Microenvironment (TME): Some ADCs are designed to deplete
regulatory T cells (Tregs) or myeloid-derived suppressor cells (MDSCs), by targeting
specific markers like CD25 or CCR8;

3. Enhancing T-cell Infiltration: ADCs can modify the tumour microenvironment by
reducing stromal barriers or disrupting tumour-associated vasculature, thereby facili-
tating better immune cell infiltration;

4. Activating Innate Immunity: ADCs can engage immune cells through Fcγ recep-
tor interactions, promoting phagocytosis or antibody-dependent cellular cytotoxicity
(ADCC);
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5. Combining with Immune Checkpoint Inhibitors (ICIs): ADCs that induce immune
responses may synergise with ICIs (e.g., anti-PD-1/PD-L1) to enhance anti-tumour
immunity.

Examples of ADCs with immune modulation include the following:

� Enfortumab vedotin (EV, targeting Nectin-4): Induces ICD and enhances the efficacy
of checkpoint inhibitors in urothelial carcinoma.

Having explored immunomodulatory strategies that reinvigorate the host immune re-
sponse, we now examine therapies targeting oncogenic receptors such as HER2 and EGFR.

Figure 2. Mechanism of action of T-cell engagers (TCEs), a type of bispecific antibody. Adapted from
open access journal referenced Cech, P. et al. Cancers 2024, 16, 1580 [49]. Adaptation performed by
MDPI author services, ID: English-90959.

3. Receptor-Targeted Therapies (HER2, EGFR, IGF-1R Inhibitors)

3.1. HER2 Inhibition and Receptor Tyrosine Kinase Signalling

HER2 (human epidermal growth factor receptor 2) is a receptor tyrosine kinase in-
volved in regulating cell growth, survival, and differentiation [51,52]. Overexpression or
amplification of HER2 is commonly observed in aggressive cancers, including gastric can-
cers. HER2 inhibition aims to block this pathway, halting tumour growth and promoting
cancer cell death [53].

The epidermal growth factor receptor (EGFR) family also comprises HER2, which
activates critical intracellular signalling pathways. Upon dimerisation with other EGFR
family members, HER2 triggers cascades such as the PI3K-AKT pathway (promoting cell
survival and inhibiting apoptosis), the RAS-RAF-MEK-ERK pathway (stimulating cell
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proliferation), and the JAK-STAT pathway (regulating transcription linked to growth) [54].
Dysregulation of these pathways drives oncogenesis in HER2-positive cancers.

Therapies targeting HER2 include monoclonal antibodies like trastuzumab, which
blocks receptor dimerisation, and pertuzumab, which inhibits heterodimerisation with
HER3 [55]. Tyrosine kinase inhibitors (e.g., lapatinib) block HER2’s intracellular signalling
activity [56], while antibody–drug conjugates such as T-DM1 (trastuzumab emtansine) is
an antibody–drug conjugate (ADC) used in cancer therapy, specifically for HER2-positive
breast cancer, which deliver targeted chemotherapy [57]. However, resistance to HER2-
targeted therapies remains a challenge, often driven by mutations, compensatory path-
ways, or phenotypic changes. Current research focuses on overcoming resistance through
combination therapies, immune checkpoint inhibitors, and emerging approaches like
HER2-specific chimeric antigen receptor-T (CAR-T) cell therapy [58,59].

3.2. Trastuzumab, Pertuzumab, and Margetuximab Are Monoclonal Antibodies Targeting
HER2-Positive Cancers

Trastuzumab, developed by Genentech/Roche and approved in 1998, was the first
HER2-targeting therapy. It binds to the HER2 extracellular domain, inhibiting dimerisation
and activating antibody-dependent cellular cytotoxicity (ADCC). It significantly improves
overall survival (OS) and progression-free survival (PFS) in HER2-positive breast and gas-
tric cancers. Administered intravenously or subcutaneously, trastuzumab is combined with
chemotherapy or pertuzumab. While revolutionary, its limitations include cardiotoxicity
and resistance, addressed partly by biosimilars like Ogivri and Kanjinti, as biosimilars
of trastuzumab, are used to treat HER2-positive breast and gastric cancers by inhibiting
tumour growth [60]. Genentech, a biotechnology company based in the United States,
is a subsidiary of Roche. It is a leader in tumour immunotherapy, advancing treatments
like atezolizumab (anti-PD-L1) and combination therapies that counteract cancer immune
evasion. Through biomarker-driven strategies, it enhances immuno-oncology efficacy for
lung, breast, and other malignancies.

Pertuzumab, also from Genentech/Roche, was FDA-approved in 2012. It targets a
different HER2 epitope, blocking HER2 dimerisation with other HER family receptors, such
as HER3. Pertuzumab is most effective when combined with trastuzumab and docetaxel,
as demonstrated in the CLEOPATRA trial. The CLEOPATRA trial was a phase III clinical
study that investigated the effectiveness and safety of combining trastuzumab, pertuzumab,
and docetaxel for treating HER2-positive metastatic breast cancer. Findings showed that
this combination significantly prolonged progression-free and overall survival compared
to trastuzumab and docetaxel alone, setting a new standard for first-line treatment in this
cancer type. This combination further enhances OS and PFS, particularly in metastatic
HER2-positive breast cancer. Pertuzumab’s primary side effects include diarrhoea and
neutropenia, and its patent is set to expire in 2027 [61].

Margetuximab, developed by MacroGenics and approved in 2020, introduces an
engineered Fc domain that enhances binding to activating Fc receptors, boosting ADCC
as shown in Figure 3. It is indicated for HER2-positive metastatic breast cancer after prior
trastuzumab regimens. The SOPHIA trial highlighted its modest efficacy improvement
over trastuzumab in resistant settings. Margetuximab’s side effects include infusion-related
reactions and fatigue, and it is used with chemotherapy. In addition, the SOPHIA trial
was a phase III study that examined the effectiveness and safety of margetuximab in
patients with HER2-positive metastatic breast cancer who had already undergone HER2-
targeted treatments. It compared margetuximab plus chemotherapy with trastuzumab plus
chemotherapy to assess improvements in survival outcomes. Results indicated potential
benefits, particularly for individuals with the CD16A-158F allele, supporting its role as an
alternative therapy [62].
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Figure 3. Margetuximab is a monoclonal antibody that has been modified at the Fc region to enhance
its therapeutic effects. It specifically binds to the extracellular domain IV of the HER2 receptor,
preventing the formation of HER2 homodimers and disrupting the ligand-independent interactions
of HER2 with HER3, HER1, and HER4. This disruption strengthens antibody-dependent cellular
cytotoxicity (ADCC), leading to the targeted elimination of tumour cells. Furthermore, by blocking the
HER2-associated tyrosine kinase signalling pathway, margetuximab reduces cancer cell proliferation,
migration, invasion, and survival. Adapted from open access journal referenced Alasmari, M.M.
Cancers 2022, 15, 38 [62]. Adaptation performed by MDPI author services. ID: English-91110.

Together, these drugs revolutionise HER2-targeted therapies, with trastuzumab as a
cornerstone, pertuzumab offering synergistic benefits, and margetuximab enhancing im-
mune response for resistant cases. Despite their differences, their combined use exemplifies
precision oncology, advancing outcomes for HER2-positive cancer patients. In our own
words, precision oncology involves tailoring treatments based on a patient’s genetic or
molecular profile.

3.3. Epidermal Growth Factor Receptor (EGFR) in Cancer Therapy

The epidermal growth factor receptor (EGFR) plays a crucial role in inhibiting cancer
cell growth and serves as a key target for treatment, particularly in malignancies char-
acterised by EGFR overexpression or mutations. As a tyrosine kinase receptor, EGFR is
integral to cellular signalling networks that regulate vital oncogenic processes, including
cell growth and differentiation [63]. Genetic alterations in this pathway—such as gene
amplification—are frequently associated with tumour initiation and progression. As a re-
sult, EGFR has become a significant immunotherapy target, particularly in colorectal cancer,
non-small cell lung cancer (NSCLC), and head and neck squamous cell carcinoma [64].
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3.3.1. Mechanism of Action

EGFR signalling is triggered when ligands such as epidermal growth factor (EGF)
and transforming growth factor-alpha (TGF-α) bind to its extracellular domain [65]. This
binding event induces receptor dimerisation, leading to autophosphorylation of intracellu-
lar tyrosine residues and activation of downstream pathways, including PI3K/AKT and
RAS/RAF/MEK/ERK [66]. These pathways drive oncogenic processes such as uncon-
trolled proliferation, angiogenesis, tumour invasion, and resistance to apoptosis. Aberrant
EGFR signalling is closely linked to increased cancer cell aggressiveness and poorer clinical
outcomes [67].

EGFR inhibitors disrupt this signalling and are classified into monoclonal antibodies
and tyrosine kinase inhibitors (TKIs) [68]. Monoclonal antibodies, such as panitumumab
and cetuximab, target EGFR’s extracellular domain, blocking ligand binding and preventing
receptor activation [69]. By suppressing EGFR-dependent pathways, these antibodies slow
tumour growth and enhance cancer cell susceptibility to treatments like chemotherapy and
radiation therapy [70].

Conversely, TKIs, including gefitinib, erlotinib, and osimertinib, act on the intracellular
tyrosine kinase domain of EGFR [71,72]. These small molecules competitively inhibit ATP
binding, a crucial step for receptor phosphorylation and activation [73]. TKIs are especially
effective in NSCLC patients with EGFR-activating mutations, such as exon 19 deletions
or the L858R substitution in exon 21 [74]. These mutations increase EGFR kinase activity,
making tumour cells heavily reliant on EGFR signalling for survival—a phenomenon
known as “oncogene addiction” [75,76].

3.3.2. Anti-EGFR Antibody Characteristics

Anti-EGFR antibodies shown in Table 3 are monoclonal antibodies targeting the
EGFR, inhibiting tumour growth and proliferation. These antibodies block ligand binding,
preventing downstream signalling pathways like MAPK and PI3K/AKT. Primarily used in
cancers such as colorectal and head and neck, they enhance therapeutic efficacy, especially
in patients with wild-type RAS genes, and are critical in precision medicine [77,78].

Table 3. Comparison between anti-EGFR antibodies. Summary, indications, dosages, and side effects
of each.

Antibodies Remarks Reference

Cetuximab

“Cetuximab is a chimeric monoclonal antibody that targets the epidermal growth
factor receptor (EGFR), a transmembrane protein frequently overexpressed in
several cancers”. By binding to EGFR, it disrupts downstream signalling pathways
involved in cell proliferation, survival, and angiogenesis. Cetuximab is primarily
indicated for metastatic colorectal cancer (mCRC) and squamous cell carcinoma of
the head and neck (SCCHN).
Indications and dosage:

1. mCRC: Used either as monotherapy or in combination with chemotherapy
regimens such as FOLFIRI or FOLFOX in patients with wild-type KRAS or
NRAS tumours;

2. SCCHN: Administered with platinum-based chemotherapy for metastatic or
recurrent cases or alongside radiation therapy for locally advanced disease;

3. Dosage: The initial loading dose is 400 mg/m2, followed by weekly
intravenous infusions of 250 mg/m2.

Side Effects: Common adverse reactions include an acneiform rash,
hypomagnesaemia, infusion-related reactions, and diarrhoea. The presence of a
skin rash is often associated with better treatment outcomes.

[79]
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Table 3. Cont.

Antibodies Remarks Reference

Panitumumab

Panitumumab is a fully human monoclonal antibody that also targets EGFR,
inhibiting ligand binding and subsequent activation of cancer-promoting
pathways. It is primarily employed in the treatment of NRAS mCRC or wild-type
KRAS. Being fully human, panitumumab has a reduced risk of immunogenicity
compared to chimeric antibodies like cetuximab.
Indications and Dosages

1. mCRC: Panitumumab is approved as monotherapy or in combination with
chemotherapy regimens for patients with wild-type RAS tumours.

The standard dosage is 6 mg/kg administered every two weeks via intravenous
infusion.
Side Effects
Panitumumab’s adverse effects resemble those of cetuximab, including acneiform
dermatitis, hypomagnesaemia, and infusion-related reactions. Rare but serious
side effects include pulmonary fibrosis and severe diarrhoea.

[80,81]

Amivantamab

Amivantamab is a bispecific monoclonal antibody that simultaneously targets
EGFR and MET, two proteins involved in oncogenic signalling. This dual action is
particularly beneficial for tumours with EGFR exon 20 insertions, frequently
observed in non-small cell lung cancer (NSCLC). In addition to inhibiting these
pathways, amivantamab also triggers antibody-dependent cellular cytotoxicity
(ADCC).
Indications and Dosage

1. NSCLC: Used for advanced or metastatic NSCLC with EGFR exon
20 insertion mutations, particularly after disease progression on
platinum-based chemotherapy;

2. Dosage: The initial loading dose is weight-based—1050 mg for patients
under 80 kg and 1400 mg for those 80 kg or above. It is administered weekly
for the first four weeks, followed by biweekly intravenous infusions.

Side Effects: Common side effects include infusion-related reactions, rash,
paronychia, and gastrointestinal symptoms such as nausea and diarrhoea.
Infusion reactions tend to occur most frequently with initial doses, necessitating
premedication with antihistamines and corticosteroids.

[82]

3.3.3. FOLFIRI and FOLFOX

They are chemotherapy regimens commonly used to treat colorectal cancer. They are
named based on the combination of drugs included in each regimen:

1. FOLFIRI:
FOL—Leucovorin (folinic acid);
F—5-Fluorouracil (5-FU);
IRI—Irinotecan.
FOLFIRI is often used as a first- or second-line treatment for metastatic colorectal cancer.
2. FOLFOX:
FOL—Leucovorin (folinic acid);
F—5-Fluorouracil (5-FU);
OX—Oxaliplatin.
FOLFOX is frequently used as an adjuvant therapy after surgery or as a first-line

treatment for advanced colorectal cancer. Both regimens aim to inhibit cancer cell growth
by targeting DNA replication and repair. The choice between FOLFIRI and FOLFOX
depends on factors such as the patient’s overall health, tumour characteristics, and prior
treatments [83].
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4. VEGF/VEGFR Inhibition Cancer Therapy

4.1. Targeting Angiogenesis in Cancer: VEGF/VEGFR Pathway

Angiogenesis plays a fundamental role in cancer growth and progression. Tumours ex-
ploit this process to establish a blood supply, ensuring the delivery of oxygen and nutrients
essential for their expansion and metastasis. The vascular endothelial growth factor (VEGF)
signalling pathway, which involves VEGF and its receptor VEGFR, is a key regulator of
angiogenesis [84]. The development of monoclonal antibodies (mAbs) and other inhibitors
that target this pathway has led to significant advancements in cancer treatment.

4.2. Angiogenesis and the VEGF/VEGFR Pathway

The VEGF family comprises several ligands, including VEGF-A, VEGF-B, VEGF-C,
and VEGF-D, which interact with VEGFRs—specifically VEGFR-1, VEGFR-2, and VEGFR-
3—on endothelial cells. Among these, VEGF-A is the primary driver of tumour-induced
angiogenesis. When VEGF-A binds to VEGFR-2, it triggers downstream signalling cascades
such as PI3K/AKT and MAPK, promoting endothelial cell proliferation, migration, and
the formation of new blood vessels [85]. Many tumours overexpress VEGF to accelerate
angiogenesis, fostering their growth and metastatic potential [86].

Blocking VEGF/VEGFR signalling interferes with tumour vascularisation, leading
to the regression of blood vessels and a decrease in the supply of oxygen and nutrients
to cancerous tissues [87]. This therapeutic approach, often referred to as a “starvation”
strategy, has demonstrated effectiveness in several types of cancer.

4.3. Indications for VEGF/VEGFR Inhibitors

A review explores the clinical effects of combining ramucirumab, a VEGFR-2 inhibitor,
with docetaxel in patients with non-small cell lung cancer (NSCLC) who have previously
received immunotherapy. The study evaluates the impact of this combination on tumour
progression and overall survival. The findings highlight the potential of anti-angiogenic
therapy alongside chemotherapy as a second-line treatment for advanced NSCLC, offering
valuable insights into its efficacy and safety profile [88]. VEGF/VEGFR inhibitors are used
to treat various cancers by targeting angiogenesis. Bevacizumab is approved for colorectal,
lung, renal, ovarian, and glioblastoma. Tyrosine kinase inhibitors (TKIs) like sunitinib and
axitinib treat renal cell carcinoma (RCC) and hepatocellular carcinoma. Ramucirumab is used
for gastric, lung, and hepatocellular cancers. These inhibitors reduce tumour vascularisation,
limiting oxygen and nutrient supply, thereby slowing tumour progression. Beyond oncology,
they are explored for retinal diseases like age-related macular degeneration. Their efficacy is
often enhanced in combination with chemotherapy or immunotherapy [89].

Under normal oxygen levels, HIF-α is hydroxylated by PHD, bound by VHL, and
degraded via ubiquitination. In hypoxia, HIF-α stabilises, translocates to the nucleus, and
dimerizes with HIF-β, activating genes with hypoxia-responsive elements (HREs) that regu-
late angiogenesis, survival, metabolism, and proliferation to adapt to low oxygen conditions.

Having described the VEGF/VEGFR inhibition cancer therapy, we now look at emerg-
ing strategies including tumour cell surface marker: Trop-2, next generation antibodies,
and IgE antibodies against tumours.

5. Emerging Strategies (Trop-2 ADCs, Combinatorial Approaches,
Next-Generation Abs)

5.1. Tumour Cell Surface Marker: Trop-2

Trop-2 is a protein found in high amounts on the surface of certain cancer cells,
including those in breast, bladder, lung, and stomach cancers. It supports tumour growth
by helping cells multiply, spread, and avoid death. This makes it a useful target for
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treatments that deliver toxic drugs directly to cancer cells. Blocking Trop-2 may slow disease
progression, as its presence is linked to more aggressive cancers and poorer outcomes.
Research continues to explore its role in therapy development.

5.2. Mechanism of Action: Trop-2 ADCC

Trop-2 is a surface protein highly expressed in various cancers, including breast, lung,
and gastrointestinal tumours. It promotes cancer progression by enhancing cell growth,
migration, and survival. Due to its role in tumour aggressiveness and poor prognosis,
Trop-2 has become a promising target for antibody–drug conjugates and other therapies.
Research highlights its potential for improving cancer treatment by selectively targeting
malignant cells while sparing healthy tissues, making it a valuable focus for ongoing clinical
development. The ADC strategy involves using monoclonal antibodies (mAbs) conjugated
to cytotoxic agents. One of the prominent ADCs targeting Trop-2 is sacituzumab govitecan,
approved for TNBC and urothelial carcinoma. The ADC binds specifically to Trop-2 on
tumour cell surfaces, internalises into the cell, and releases the cytotoxic payload. This
mechanism spares normal tissues while maximising tumour cell death, reducing off-target
toxicity. SN-38, the active metabolite of irinotecan, serves as the cytotoxic payload in
sacituzumab govitecan, where it interferes with DNA replication, leading to tumour cell
apoptosis [90–93].

Sacituzumab govitecan (Trodelvy) is an FDA-approved antibody–drug conjugate
(ADC) designed to target Trop-2, a protein that is frequently overexpressed in multiple
cancers. Regulatory approval has been granted for its use in treating [94]:

� Metastatic triple-negative breast cancer (mTNBC): Approved in 2020 for individu-
als who have previously undergone at least two treatment regimens for metastatic
disease;

� HR-positive/HER2-negative metastatic breast cancer: Approved in 2023 for patients
who have received prior endocrine therapy along with at least two systemic treatments;

� Locally advanced or metastatic urothelial carcinoma: Approved in 2021 for pa-
tients who have been previously treated with platinum-based chemotherapy and a
PD-1/PD-L1 inhibitor.

5.3. Other Trop-2 ADCs in Development

Datopotamab deruxtecan (Dato-DXd) is another Trop-2 ADC that utilises a topoiso-
merase inhibitor as its cytotoxic component, delivered through a tumour-selective, stable
tetra-peptide-based cleavable linker. Datopotamab deruxtecan (brand name Datroway)
was granted FDA approval on 17 January 2025, for adult patients with unresectable or
metastatic hormone receptor (HR)-positive, HER2-negative breast cancer who have previ-
ously undergone endocrine therapy and chemotherapy for advanced disease [95,96].

These agents demonstrate promise across various Trop-2 overexpressing malignancies
in early-phase trials. Despite advancements in Trop-2-directed ADC treatments, significant
hurdles remain. These include fluctuations in Trop-2 expression, resistance development,
ADC stability concerns, and the absence of reliable biomarkers to predict therapeutic
success. Future studies should prioritise refining biomarker assays to accurately identify
patients who will respond best to Trop-2-targeted ADCs. This could involve integrating
methods like immunohistochemistry, flow cytometry, and molecular diagnostics. Estab-
lishing a clear link between Trop-2 expression levels and treatment response may aid in
selecting suitable patients and adjusting dosages where necessary. Improving antibody
specificity is crucial to targeting Trop-2 on cancer cells while reducing activity in healthy
tissues, thereby minimising unintended toxicity. Predicting toxicity risks from combination
therapies can be enhanced through gene editing techniques and 3D tumour culture models.
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Additionally, advanced data analytics, including machine learning, can help anticipate po-
tential side effects based on patient-specific information. However, as with most cytotoxic
treatments, the long-term effectiveness of monotherapy remains limited due to resistance
development [97].

5.4. Next Generation Antibodies

With advancements in next-generation antibody technologies, the development of
highly targeted therapies for tumours has significantly evolved. Innovations such as
single-chain variable fragments, nanobodies, bispecific antibodies, Fc-engineered variants,
antibody mimetics, and antibody–drug conjugates have enhanced precision in targeting
tumour-specific antigens while minimising off-target effects [98].

These strategies improve therapeutic efficacy, reduce resistance, and enable combina-
tion approaches with immune checkpoint inhibitors and other modalities. The emergence of
antibody biosimilars has also expanded accessibility, ensuring broader clinical applications
in oncology and improving patient outcomes in various malignancies [98,99]. Monoclonal
antibody development techniques include hybridoma technology, B cell immortalisation,
bacterial display, yeast display, phage display, ribosome display, mammalian cell display,
DNA-encoded antibodies, RNA-encoded antibodies, transgenic animal technology, single
B cell technology, and artificial intelligence/machine learning [98].

Next-generation antibody technologies are transforming tumour defence, yet several
emerging advancements remain underdiscussed. One promising approach is computa-
tionally designed de novo antibodies, which use AI-driven algorithms to create highly
specific antibodies against tumour-associated antigens, even those with minimal immune
visibility. This enables the rapid development of personalised therapies targeting unique
cancer profiles. AI-driven cancer vaccines enhance precision by optimising epitope design,
mRNA/DNA instructions, and patient-specific responses. Despite challenges like tumour
heterogeneity and ethical concerns, AI integration promises personalised immunotherapies,
advancing cancer treatment through interdisciplinary collaboration and innovation [100].

Synthetic antigen receptors (SARs) are an alternative to chimeric antigen receptors
(CARs) and offer greater precision in tumour recognition, reducing off-target toxicity. Addi-
tionally, self-assembling antibody scaffolds allow for multi-target engagement, improving
efficacy against tumours with heterogeneous antigen expression. This is particularly
relevant in solid tumours, where immune evasion is a major challenge [101,102]. Glycoengi-
neered antibodies are also gaining attention, as modified glycosylation patterns enhance
immune activation, leading to stronger antibody-dependent cellular cytotoxicity against
tumour cells [103].

5.5. IgE Antibodies Against Tumours

IgE immunotherapy is an emerging approach in cancer treatment that utilises FcεRI-
expressing immune cells, such as mast cells, basophils, and eosinophils, to enhance immune
surveillance and antibody-dependent cellular cytotoxicity (ADCC). Unlike traditional
IgG-based therapies, IgE can bypass immune resistance and activate potent anti-tumour
responses. A key example is MOv18 IgE, targeting folate receptor-α in ovarian cancer,
which has entered clinical trials. Preclinical studies further suggest that IgE-based thera-
pies promote long-term anti-tumour immunity. Given its tumour specificity and distinct
mechanisms of action, IgE immunotherapy presents a novel and complementary strategy
in oncology, warranting further research into its clinical applications. Several IgE-based
therapies (e.g., MOv18 IgE targeting folate receptor-α in ovarian cancer) are currently under
clinical investigation [104].

FRα is a promising target for cancer therapy due to its high tumour specificity and
stability post-chemotherapy. MOv18 IgE and IMGN853 have shown early potential, though
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robust clinical data are lacking. Farletuzumab’s Phase III trials had mixed results, while
FRα-specific CAR-T cells offer a novel approach, pending resolution of efficacy and toxicity
challenges [105].

The study examines the potential of IgE antibodies, specifically MOv18 IgE, as a more
effective cancer therapy compared to traditional IgG antibodies. IgE antibodies exhibit a
significantly higher affinity for Fc receptors on immune cells such as natural killer (NK)
cells and macrophages, which enhances their ability to mediate immune responses against
cancer cells. Preclinical studies have shown that IgE can induce superior anti-tumour
activity compared to IgG in various animal models, suggesting that IgE’s unique binding
properties may translate to improved clinical efficacy. To investigate the safety and efficacy
of MOv18 IgE, a chimeric monoclonal IgE targeting the human folate receptor-alpha (FRα)
was subjected to a Phase I clinical trial. Patients with solid tumours expressing FRα
were administered escalating doses of MOv18 IgE, following skin prick tests to mitigate
potential allergic reactions. The trial involved 24 patients, primarily with ovarian or
endometrial cancers, who received up to six weekly infusions. The trial reported dose-
limiting toxicities, including instances of urticaria and anaphylaxis at specific doses. The
safety profile was deemed tolerable, with cutaneous reactions being the most common
adverse events. Despite these challenges, there was evidence of anti-tumour activity among
patients, with some exhibiting stable disease or responses. In summary, the trial highlights
the promise of IgE therapy in cancer treatment, particularly emphasising the need for
careful monitoring and patient selection to ensure safety while exploring the potential
benefits of this novel treatment approach. Further studies are required to ascertain the
full clinical efficacy and identify the maximum tolerated dose of MOv18 IgE [106]. IgE
promotes anti-tumour immunity by activating Fc receptors on immune cells, inducing
ADCC, ADCP, and degranulation, which release toxic mediators. It enhances antigen
presentation and may directly inhibit cancer cell growth by blocking receptor signalling,
akin to IgG antibodies (Figure 4) [107].

Figure 4. IgE mediated mechanisms of tumour cell death. Adapted from open access journal
referenced Sutton, B.J. et al. Antibodies 2019, 8, 19 [107]. Adaptation made by MDPI author services.
ID: English-91110.
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We explore chimeric antibodies in CAR-T cells, which enhance tumour targeting by
combining the specificity of monoclonal antibodies with T-cell activation.

6. Integration of Monoclonal Antibodies with Chimeric Antigen
Receptor (CAR) T-Cell Therapy

The development of monoclonal antibodies (mAbs) has significantly transformed
cancer therapy by providing precise targeting mechanisms for various malignancies. When
combined with chimeric antigen receptor (CAR) T-cell therapy, mAbs enhance immunother-
apeutic effectiveness, offering tailored approaches to both haematological and solid tumour
treatment [108].

Monoclonal antibodies function by specifically recognising and binding to antigens
present on cancer cell surfaces. This targeted interaction either inhibits tumour growth
directly or facilitates immune-mediated destruction. In CAR T-cell therapy, T cells are
genetically engineered to express receptors that identify particular antigens, thereby in-
creasing their capacity to recognise and eliminate malignant cells. This synergistic approach
ultimately leads to better clinical outcomes [108,109].

For haematological malignancies such as acute lymphoblastic leukaemia (ALL) and
certain lymphomas, CAR T-cell therapy has yielded exceptional results. CD19, a frequently
targeted antigen, has been pivotal in these advancements [110,111]. CAR T-cell therapies
like Kymriah and Yescarta, which specifically target CD19-positive cells, have demonstrated
high remission rates in patients with refractory diseases, establishing them as standard
treatments for select haematological cancers [112,113].

Additionally, the use of mAbs can further strengthen CAR T-cell therapy. For example,
combining CAR T-cells with mAbs that inhibit co-inhibitory molecules, such as PD-1, can
enhance T-cell activity and improve antitumour responses [114]. This strategy is particularly
valuable in overcoming the immunosuppressive effects of the tumour microenvironment,
which is a major challenge in treating solid tumours.

Solid tumour treatment with CAR T-cell therapy is complicated due to tumour hetero-
geneity and an immunosuppressive microenvironment that hinders T-cell efficacy [115].
While conventional mAbs have faced limitations in these settings due to antigen variability
and tumour aggressiveness [116], integrating CAR technology with mAbs presents a novel
strategy to improve treatment outcomes.

For solid tumours, targetable antigens include overexpressed proteins unique to spe-
cific cancer types. CAR T-cells can be designed to recognise markers such as HER2 or
tumour-associated antigens (TAAs) like carcinoembryonic antigen (CEA) [117]. By lever-
aging mAbs in conjunction with CAR T-cells, enhanced T-cell activation can be achieved,
offering a dual-targeting approach against tumours [118].

Another promising area of research involves bispecific antibodies, which can bind
simultaneously to both tumour cells and T cells, promoting T-cell activation and recruitment
to tumour sites [119]. These bispecific constructs, which target both the T-cell receptor and
tumour-specific antigens, hold the potential for improving CAR T-cell efficacy, particularly
in solid tumours.

However, challenges persist in incorporating mAbs into CAR T-cell therapies. Identify-
ing tumour-specific antigens that ensure selective targeting without affecting normal tissues
remains critical [120]. Additionally, the immunosuppressive tumour microenvironment
necessitates further strategies to sustain T-cell function and improve therapeutic efficacy.

Ongoing research continues to refine these approaches. Investigators are exploring
combination therapies that incorporate mAbs with checkpoint inhibitors, cytokines, and
other immunotherapeutic agents. Efforts to enhance CAR construct designs and prolong
T-cell persistence through genetic modifications are also being pursued [121].
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In conclusion, integrating monoclonal antibodies with CAR T-cell therapy represents
a promising advancement in cancer immunotherapy, offering solutions for both haema-
tological and solid tumours. As research progresses, these therapies may become even
more effective, leading to improved patient survival and treatment outcomes. Future
clinical trials and ongoing studies will be crucial in determining the optimal approaches
for harnessing the full potential of these immunotherapeutic strategies [122], as illustrated
in Figure 5.

Figure 5. CAR-T cell immunotherapy for cancer. Adapted from Open access journal referenced
by Majumder, A. Cancers 2023, 16, 39 [122]. Adaptation performed by MDPI author service. ID:
English-90959.

We summarise below some issues in cancer antibody immunotherapy including recent
FDA approval of next-generation antibodies for cancer and we finalise with a subtopic that
has brought attention in oncology: IgA and cancer.

7. Other Issues in Cancer Immunotherapy

7.1. Recent FDA Approval of Next-Generation Antibodies for Cancer

Next-generation antibodies for cancer, including bispecific and antibody–drug conju-
gates, have received FDA approvals, enhancing targeted therapies. These advancements
improve efficacy, reduce toxicity, and offer promising treatment options for various malig-
nancies. Recent FDA approvals of next-generation antibodies, such as immune checkpoint
inhibitors and bispecific antibodies, revolutionise cancer treatment. These therapies en-
hance immune response, target tumour cells precisely, and improve patient overall survival
with reduced side effects. These innovations not only target cancer cells with higher preci-
sion but also help overcome resistance mechanisms. FDA-approved therapies continue to
evolve, providing new hope for patients with previously hard-to-treat cancers.

“Advanced, unresectable, or metastatic non–small cell lung cancer (NSCLC) har-
bouring a neuregulin 1 (NRG1) gene fusion with disease progression on or after prior
systemic therapy. Advanced, unresectable, or metastatic pancreatic adenocarcinoma har-
bouring an NRG1 gene fusion with disease progression on or after prior systemic ther-
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apy”. Zenocutuzumab-zbco (Bizengri) [123] was approved by the FDA in 2024 against
these tumours.

“Relapsed or refractory multiple myeloma (RRMM) in adult patients who have re-
ceived at least four prior lines of therapy, including a proteasome inhibitor, an immunomod-
ulatory agent, and an anti-CD38 monoclonal antibody”. Regarding elranatamab-bcmm
(Elrexfio) [124], FDA approved in 2023 against this tumour. “Relapsed or refractory mul-
tiple myeloma (RRMM) in adult patients who have received at least four prior lines of
therapy”. Talquetamab-tgvs (Talvey) [125] was approved by the FDA in 2023 against
this tumour.

“Relapsed or refractory diffuse large B-cell lymphoma (DLBCL) not otherwise speci-
fied or large B-cell lymphoma (LBCL) arising from follicular lymphoma, after two or more
lines of systemic therapy”. Glofitamab-gxbm (Columvi) [126] was approved by the FDA in
2023 for the treatment of this tumour.

“Relapsed or refractory diffuse large B-cell lymphoma (DLBCL) after two or more
lines of systemic treatment, including DLBCL caused by indolent lymphoma and advanced
B-cell lymphoma after two or more systemic treatments”. Epcoritamab-bysp (Epkinly) [127]
was approved by the FDA in 2023 against this tumour.Yes

“Folate receptor alpha (FRα)-positive, platinum-resistant epithelial ovarian, fallopian
tube, or primary peritoneal cancer who have received one to three prior treatments”.
Mirvetuximab soravtansine (Elahere) [128] was approved by the FDA in 2022 against
this tumour.

7.2. Exploring IgA Antibodies in Cancer Therapy: A Focus on Mucosal Surface Tumour

IgA antibodies are essential for immune defence at mucosal surfaces, including the
respiratory, gastrointestinal, and urogenital tracts. They are the first line of defence against
pathogens, preventing infections at these sites. Recently, IgA antibodies have gained
attention in cancer immunotherapy, particularly for targeting mucosal cancers, such as
those of the colon, oesophagus, and head and neck. These cancers often arise in areas
rich in mucosal tissues, making IgA antibodies a promising tool for localised therapy.
The potential of IgA antibodies in cancer therapy lies in their ability to recognise tumour-
associated antigens present on mucosal surfaces. When these antibodies bind to such
antigens, they can trigger immune responses at the tumour site, activating mechanisms
such as complement activation and antibody-dependent cellular cytotoxicity (ADCC).
These processes lead to the destruction of tumour cells while sparing normal, healthy tissue.
This targeted approach reduces the likelihood of systemic toxicity, a common issue with
many conventional cancer treatments. Researchers are currently focusing on engineering
IgA antibodies to enhance their therapeutic efficacy. Advances include increasing their
affinity for cancer cell antigens, improving their stability in circulation, and optimising
their ability to induce immune responses specifically at mucosal sites. This targeted
strategy could make IgA-based therapies particularly effective for cancers that are difficult
to treat with systemic therapies alone. In addition, IgA antibodies have the advantage
of being able to provide both local and systemic protection against cancer, which could
result in better patient outcomes. As research in this area continues, IgA antibodies
hold significant promise for improving cancer treatment, particularly in patients with
mucosal cancers, offering a more specific and less toxic alternative to current therapies.
The connection to immunoglobulin A (IgA) in this context could refer to the role of IgA
in the mucosal immune system, particularly in the lungs. IgA is involved in the first line
of defence against respiratory pathogens, including bacteria like Chlamydia pneumoniae.
The infection may influence the immune response in lung cancer patients, potentially
affecting the tumour microenvironment, immune evasion, or the body’s ability to fight
cancer. Investigating this connection might offer insights into how infections like Chlamydia
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pneumoniae modulate cancer progression through immune pathways, particularly involving
IgA. Another connection between immunoglobulin A (IgA) and cancer in this context
might relate to IgA’s role in the mucosal immune system, which is particularly important
in cancers like cervical cancer, where the tumour is often exposed to external pathogens.
IgA is a key antibody in defending mucosal surfaces (such as the cervix) from infections,
and its levels may change in response to immune checkpoint blockade therapy. Since
ICIs can alter immune responses, this study could provide valuable insights into how
IgA and other immune markers in peripheral blood might influence treatment responses,
potentially serving as biomarkers for prognosis or treatment efficacy in cervical cancer
patients. IgA plays a crucial role in the immunity of the respiratory and gastrointestinal
tracts, where EBV is often initially encountered. The study’s focus on anti-EBV antibody
responses could explore how sex differences in IgA levels or activity contribute to the
immune system’s ability to control or eliminate EBV, a well-known virus directly involved
in the immunopathogenesis of several cancers, including those of the head and neck. A
stronger or weaker immune response could influence susceptibility to EBV-related cancers
or affect the progression of existing malignancies. It could also inform how immune
checkpoint blockade therapies or other immunotherapies might vary by sex in terms of
efficacy, particularly in cancers associated with EBV [129–132].

7.3. Engineered IgA for Cancer Immunotherapy: Targeting Tumours in Mucosal Tissues

Secretory immunoglobulin A (IgA), the predominant antibody in mucosal secretions,
can be engineered for cancer immunotherapy to target tumours in mucous membranes.
Unlike IgG-based therapies, IgA naturally interacts with the polymeric immunoglobulin
receptor (pIgR) and the Fc alpha receptor (FcαRI), facilitating efficient immune activation
in mucosal tissues. Engineered IgA antibodies can enhance tumour cell destruction by
promoting neutrophil-mediated antibody-dependent cellular cytotoxicity (ADCC) and
phagocytosis. Additionally, IgA can be designed to improve stability, reduce degradation
in mucosal environments, and enhance tumour specificity. Combining IgA with other
immune modulators, such as checkpoint inhibitors, may further strengthen anti-tumour re-
sponses. Research suggests that IgA-based therapies could be particularly effective against
mucosal malignancies, including colorectal, lung, and cervical cancers. Figure 6 shows the
use of secretory IgA against tumour cells. While challenges such as manufacturing and
immune regulation remain, IgA engineering offers a promising avenue for mucosal cancer
immunotherapy, harnessing the body’s natural defence mechanisms in these specialised
environments. IgA antibodies hold promise as anti-cancer therapeutics, but their clinical
translation faces challenges due to limitations in half-life and production. Engineering
strategies have improved IgA developability, achieving production levels comparable to
IgG and enhancing glycan homogeneity. However, extending IgA’s serum half-life re-
mains a challenge, with FcRn-binding sites and IgG fusion strategies showing potential.
Neutrophil-engaging bispecific molecules offer promise but require further refinement.
While a long half-life is beneficial, IgA’s six-day duration provides a potent, short-lived
impact on tumours, positioning it between prolonged IgG exposure and small molecule
therapies, expanding its potential for targeted cancer treatment [133].

The alternative pathway of the complement system is continuously active at a low
level (tick-over mechanism) and can be amplified if C3b is deposited on tumour cell
surfaces. However, tumour cells often express complement regulatory proteins (e.g., CD55,
CD46, CD59) that prevent complement-mediated attack, reducing the effectiveness of this
pathway. If these regulatory mechanisms are overcome (e.g., via therapeutic interventions
or immune dysregulation), the alternative pathway can promote complement-dependent
cytotoxicity (CDC) against tumour cells (Figure 6).
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Figure 6. Complement activation via the alternative and lectin pathways can occur against tumour
cells in mucosal secretions, but its effectiveness depends on several factors, including tumour cell
surface properties, immune evasion mechanisms, the presence of secretory IgA (sIgA), and epithelial
interactions. Elaborated by authors with the help of MDPI author services. MDPI author service ID:
English-90959.

Tumour cells often exhibit altered glycosylation patterns, which can be recognised by
mannose-binding lectin (MBL) or ficolins, leading to complement activation. The MBL-
associated serine proteases (MASPs) then cleave C4 and C2, forming the C3 convertase,
which can initiate downstream complement activation and contribute to tumour cell lysis
or immune modulation. sIgA is not a strong activator of complement, but it can interact
with epithelial cells, tumour-associated antigens, and innate immune receptors, indirectly
influencing tumour cell recognition. Epithelial cells in mucosal tissues may contribute
to tumour immunity by modulating complement activity and immune responses in the
tumour microenvironment [134–136].

The potential outcomes of complement activation against tumours:
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1. Direct Tumour Cell Lysis: If complement activation overcomes regulatory mecha-
nisms, membrane attack complex (MAC) formation can lead to tumour cell death;

2. Opsonization and Phagocytosis: C3b deposition enhances recognition by immune
cells, facilitating phagocytosis and antigen presentation;

3. Pro-Inflammatory Responses: Complement components (e.g., C5a, C3a) can recruit
immune cells to the tumour microenvironment, promoting an anti-tumour response;

4. Immune Evasion: Many tumour cells resist complement attack by overexpressing
complement inhibitors, limiting complement-mediated destruction.

8. Conclusions

Monoclonal antibodies (mAbs) have significantly transformed cancer therapy by
providing highly specific, targeted treatment. These laboratory-engineered molecules
identify and bind to antigens on cancer cells, leading to tumour inhibition through direct
cytotoxicity, immune activation, and disruption of cancer-promoting pathways.

A key immune-mediated mechanism of mAbs is antibody-dependent cellular cyto-
toxicity, where natural killer cells bind to the Fc region of antibody-coated cancer cells,
triggering apoptosis. This approach is central to therapies like rituximab for B-cell ma-
lignancies and trastuzumab for HER2-positive breast cancer. Additionally, checkpoint
inhibitors such as pembrolizumab and nivolumab restore T-cell function by blocking im-
mune checkpoint proteins, enhancing the immune response against tumours. Another
category of antibody–drug conjugates like ado-trastuzumab emtansine delivers cytotoxic
agents directly to cancer cells while minimising damage to healthy tissue.

Despite their success, monoclonal antibodies face challenges, including resistance
due to antigen loss, tumour microenvironment modifications, or activation of alternative
survival pathways. Tumour evasion strategies, such as immune checkpoint modulation
and recruitment of immunosuppressive cells, also limit efficacy. Furthermore, high costs,
complex production, and the need for specialised administration reduce accessibility,
particularly in resource-limited settings. Immune-related adverse effects, especially with
checkpoint inhibitors, can also pose risks.

To overcome these limitations, research is advancing novel strategies. Bispecific
antibodies, targeting two antigens simultaneously, enhance tumour targeting and immune
activation by directly linking immune cells to cancer cells. Next-generation antibody–drug
conjugates with improved linker stability and potent cytotoxic payloads ensure precise
tumour targeting while reducing off-target effects. Engineering Fc regions to enhance
antibody-dependent cellular cytotoxicity is another approach to improve immune-mediated
tumour clearance.

Combination therapies, integrating monoclonal antibodies with checkpoint inhibitors,
CAR T-cell therapy, or small-molecule inhibitors, are showing promising results in im-
proving efficacy and reducing resistance. Advances in personalised medicine enable better
patient selection and tailored treatments, maximising therapeutic benefits.

Additionally, multispecific antibodies, targeting multiple pathways, are emerging as
an effective approach, particularly in cancers with complex immune evasion mechanisms.
Enhancing complement activity by blocking tumour-associated complement inhibitors may
further strengthen immune responses, particularly in mucosal cancers. As research pro-
gresses, the integration of these approaches is expected to drive the next phase of advanced
cancer therapies, offering more personalised, durable, and effective treatment options.
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Abstract: Objective: We developed a targeted integration-based CHO cell platform for
simultaneous antibody display and secretion, enabling a streamlined transition from anti-
body library screening to production without requiring the re-cloning of antibody genes.
Methods: The platform consists of a CHO master cell line with a single-copy landing
pad, a helper vector expressing FLPe recombinase, and bi-functional targeting vectors.
Recombinase-mediated cassette exchange was utilized to integrate targeting vectors into
the landing pad. Bi-functional vectors were designed by incorporating a minimal furin
cleavage sequence (mFCS), RRKR, and various 2A peptides between the heavy chain (HC)
and a membrane anchor. Results: Incomplete cleavage at the mFCS and 2A sites facili-
tated the expression of both membrane-bound and secreted antibodies, while mutations
in the 2A peptide produced a range of display-to-secretion ratios. However, a fraction of
secreted antibodies retained 2A residues attached to the HC polypeptides. Further analysis
demonstrated that modifying the first five amino acids of the 2A peptide significantly
influenced furin cleavage efficiency, resulting in different display-to-secretion ratios for
targeting vectors containing mFCS-2A variant combinations. To overcome this, we de-
signed nine-amino-acid FCS variants that, when placed between the HC and membrane
anchor, provided a range of display-to-secretion ratios and eliminated the issue of attached
2A residues in the secreted antibodies. Vectors with lower display levels proved more
effective at distinguishing cells expressing high-affinity antibodies with closely matched
binding affinities. The platform also demonstrated high sensitivity in isolating high-
affinity antibody-expressing cells and supported robust antibody production. Conclusion:
This targeted integration-based CHO platform enables efficient, in-format screening and
production of antibodies with tunable display-to-secretion profiles. It provides a pow-
erful and scalable tool for accelerating the development of functional, manufacturable
therapeutic antibodies.

Keywords: CHO cells; antibodies; recombinase-mediated cassette exchange; manufacturability;
functionality; simultaneous display and secretion
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1. Introduction

Therapeutic immunoglobulin G (IgG) monoclonal antibodies have become the best-
selling biopharmaceutical products on the market [1]. However, their development re-
mains a technically challenging, time-consuming, and expensive process. The general
antibody development workflow begins with the discovery phase, followed by produc-
tion in mammalian cells and subsequent preclinical and clinical studies before market
approval. Traditionally, antibody discovery has relied on either in vivo immunization of
animals or in vitro display-based technologies. In vivo immunization triggers an immune
response in animals, followed by the use of hybridoma or single B cell technologies to
discover high-affinity, highly specific monoclonal antibodies [1,2]. On the other hand,
in vitro display technologies, such as phage-, bacteria-, and yeast-display, identify high-
affinity antibodies through high-throughput screening of immunized, naïve, and synthetic
or semi-synthetic libraries [3]. Following this discovery, the identified antibodies are then
cloned and expressed through transient transfections in mammalian cells to generate small
quantities for affinity, specificity, and in vitro cell-based testing. Subsequently, lead anti-
bodies are produced in large quantities using stably transfected Chinese hamster ovary
(CHO) cells for further developability assessment, animal studies, and clinical trials. CHO
cells have become the preferred choice for the mass production of therapeutic antibodies
due to their high yield and ability to properly fold and assemble complex proteins with
human-like glycosylations.

In the current process of antibody development, the transition from antibody discovery
to production involves shifts in production strategies and host cells, such as transitioning
from transient to stable production and changing from mouse cells and HEK293 cells to
CHO cells. In addition, antibodies identified through microbial system-based display are
usually in the form of single-chain variable fragment (scFv) or fragment antigen binding
(Fab) fragments and lack natural post-translational modifications, necessitating conversion
into full-length antibodies, the final format for production in mammalian cells. These
modifications often result in changes to antibody function, expression level, and biophysical
properties, which can increase both costs and timelines, along with the risk of failure [4,5].
Therefore, the development of novel technologies is needed to bridge the gap between
antibody discovery and production.

The mammalian cell-based display technologies, which allow the screening of antibod-
ies in their full-length format with authentic post-translational modifications, have become
a more attractive alternative to microbial-based display systems [3,6–10]. Typically, these
technologies display antibodies on the cell surface by genetically fusing the C-terminus
of the heavy chain constant region to a membrane anchor domain, such as the human
platelet-derived growth factor receptor (PDGFR) [11–13] or the glycophospholipid (GPI)
transmembrane domains [14–16]. By double-staining the cell surface with antigens and
antibodies against the constant regions of displayed antibodies, mammalian cell display
enables flow cytometry-based screening of both binding affinity and expression levels of
full-length antibodies [8]. Additionally, cell surface staining signals provide insights into
biophysical properties such as aggregation propensity, polyreactivity, and thermostabil-
ity [17–19]. Mammalian cell display captures all the expressed antibodies on the cell surface.
However, screening for antibodies against difficult-to-express membrane proteins [20] and
additional functionalities, such as cell activation and internalization, requires mammalian
cell libraries that secrete antibodies [7,21–25]. Various microfluidic technologies—based
on compartmentalization in droplets [24,26–28], nanostructures like nanopens [29], or mi-
crocapillaries [30]—have been developed to enable screening for these functionalities in
combination with secretion-based mammalian cell libraries. In addition, large-scale anti-
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body production for animal testing and developability assessments (e.g., stability, viscosity,
and solubility) also requires secretion-mode expression.

To streamline the transition between display and secretion modes without re-cloning
antibody genes, various technologies have been developed to enable the integration of
antibody display and secretion within the same mammalian cell. These technologies can be
grouped into two categories: (1) switchable display-to-secretion systems, which allow anti-
body expression to toggle between display-only and secretion-only modes, and (2) simulta-
neous display and secretion systems, which enable antibodies to be expressed concurrently
both on the cell surface and in a secreted form. Switchable systems include approaches such
as amber suppression [31], inducible fusion of protein A dual Z-domain with PDGFR trans-
membrane domain (ZZ-PDGFR) [7], chemically induced inhibition of furin cleavage [32],
antibiotic-promoted translational readthrough of stop codons [33], the enzyme-cleavable
surface-tethered all-purpose screening system (ECSTASY) [34], and “antibody-membrane
switching” via recombinase-mediated DNA recombination [35–37]. The first four methods
require the addition and removal of specific components—such as non-natural amino
acids, gene expression inducers, furin enzyme inhibitors, or antibiotics—to toggle between
display and secretion modes. This complexity can introduce workflow challenges and lead
to cell-to-cell variability in display due to inconsistent induction. The latter two methods
face limitations in achieving complete switching from display to secretion, due to low DNA
recombination or enzyme cleavage efficiency. Additionally, switchable display-to-secretion
systems lack flexibility in controlling display levels of antibodies, which may need to be
adjusted depending on the application [38].

Simultaneous display and secretion systems include methods such as alternative splic-
ing [22,23,39–41], leaky stop codons [42], minimal furin cleavage sequence (mFCS) [43],
and 2A peptides [44]. Each approach comes with its own challenges. For instance, leaky
stop codons may lead to low membrane-bound antibody display and a lack of control of
display-to-secretion ratios. Similarly, adjusting the display-to-secretion ratio is challenging
with the mFCS. Furin, a naturally occurring protease in the Golgi apparatus, sporadically
cleaves the mFCS. Cleavage results in the secretion of antibodies, while the absence of cleav-
age leads to cell surface-displayed antibodies. The mFCS motif, composed of the conserved
sequence R-X-K/R-R, offers limited engineering flexibility for tuning cleavage efficiency
and thus the ratio of display-to-secretion [45,46]. Different strengths of splicing signals
and 2A peptides have been developed to adjust the ratio of display to secretion [39,41,44].
However, cryptic splicing sites within the heavy chain (HC) gene may lead to the expres-
sion of incorrect products. Meanwhile, 2A peptides, which are 18–22 amino acids long,
enable ribosomal skipping during translation to produce secreted antibodies. When skip-
ping does not occur, antibodies remain surface-bound. Despite their utility, 2A peptides
cleave at the glycine-proline bond, leaving residual fragments (16–20 amino acids) on
secreted antibodies, potentially compromising the antibody’s biophysical and functional
properties [47].

One more key consideration for developing technologies that streamline the transition
from antibody discovery to production is the strategy for introducing antibody genes
into mammalian cells. An ideal approach should meet several criteria: (1) high delivery
efficiency to maximize library size, (2) expression of a single antibody gene per cell to allow
efficient enrichment of clones with desired properties, (3) sustained expression to allow
multiple rounds of enrichment and transition from antibody screening to production, and
(4) high-level expression for generating enough material for testing complexed developa-
bility and functional properties. Transient expression, which has been historically used
for the generation of mammalian cell libraries [48–50], fails to meet these requirements,
as it provides short-term and low expression levels, and limited control over single-gene
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introduction per cell. Episomal plasmid vectors, which replicate without integrating into
the chromosome, extend expression duration but still result in low expression levels and
lack control over single-gene insertion per cell [15,39]. In contrast, stable integration of-
fers both long-term and high-level expression. Methods for stable integration that have
been used in the construction of mammalian cell libraries include random plasmid inte-
gration [15,35,38,43,51], viral-based transduction [12,20,36,52], transposons [22,23,53], and
targeted integration. Random integration has low efficiency and poorly controls single-gene
insertion per cell. Viral transduction and transposon-based methods enhance integration ef-
ficiency, yet they struggle with multiple-gene integration. In addition, these two approaches
lack precise control over insertion sites, leading to transcriptional variation across different
cells that complicates flow cytometry sorting. Targeted integration, achievable through
recombinase- [13,18,19,37,54,55] or nuclease-mediated methods [56–58], has become the
most favorable approach for constructing mammalian cell libraries. This strategy offers
precise integration at desired loci, enabling transcriptional uniformity, effective single-gene
insertion, and high expression levels, ultimately supporting efficient antibody screening
and production.

Previous studies have utilized episomal plasmid vectors [39], transposon expression
systems [22,23], viral transduction [44], and random integration [41,43] for achieving simul-
taneous display and secretion of monoclonal antibodies. However, the reported secreted
titers from these technologies, ranging from 0.1 mg/L to 80 mg/L, are relatively low and
insufficient to meet the requirements for testing antibody properties that demand larger
quantities of antibodies. To address this limitation, we have previously developed a tar-
geted integration-based CHO cell expression system that supports single-copy integration
of targeting plasmid vectors into a predefined active genomic site through FLPe-aided
recombinase-mediated cassette exchange (RMCE) [59]. This system enables rapid antibody
production in stably transfected cell pools, reaching titers of several hundred mg/L in
fed-batch cultures. In this study, we enhanced this system with a set of bi-functional vectors
that enable simultaneous antibody display and secretion at different ratios. With the display
function, this expression system facilitates high-throughput screening to efficiently identify
high-affinity antibodies from a library. The secretion function allows CHO cells express-
ing high-binding antibodies to be further screened for functionality using microfluidic
technologies. Subsequently, identified CHO cells expressing desirable antibodies can be
directly used as production cell lines, generating sufficient material for further developabil-
ity assessments and functional studies. By integrating both capabilities within the same
CHO cells, this platform offers a powerful, streamlined solution for antibody discovery
to production.

2. Materials and Methods

2.1. Construction of Targeting Vectors Expressing Single Antibodies and Antibody Libraries

The secretion vector, containing the sequence FRT3-LC-IRES-HC-IRES-FRT, was syn-
thesized by GenScript and served as the base vector for constructing other targeting vectors
(Figure 1A). Additional targeting vectors in Figure 1A, Figure 3A and Figure 4A were
created by inserting synthesized elements between the NsiI site at the 5′ end of the HC and
the EcoRI site upstream of the second EMCV IRES in the base vector. Sequences for FLPe
recombinase recognition sites (FRT3 and FRT), EMCV IRES, trastuzumab IgG1 LC and HC,
P2A, F2A, E2A, T2A, and GPI have been previously described [14–16,47,59,60].

For the high- and low-display targeting vectors expressing antibodies of varying bind-
ing affinities, the high-affinity antibodies utilized the trastuzumab sequence (Figure 5A).
Medium- and low-affinity humanized anti-HER2 antibodies were developed in-house.
Their binding affinities were quantified using bio-layer interferometry assays on the Octet
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system (LakePharma). Targeting vectors expressing medium- and low-affinity antibodies
were constructed by replacing the variable light chain (VL) and variable heavy chain (VH)
regions in the trastuzumab-expressing high and low display vectors, using the SacII and
BsiWI sites for VL and the NgoMIV and SalI sites for VH.

A humanized anti-HER2 antibody library was generated by shuffling the CDR of the
murine anti-HER2 4D5 antibody with human germline framework sequences, as previously
described [61]. The humanized VL and VH libraries were cloned into the low-display
targeting vector containing the RRKRATNFP variant, using the SacII and BsiWI sites for
the VL library and the NgoMIV and SalI sites for the VH library.

2.2. Generation and Characterization of Stably Transfected Cell Pools

The CHO K1 master cell line (MCL) was previously established by integrating a
landing pad vector into CHO K1 cells (ATCC, Manassas, VA, USA) [59]. Protocols for
culturing the MCL and generating stable cell pools via RMCE have been detailed in
earlier work [59]. Stable cell pools were characterized for growth and productivity using
5-day batch or 12-day fed-batch cultures. Cultures were initiated at a seeding density
of 3 × 105 cells/mL in 30 mL protein-free medium consisting of HyQ-PF (GE Healthcare
Life Sciences, Waltham, MA, USA) and CD-CHO (Thermo Fisher Scientific, Waltham,
MA, USA) at 1:1 ratio, supplemented with 0.05% Pluronic F-68 (Thermo Fisher Scientific,
Waltham, MA, USA), 1 g/L sodium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA), and
6 mM L-glutamine (Sigma-Aldrich, St. Louis, MO, USA). For fed-batch cultures, 10% of
Ex-cell Advanced CHO Feed 1 media (Sigma-Aldrich, St. Louis, MO, USA) was added
every other day starting on day 3. Cell viability and density were assessed using a Vi-Cell
XR viability analyzer (Beckman Coulter, Brea, CA, USA), and antibody secretion titers
were measured with an IMMAGE 800 immunochemistry system (Beckman Coulter, Brea,
CA, USA). Integrated viable cell density (IVCD) was calculated using the trapezoidal
method. Specific antibody productivity (qMab) was determined by dividing the antibody
concentration by the IVCD.

2.3. Cell Staining, Flow Cytometry Analysis, and FACS Enrichment

To evaluate targeting vectors with varying antibody display levels (Figure 1A), 1 × 107

cells were collected, washed with 1×PBS, and incubated with 500 μL of a 1:100 dilution of
Anti-Human IgG (γ-chain specific)–FITC (Sigma-Aldrich, St. Louis, MO, USA) on ice in
the dark for 30 min. After staining, cells were washed twice with 1X PBS and resuspended
at 5 × 106 cells/mL for flow cytometric analysis using a FACSCalibur™ Flow Cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

Both single-staining and double-staining methods were used to differentiate cells
expressing antibodies with varying binding affinities. For single staining, 1 × 107 cells
were washed with 1× PBS and incubated with 50 μL of 10 μg/mL FITC-labeled Human
Her2/ErbB2 Protein, His Tag (HER2-FITC) (ACROBiosystems, Newark, DE, USA) at room
temperature in the dark for 30 min. For double staining, the same protocol was followed.
Besides HER2-FITC, 50 μL of 100 μg/mL R-phycoerythrin (R-PE) AffiniPure F(ab’)2 Frag-
ment Goat Anti-Human IgG, Fc Gamma-specific (HC-PE) (Jackson ImmunoResearch, West
Grove, PA, USA) was also added during incubation. After staining, cells were either
washed immediately before flow cytometry analysis (protocol with less dissociation) or
resuspended in 1 mL of pre-warmed 1× PBS and incubated at 37 ◦C for 15 min to en-
hance antibody dissociation (protocol with enhanced dissociation). Cell washing was
performed using 1 mL of 37 ◦C 1× PBS, followed by resuspension to a final concentration
of 5 × 106 cells/mL. Stained cells were analyzed using a FACSCalibur™ Flow Cytometer
or sorted with a BD FACSAria™ III Cell Sorter (BD Biosciences). The sorting collection
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media comprised regular culture media supplemented with 1× Antibiotic-Antimycotic
(Gibco, Waltham, MA, USA). Flow cytometry data were processed using FlowJo™ 10.7.2
(Tree Star Inc., Ashland, OR, USA).

2.4. Protein Purification, SDS-PAGE, and Peptide Mapping Analysis

Culture supernatants were purified using protein A on a GE AKTA Purifier 100 FPLC
System (GE Healthcare, Chicago, IL, USA). The purified antibodies were analyzed under
reducing conditions using SDS-PAGE, followed by peptide mapping of their amino acid
sequences via NanoLC-MS/MS analysis. Protocols for these processes have been detailed
in previous studies [47].

2.5. TOPO Cloning for HC and LC Sequences

RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) following
the manufacturer’s protocol. cDNA synthesis was performed with 2.5 μg of RNA using
the EvoScript Universal cDNA Master (Roche, Basel, Switzerland). The LC and HC cDNA
were independently amplified using the 2X Platinum SuperFi II Green PCR Master Mix
(Thermo Fisher Scientific, Waltham, MA, USA) with primers listed in Supplementary Table
S1. The purified PCR products were used for TA cloning with the TOPO™ TA Cloning™
Kit (Thermo Fisher Scientific, Waltham, MA, USA) for sequencing.

3. Results

3.1. Evaluation of mFCS, 2A Peptides, and Their Combinations for Simultaneous Display and
Secretion of Full-Length IgG Antibody

Previous studies have utilized either mFCS or 2A peptides to achieve the simultaneous
display and secretion of full-length IgG antibodies in mammalian cells [43,44]. However,
engineering mFCS to adjust the display-to-secretion ratio presents significant challenges,
while antibodies secreted using the 2A peptide approach retain residual 2A sequences,
which may impact their properties. To achieve simultaneous antibody display and secretion
while avoiding the secretion of products containing 2A residues, we designed a set of
targeting vectors in which the LC gene is positioned as the first cistron and linked to the HC
gene through an encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES)
element. The HC is further connected to a GPI membrane anchor via an mFCS (R-R-K-R)
combined with one of four 2A peptides: foot-and-mouth disease virus 2A peptide (F2A),
equine rhinitis A virus 2A peptide (E2A), porcine teschovirus-1 2A peptide (P2A), or Thosea
asigna virus 2A peptide (T2A). The HC stop codon is removed, ensuring the HC, R-R-K-R,
2A, and GPI anchor are in a single reading frame. An additional EMCV IRES sequence
is included downstream of the GPI sequence. The entire expression cassette is flanked
by a pair of FLPe recombination targeting sites: wild-type FRT and mutated FRT3. These
four vectors were named RRKR-P2A, RRKR-F2A, RRKR-T2A, and RRKR-E2A, respectively.
For comparison, seven additional targeting vectors were designed with the same basic
structure as those vectors described above. These variants differ in how the HC is linked to
the GPI anchor: using only a 2A peptide, through R-R-K-R alone, directly fused to the GPI,
or without the GPI anchor entirely. These seven vectors were named P2A, F2A, T2A, E2A,
RRKR, display, and secretion, respectively (Figure 1A).
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Figure 1. Targeting vectors, helper vectors, and recombinase-mediated cassette exchange (RMCE)
for simultaneous antibody display and secretion. (A) Schematic representation of targeting vec-
tors designed for antibody secretion only, display only, and simultaneous display and secretion.
(B) Overview of RMCE-mediated integration of targeting vectors to enable simultaneous antibody
display and secretion. Arrows indicate the initial translation, assembly, and transport of antibodies,
either for secretion into the extracellular space or for display on the cell surface. The blue region
represents the 2A peptide, while the pink region denotes the GPI membrane anchoring domain. ChiP,
chimeric promoter comprising mCMV (cytomegalovirus) enhancer, human CMV core promoter and
intron; FRT3 and FRT, mutated and wildtype flippase recognition targets; FLPe, enhanced recombi-
nase flippase; HYGR, hygromycin resistance gene; pA, simian virus 40 polyadenylation signal; (-ATG)
Pur, puromycin resistance gene lacking start codon ATG; IRES, wild-type encephalomyocarditis
virus internal ribosomal entry site; mCMV, murine CMV enhancer and promoter; LC, light chain
cDNA; HC, heavy chain cDNA; F2A, foot-and-mouth disease virus 2A peptide; E2A, equine rhinitis
A virus 2A peptide; P2A, porcine teschovirus-1 2A peptide; T2A, Thosea asigna virus 2A peptide;
GPI, glycosidylphosphatidylinositol membrane anchor from human decay-accelerating factor.
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All targeting vectors were evaluated in stably transfected pools generated via RMCE
using our previously developed CHO master clone. To establish stable pools, each targeting
vector was co-transfected with a helper vector expressing FLPe into the CHO master cells,
followed by selection in a medium containing puromycin. The CHO master clone contains
a single-copy landing pad that expresses the hygromycin resistance (HYGR) gene flanked
by FRT3 and FRT recombination sites matching those in the targeting vectors. Downstream
of the FRT site, a start codon-deficient puromycin resistance gene ((ATG-)Pur) is located.
The targeting vectors were designed without promoters and polyadenylation signals
(pA). Accurate RMCE-mediated integration of the targeting vector into the landing pad
activates the expression of the LC, HC (and its associated components), and the puromycin
resistance gene, allowing the cells to survive selection. CHO master cells with incorrect
integration fail to express these genes and are eliminated during selection. Simultaneous
display and secretion functionality could be achieved in stable cell pools transfected with
RRKR-2A vectors. These vectors enable antibody processing through furin cleavage at the
RRKR site and/or ribosomal skipping at the 2A peptide site. This design results in the
generation of three possible antibody forms: (1) secreted antibodies without attachment of
2A residues when cleavage occurs at the furin cleavage site or at both the furin cleavage
site and the 2A peptide, (2) surface-displayed antibodies when neither furin cleavage nor
ribosomal skipping of the 2A peptide occurs, and (3) secreted undesired antibodies when
only ribosomal skipping occurs at the 2A peptide, resulting in antibodies with a redundant
trailing amino acid sequence (Figure 1B).

Once stable pools were established, they were analyzed for surface antibody display
using flow cytometry after staining with fluorescein isothiocyanate (FITC)-conjugated IgG
specific to the heavy chain (FITC-HC) (Figure 2A). Antibody secretion levels were also
evaluated for each stable pool in 5-day batch cultures. Two control pools were generated:
one using the secretion vector (which lacks GPI and secretes all antibodies into the medium)
and another using the display vector (which directly links the HC to GPI, resulting in
all antibodies being displayed on the cell surface). The normalized display level was
quantified as the mean fluorescence intensity (MFI) of pools generated using a specific
targeting vector divided by the MFI from the display control. Similarly, the normalized
secretion level was calculated as the specific productivity (qMab) of the pool generated
using a specific targeting vector divided by the qMab from the secretion control (Figure 2B).

All targeting vectors exhibited homogeneous expression levels across cells, as indi-
cated by sharp flow cytometry histograms. As expected, compared to non-transfected cells
(blank), the secretion vector displayed negligible antibody levels on the cell surface, while
the display vector demonstrated high levels of surface antibody display with no secretion.
Interestingly, the RRKR vector achieved a display level slightly higher than the display
control while exhibiting no secretion. This observation contrasts with a previous study that
used the RIRR sequence to link the HC to a PDGFR membrane anchor, enabling simultane-
ous display and secretion of antibodies [43]. A potential explanation for this discrepancy
lies in the differences in the membrane anchor and mFCS sequences used. Among the
2A vectors, P2A, F2A, T2A, and E2A displayed varying levels of surface antibody display,
achieving 95%, 80%, 20%, and 10% of the display control, respectively. When combined
with RRKR, all targeting vectors showed reduced display levels except for RRKR-E2A. The
display levels observed from the RRKR-2A combinations did not directly correlate with
those of their respective 2A vectors without RRKR. Specifically, RRKR-P2A exhibited the
lowest display level, achieving only 2% of the display control. RRKR-T2A, RRKR-F2A,
and RRKR-E2A exhibited higher display levels, achieving 4%, 18%, and 30% of the display
control, respectively. A general inverse relationship between secretion and display levels
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was observed across the 2A and RRKR-2A-containing targeting vectors, with secretion
levels ranging from 44% to 88% of the secretion control.

Figure 2. Evaluation of targeting vectors containing minimal furin cleavage sequence (RRKR), 2A
peptides, and their combinations for antibody display and secretion. Stable cell pools were generated
by co-transfecting CHO master cells with a specified targeting vector and a helper vector expressing
FLPe recombinase, followed by selection in a puromycin-containing medium. Transfected cells were
subsequently selected for correct integration of the targeting vectors into the landing pad. Non-
transfected cells (blank), stable pools generated using the secretion vector, and those using the display
vector served as controls. (A) Flow cytometry analysis of antibody levels displayed on the cell surface.
Cells were stained with FITC-conjugated IgG specific to the heavy chain. (B) Normalized display and
secretion levels relative to the control pools. Normalized display levels were calculated as the mean
fluorescence intensity (MFI) of FITC-HC divided by that of the display control. Normalized secretion
levels were determined as the qMab value from a 5-day batch culture relative to the secretion control.
(C) SDS-PAGE analysis of purified secreted antibodies under reducing conditions.

The secreted antibodies from different targeting vectors were purified using protein A
and analyzed under reducing conditions on a denaturing SDS-PAGE gel (Figure 2C). As
expected, the HC and LC polypeptides expressed from the secretion control vector were
observed at approximately 50 kDa and 25 kDa, respectively. The LC polypeptides secreted
from all other targeting vectors were also observed at approximately 25 kDa. However,
for all four 2A peptide-containing targeting vectors, one or two bands with sizes larger
than the HC polypeptide of the secretion control were observed. Peptide mapping analysis
revealed that these HC species were attached with residual 2A or 2A-GPI peptide fragments
(Supplementary Figure S1). The amount of HC-2A-GPI polypeptide present in the medium
was small, which could have resulted from cell death. When RRKR was included upstream
of F2A, T2A, and E2A, two distinct HC bands were still observed. However, the sizes
of the lower bands were smaller than those from the corresponding 2A-only targeting
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vectors. Peptide mapping indicated that the upper bands corresponded to HC polypeptides
with residual 2A fragments, while the lower bands represented correctly processed HC
polypeptides. Notably, only the RRKR-P2A vector produced an HC polypeptide with the
correct size, completely free of residual 2A fragments, as confirmed by peptide mapping
(Supplementary Figure S1). However, the display level from this vector was very low,
potentially insufficient for antibody library screening.

3.2. Point Mutation of P2A in RRKR-P2A for Obtaining Different Display-to-Secretion Ratios

To achieve different display-to-secretion ratios using the RRKR-P2A vector, we in-
troduced point mutations in P2A, substituting each amino acid with amino acid G, P, or
A (Figure 3). G and P influence secondary structure differently—G increases flexibility,
while P imposes conformational constraints. A, on the other hand, has a minimal impact
on secondary structure. The mutated targeting vectors were assessed for surface display
and antibody secretion as described previously. Nine-point mutations—A1G, T2G, A1P,
T2P, N3P, F4P, S5P, N3A, and F4A—enhanced display levels compared to the wild-type
RRKR-P2A vector. The extent of the increase varies depending on the mutation. Notably,
A1P and T2G mutations raised display levels to 80% and 50% of the display control vector,
respectively. Correspondingly, secretion levels from these vectors dropped to 20% and 60%
of the secretion control vector, respectively. The HC polypeptides secreted from the A1P
vector were larger than those from the secretion control vector. The T2G vector produced
two HC bands. Peptide mapping revealed that most HC species from A1P and T2G rep-
resented HC polypeptides attached to P2A residues, while a minor proportion retained
P2A-GPI residues (Supplementary Figure S1). For the other seven mutations, display levels
ranged from 9% to 20% of the display vector, and secretion levels were slightly reduced
compared to the secretion vector. Secreted HC polypeptides from these vectors exhibited
the correct size on SDS PAGE. However, peptide mapping indicated a small proportion of
species retained residual 2A or 2A-GPI fragments (Supplementary Figure S1).

Interestingly, only mutations within the first five amino acids of P2A in the RRKR-
P2A vectors increased display levels. Previous studies suggest that mutations at other
positions also dramatically reduce 2A peptide cleavage efficiency [44,62]. To explore
whether mutations outside the first five amino acids affect P2A cleavage efficiency, one
set of targeting vectors containing mutated P2A sequences without mFCS was tested.
Analysis of these P2A-only vectors revealed that mutations both within and outside the
first five amino acids decreased secretion levels compared to the wild-type P2A vector,
likely due to reduced P2A cleavage efficiency. Similarly to the wild-type P2A vector,
HC polypeptides expressed from the mutated P2A exhibited two bands. However, these
mutations did not significantly further increase display levels compared to the display
control vector, suggesting that the number of antibodies displayed on the cell surface
had reached saturation. One possible explanation for the lack of increased display levels
in mutations outside the first five amino acids for the RRKR-P2A vectors is that these
mutations affected only P2A cleavage efficiency. Antibody secretion still occurred via
cleavage at RRKR, resulting in the removal of both P2A and GPI from HC. In contrast,
the nine mutations within the first five amino acids that increased display levels likely
influenced cleavage efficiencies at both RRKR and P2A sites.
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Figure 3. Evaluation of targeting vectors containing P2A variants for antibody display and secretion
levels. (A) Schematic representation of the targeting vector containing the RRKR-P2A combination and
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the amino acid sequence of the P2A peptide. Positional scanning mutagenesis was performed within
the P2A using substitutions with P, G, and A. Positions 1 to 19 indicate the relative locations of
amino acids within the P2A sequence. (B) Normalized antibody display and secretion levels in
stable pools. These pools were generated by co-transfecting CHO master cells with each targeting
vector containing a P2A variant and a helper vector expressing FLPe recombinase, followed by
selection in a puromycin-containing medium. Control cell pools were established using the display
vector and secretion vector for display and secretion benchmarks, respectively. Stable cell pools
were stained with FITC-conjugated IgG specific to the heavy chain of surface-displayed antibodies.
Normalized display levels (%) were calculated as the FITC-HC mean fluorescence intensity relative
to the display control pool. A 5-day batch culture was performed, and normalized secretion levels (%)
were determined as qMab relative to the secretion control pool. (C) SDS-PAGE analysis of secreted
antibodies under reducing conditions.

3.3. Engineering Furin Cleavage Sequence (FCS) for Obtaining Different Display-to-Secretion Ratios

Previous studies indicate that the five amino acids downstream of the mFCS play
a critical role in furin cleavage efficiency [45,46]. To examine the impact of the first five
amino acids from the wild-type or mutated P2A on furin cleavage, we designed one set
of nine amino-acid FCS variants and linked them to the HC and GPI to enable simulta-
neous antibody display and secretion. These variants incorporated the first five amino
acids from the N-terminus of the wild-type and mutated P2A sequences downstream of
RRKR. Corresponding RRKR-P2A vectors with the same mutations were included for
comparison. The RRKRATNFS vector, incorporating the first five amino acids (italicized)
of the wild-type P2A, exhibited low display and high secretion levels, closely resembling
the performance of the wild-type RRKR-P2A vector (Figure 4). All targeting vectors con-
taining the nine FCS variants with the first five amino acids of the mutated P2A showed
increased display and decreased secretion compared to the wild-type RRKR-P2A vector.
The changes in display and secretion levels closely aligned with those observed in the
corresponding mutated RRKR-P2A vectors. Notably, two exceptions, RRKRGTNFS and
RRKRAPNFS, displayed significantly higher display levels—approximately five-fold and
three-fold higher, respectively—than their RRKR-(GTNFS)P2A and RRKR-(APNFS)P2A
counterparts. Correspondingly, secretion levels in the RRKRGTNFS and RRKRAPNFS
vectors decreased compared to their P2A-containing counterparts, although the reduction
was less pronounced than the increase in display levels. These findings suggest that point
mutations in P2A predominantly affect cleavage efficiency at RRKR rather than P2A. How-
ever, the discrepancies in display and secretion levels for RRKRGTNFS and RRKRAPNFS
vectors relative to their P2A-containing counterparts indicate that mutations A1G and T2P
may influence cleavage efficiencies at both RRKR and P2A.

Fed-batch cultures of the pools generated using the ten FCS variants were car-
ried out until day 12. Four variants—RRKRPTNFS, RRKRAGNFS, RRKRAPNFS, and
RRKRATNFP—produced titers ranging from 50 to 275 mg/L, with titers inversely corre-
lated to their display levels. Interestingly, the remaining variants did not further enhance
antibody titers despite reduced display levels. The harvested antibodies were purified
using protein A and analyzed via SDS-PAGE under reducing conditions. HC polypeptides
expressed from RRKRAGNFS and RRKRPTNFS vectors, which had the highest display
levels, exhibited two distinct bands, with the upper bands having higher molecular weights
than those of the secretion control HC. Peptide mapping analysis of the RRKRAGNFS
sample revealed that a small proportion of HC polypeptides from the top band remained at-
tached to GPI (Supplementary Figure S1). These aberrant species in the medium may have
resulted from cell death. In contrast, HC polypeptides from the other seven FCS variants
exhibited the correct molecular weight. Peptide mapping analysis of secreted samples from
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three targeting vectors—RRKRATNFP, RRKRGTNFS, and RRKRAPNFS—with relative
display levels of 9.4%, 23.9%, and 39.4%, respectively, confirmed that the HC polypeptides
were correctly processed, with both FCS and GPI successfully removed. The remaining
targeting vectors, which exhibited relative display levels below 5%, may not be suitable for
antibody screening due to their insufficient display levels.

Figure 4. Evaluation of targeting vectors with furin cleavage sequence (FCS) variants or RRKR-P2A
combinations for antibody display and secretion levels. (A) Schematic representation of targeting
vectors incorporating either nine-amino-acid FCS variants or RRKR-P2A combinations. Amino acids
highlighted in blue represent the original ATNFS sequence, while those in red indicate the mutations.
(B) Normalized antibody display and secretion levels relative to control cell pools. Stable pools
were generated by co-transfecting CHO master cells with a specified targeting vector and a helper
vector expressing FLPe recombinase, followed by selection in a puromycin-containing medium.
Display and secretion control pools were established using the display vector and secretion vector,
respectively. Flow cytometry analysis was performed on cells stained with FITC-conjugated IgG
specific to the heavy chain (FITC-HC) of surface-displayed antibodies. Normalized display levels
(%) were calculated as the FITC-HC mean fluorescence intensity relative to the display control pool.
Normalized secretion levels (%) were determined based on the qMab values of fed-batch cultures, relative
to the secretion control pool. (C) Titers of secreted antibodies on day 12 of fed-batch cultures and SDS-
PAGE analysis of secreted antibodies under reducing conditions. Each point in panels (B,C) represents the
average and standard deviation of measurements from two independent stable pools.
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3.4. Comparison of Low- and High-Display-Level Vectors for Discriminating Antibodies with
Similar Binding Affinities

To evaluate the impact of display levels on the ability to discriminate cells expressing
antibodies with close binding affinities, we generated two sets of stable pools using two
targeting vectors –RRKRATNFP vector exhibiting display levels of 9.4% (low-display) and
RRKRAPNFS vector exhibiting display levels of 39.4% (high-display) relative to the display
control, respectively. Each set of stable pools expressed three antibodies against human epi-
dermal growth factor receptor 2 (HER2) antigen with high (KD = 3.5 × 10−10 M), medium
(KD = 2.0 × 10−9 M), and low (KD = 6.7 × 10−9 M) binding affinities (Figure 5A). The
binding affinities of these antibodies were quantified by Octet® Bio-Layer Interferometry
assay. Each stable pool was either single-stained with HER2 antigen labeled with FITC
(HER2-FITC) or double-stained with HER2-FITC and R-phycoerythrin (R-PE)-conjugated
IgG specific to the heavy chain (HC-PE) staining reagents. Optimal concentrations for each
staining reagent, yielding a low signal-to-noise ratio and improved discrimination between
cells expressing different antibodies, were identified through titration curves.

The non-transfected cells with double staining served as the blank control, while a
stable pool generated using the low-display vector expressing the high-affinity antibody,
singly stained with either HER2-FITC or HC-PE, served as the positive control (Figure 5B).
Single-staining with HER2-FITC failed to differentiate between the three high-display
vector-generated pools expressing high, medium, and low-affinity antibodies (Figure 5B,
Less Dissociation). For the three low-display-vector-generated pools, those expressing low
and medium binding affinities exhibited distinct levels of fluorescence intensity, but high-
and medium-binding affinity pools showed significant overlap. Under double-staining
conditions, high-display vector-generated pools continued to exhibit poor discrimination
between populations, whereas low-display vector-generated pools demonstrated clear
separation between low- and medium-affinity pools and marginal discrimination between
medium- and high-affinity pools. Both high-display and low-display vector-generated
pools showed overestimated relative affinities compared to measurements obtained using
Octet®. A better correlation was observed between the Octet® measurements and flow
cytometry results for low-display vector-generated pools than for high-display vector-
generated pools (Figure 5C, Less Dissociation).

The flow cytometry approach measures binding affinity by incubating cells with stain-
ing reagents for 30 min, followed by a brief washing step and immediate analysis. The flow
cytometry approach measures binding affinity by incubating cells with staining reagents
for 30 min, followed by a brief washing step and immediate analysis. Antibodies with high
binding affinity typically exhibit rapid association and slow dissociation. However, this
slow dissociation may limit the sensitivity of flow cytometry in distinguishing antibodies
with similar high affinities. To improve the resolution of the assay, we modified the staining
protocol to enhance dissociation, thereby increasing the sensitivity of flow cytometry in dif-
ferentiating closely related high-affinity antibodies. This was achieved by incubating cells
in the washing buffer at 37 ◦C for 15 min following antigen staining. Various parameters
were tested, including multiple rounds of washing, different incubation times, and larger
incubation volumes, to optimize dissociation conditions. Incubating cells at 37 ◦C for 15
min after the first wash step was found to be most effective, consistent with a previous
study that reported enhanced antibody dissociation kinetics at this temperature [63].

117



Antibodies 2025, 14, 38

Figure 5. Comparison of low- and high-display level vectors for the discrimination of antibodies
with varying binding affinities. (A) Schematic representation of high- and low-display level targeting
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vectors expressing antibodies with high, medium, and low binding affinities. (B) Flow cytometry
analysis of stable pools expressing different levels of binding affinity antibodies. For the controls,
each dot—colored according to the heatmap—represents an individual cell (or ‘event’), with yel-
low/red indicating high density and blue/green indicating lower density. Different stable pools were
generated by co-transfecting CHO master cells with a specified targeting vector and a helper vector
expressing FLPe recombinase, followed by selection in puromycin-containing medium. Each stable
pool was stained with both FITC-labeled Human Her2/ErbB2 protein (HER2-FITC), R-PE AffiniPure
F(ab’)2 Fragment Goat Anti-Human IgG, Fc Gamma-specific (HC-PE), using two staining protocols:
less or enhanced dissociation phase. (C) Comparison of relative binding affinities determined by
Octet® analysis and flow cytometry of cells stained with a less or enhanced dissociation phase. The
relative binding affinity was normalized to the high-affinity antibody measured under the same
method and conditions. Octet® (�), RRKRAPNFS (�), and RRKRATNFP ( ).

Enhancing the dissociation phase in the staining protocol improved the ability to differ-
entiate cell populations (Figure 5B, Enhanced Dissociation). For high-display pools, single-
staining could distinguish cells displaying low-binding antibodies from those with high
or medium-binding antibodies, though high- and medium-binding populations remained
indistinguishable. For low-display pools, discrimination between high- and medium-affinity
populations improved slightly, though significant overlap persisted. Under double-staining
conditions, high-display pools were still unable to distinguish between high- and medium-
binding affinities. In contrast, low-display pools clearly separated cell populations expressing
high, medium, and low binding affinities. Supporting this observation, the relative binding
affinity of cells stained using the enhanced dissociation protocol for low-display pools closely
reflected actual antibody binding kinetics as measured by Octet® (Figure 5C, Enhanced Disso-
ciation). Meanwhile, high-display pools continued to overestimate binding affinities, yielding
values several-fold higher than the actual measurements.

3.5. Evaluation of Simultaneous Display and Secretion Platform for Sorting Sensitivity

To assess the sensitivity of the simultaneous display and secretion platform to isolate
cells expressing high-affinity antibodies from a mixed population via fluorescence-activated
cell sorting (FACS), the three low-display vector-generated pools expressing high-, medium-
, and low-affinity antibodies were mixed in a 1:1:1 ratio. The mixed cell pool was double-
stained with HER2-FITC and HC-PE using the modified staining protocol, which enhanced
the dissociation step. The low-display pool expressing the high-affinity antibody was
included as a positive control to establish gating parameters. Flow cytometry analysis
of the mixed pool revealed three clearly separated populations with similar ratios. Cells
within the top 1% gate were sorted and double-stained, showing fluorescence intensities
comparable to those of the high-affinity control pool. Sequencing of the LC and HC cDNA
from cells in the sorted pools confirmed they were expressing the high-affinity antibody
(Supplementary Figure S2).

To further evaluate the platform’s capability for screening antibody libraries to identify
high-affinity binders, a humanized antibody library was constructed. This library was
generated by shuffling the human antibody germline frameworks and complementarity-
determining regions (CDRs) of the mouse anti-HER2 4D5 antibody, following a previously
described method [61]. These humanized antibodies were cloned into the low-display
RRKRATNFP vector and co-transfected with an FLPe-expressing helper vector into the
CHO master clone, followed by puromycin selection to create a stably transfected cell pool.
Cells from the high-affinity control pool were spiked into this newly generated CHO cell
pool expressing the humanized antibody library at ratios of 0.01% and 0.0001%. The mixed
cell pools were double-stained using the same above-described protocol and subjected
to repeated rounds of FACS, selecting the top 1% of high HER2 binders in each round.
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Under the 0.01% spiking condition, cells expressing antibodies with binding affinities
similar to the high-affinity control pool were enriched after three rounds of sorting. For the
0.0001% spiking condition, four rounds of sorting were required to obtain an enriched pool
expressing antibodies with affinities similar to the control pool (Figure 6). Sequencing of
the LC and HC cDNA in cells from the enriched pools confirmed that the enriched pools
were expressing the high-affinity antibody (Supplementary Figure S2).

 

Figure 6. Sorting of stable cell pools spiked with varying percentages of cells expressing high-binding
antibodies. Fluorescence-activated cell sorting (FACS) panels were configured with two parameter
axes: (1) antigen binding using FITC-labeled Human Her2 (HER2-FITC) and (2) surface expression
using R-PE AffiniPure F(ab’)2 Fragment Goat Anti-Human IgG, Fc Gamma-specific (HC-PE). Each
dot—colored according to the heatmap—represents an individual cell (or ‘event’), with yel-low/red
indicating high density and blue/green indicating lower density. A positive control gate, denoted as
“Top%”, was established based on the stable pool expressing high-binding antibodies. This gate was
consistently applied across repeated rounds of FACS to ensure uniformity in sorting criteria.

4. Discussion

Previous studies utilized either mFCS or 2A peptide alone between HC and a mem-
brane anchor to achieve simultaneous antibody display and secretion [43,44]. However,
engineering mFCS to achieve different display-to-secretion ratios is challenging due to
its highly conserved sequences. Meanwhile, the use of 2A peptides resulted in secreted
antibodies with attached 2A residues. To address this limitation, we explored the mFCS-2A
peptide combinations between HC and a GPI membrane anchor to enable simultane-
ous antibody display and secretion. The combinations of mFCS (RRKR) with four 2A
peptides—P2A, F2A, E2A, and T2A—were evaluated. As anticipated, all vectors linking
HC and GPI with these 2A peptides alone produced secreted antibodies containing 2A
residues (Figure 2). Notably, the RRKR-P2A vector was the only construct that produced
secreted antibodies without attached 2A residues. In contrast, secreted products from
RRKR-F2A, RRKR-T2A, and RRKR-E2A vectors contained a mix of HC polypeptides with
and without 2A residues (Figure 2 and Supplementary Figure S1).
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The 2A peptides facilitate polypeptide cleavage through ribosomal skipping during
translation, whereas furin cleavage occurs in the Golgi post-translation. When the gene
encoding HC-RRKR-2A-GPI is expressed, the resulting HC polypeptides exist in two forms,
HC-RRKR-2A and HC-RRKR-2A-GPI, depending on whether “self-cleavage” occurs at
the 2A peptide (Figure 1B). Upon entering the Golgi, cleavage at the RRKR site in both
HC-RRKR-2A and HC-RRKR-2A-GPI results in secreted antibodies lacking the 2A and
2A-GPI residues. If furin cleavage does not occur, two antibody forms are produced: one
with 2A-GPI attached, displayed on the cell surface, and the other as secreted antibodies
with attached 2A residues. The levels of display and the abundance of secreted antibodies,
with or without 2A residues, depend on the cleavage efficiency of furin at the RRKR site
and the “self-cleavage” efficiency of the 2A peptides.

Among the four RRKR-2A peptide combinations, previous studies have demonstrated
that P2A has the lowest cleavage efficiency, E2A and F2A exhibit moderate cleavage
efficiencies, and T2A has the highest [47]. In relation to furin cleavage efficiency, the
conserved cleavage sequence is described as RP6–XP5–RP4–XP3–(K/R)P2–RP1–XP1’–XP2’–
XP3’–XP4’–XP5’. Although not highly conserved, the five amino acids downstream of the
core sequence, R-X-K/R-R, also significantly influence furin cleavage efficiency. S, A, F and
G at P1’; L, V, A, and S at P2’; S, D, G, P, and E at P3’; A, Q, S, and T at P4’; and A, G, E
and L at P5’ are highly prevalent residues in natural FCS [45,46]. The first five amino acids
of P2A, F2A, T2A, and E2A are ATNFS, APVKQ, EGRGS, and QCTNY, respectively. Our
data (Figure 4), combined with the prevalence of specific amino acids at positions P1’ to
P5’ as reported in previous studies [45,46], suggest that positioning ATNFS downstream of
RRKR enhances furin cleavage efficiency, while sequences such as APVKQ, EGRGS, and
QCTNY may inhibit it. As a result, the dominant HC form expressed from the RRKR-P2A
vector in the endoplasmic reticulum is HC-RRKR-P2A-GPI, with HC-RRKR-P2A as the
minor form due to P2A’s low cleavage efficiency. Upon Golgi entry, efficient cleavage at
RRKR in both HC-RRKR-P2A and HC-RRKR-P2A-GPI results in high levels of secreted
antibodies without 2A residues and low levels of cell surface display. For the RRKR-F2A
and RRKR-E2A vectors, HC-RRKR-2A and HC-RRKR-2A-GPI are both dominant due to
moderate 2A cleavage efficiency. Low furin cleavage efficiency at RRKR in the Golgi results
in incomplete processing of both HC-RRKR-2A and HC-RRKR-2A-GPI, leading to the
secretion of antibodies in two forms, with and without 2A residues, and relatively higher
display levels compared to the RRKR-P2A vector. In the RRKR-T2A vector, HC-RRKR-2A
is the dominant form due to T2A’s high cleavage efficiency, while HC-RRKR-T2A-GPI is
the minor form. However, low furin cleavage efficiency in the Golgi leads to high secretion
levels of antibodies in both forms, with and without 2A residues, and lower display levels.
Further studies showed that mutating P2A in the mFCS-P2A vector increased the antibody
display-to-secretion ratio by inhibiting furin cleavage, resulting in incomplete processing of
HC-RRKR-P2A-GPI. However, this also led to the secretion of antibodies with 2A residues
attached. These findings indicate that achieving both high antibody display levels and
secretion of only the correct product is not feasible with the RRKR-2A strategy.

A previous study demonstrated simultaneous antibody display and secretion by
linking the HC to the PDGFR membrane anchor via an mFCS sequence, RIRR [43]. However,
in our study, when HC was linked to a GPI membrane anchor using a similar mFCS
sequence, RRKR, antibodies were expressed exclusively in the membrane-bound form,
with no detectable secretion (Figure 1). Given that RIRR and RRKR are expected to have
comparable furin cleavage efficiencies, the absence of secretion in our study is likely
attributable to the use of different membrane anchors rather than differences in the mFCS
sequences. The first five amino acids of GPI are P, N, K, G, and S, whereas those of
PDGFR are A, V, G, Q, and D. Notably, P at P1’ and N at P2’ are rarely observed in natural
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FCS, whereas A at P1’ and V at P2’ are highly prevalent in FCS with high furin cleavage
efficiency [45,46]. This difference likely explains the lack of secretion in the RRKR vector, as
furin cleavage is inhibited by the P and/or N residues at P1’ and P2’ in GPI. This hypothesis
is further supported by data showing that the RRKR-P2A vector exhibited very low display
levels, while mutating the first amino acid of P2A from A to P significantly increased
display levels (Figure 3). Similarly, the RRKRATNFS variant showed low display levels,
whereas the RRKRPTNFS variant exhibited high display levels (Figure 4). These results
suggest that P at P1’ strongly inhibits furin cleavage efficiency.

Further analysis of the ten nine-amino-acid FCS variants, incorporating the first five
amino acids from the N-terminus of the wild-type and mutated P2A sequences downstream
of RRKR, provided deeper insights into how specific amino acids and their positions affect
furin cleavage efficiency (Figure 4). For instance, P at positions P2’ to P5’ inhibited furin
cleavage, although the effect was less pronounced than at P1’. G at P2’ strongly inhibited
cleavage, while its effect at P1’ was weaker. A at P3’ to P4’ also inhibited cleavage but
had no impact when located elsewhere. The amino acid composition at specific positions
in FCS variants with high furin cleavage efficiency aligned with the prevalence of highly
conserved amino acids at positions P1’ to P5’, as reported in previous studies [45,46]. This
suggests that incorporating highly conserved amino acids at each position is beneficial for
enhancing furin cleavage efficiency. These findings are pivotal for designing optimized FCS
variants, enabling precise control over antibody display-to-secretion ratios and supporting
diverse applications.

The ten nine-amino-acid FCS variants identified in this study modulated antibody
display-to-secretion ratios ranging from 3.1% to 61.6%. Since the total amount of antibodies
expressed by a single cell is fixed, increasing the amount of antibodies displayed on the
cell surface will lead to lower secretion levels (Figure 4). Higher secretion levels are
preferable for reducing cost-of-goods, making the optimal display-to-secretion ratio one
that minimizes display levels while still enabling effective antibody library screening.
In addition, excessively high display levels can saturate the cell surface, diminishing
the platform’s ability to differentiate between cells expressing antibodies with similar
binding affinities [38]. By comparing two targeting vectors with display levels of 9% and
39% relative to a control display vector, we demonstrated that lower display levels more
effectively distinguish cells expressing antibodies with high and closely related binding
affinities. While further reducing display levels could enhance the ability to discriminate
between antibodies with different affinities, excessively low display levels can result in
poor signal-to-noise ratios, negatively impacting platform performance. Low display levels
may not be ideal for all applications. For example, in antibody discovery using large
libraries, where positive antibodies are rare and often exhibit low binding affinities, higher
display levels can improve surface staining signals and increase sensitivity for detecting
positive hits.

Our simultaneous antibody display and secretion platform demonstrated high sen-
sitivity for isolating high-affinity antibody-expressing cells, while achieving antibody
production levels exceeding 200 mg/L in fed-batch cultures. We validated its sensitivity
by successfully isolating cells expressing a known high-affinity antibody from a pool of
humanized antibody library variants, with the cells expressing the known antibody spiked
at only 0.0001%. However, no antibodies with higher binding affinity than the control
antibody were identified. This outcome is likely due to the limited size of the humanized
antibody library integrated into the CHO master cells. The humanized antibody library we
constructed contains approximately 10 million variants, but the FLP recombinase system
used has an integration efficiency of around 1% (unpublished data). As a result, the trans-
fection of 10 million CHO master cells results in the expression of only about 1 × 105 unique
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antibodies. This limitation in library size is a common drawback of mammalian cell display
systems. Enhancing targeted integration efficiency through more effective recombinase
systems, such as BxB1, could address this issue [64–67]. Additional strategies include
enriching libraries via phage display before transitioning to mammalian display, utilizing
immunized libraries, or designing high-quality libraries using artificial intelligence [6,55].

Another critical parameter for our platform is secretion level. While the achieved
production level of over 200 mg/L is sufficient for many preclinical developability and
functional studies—such as assessing antibody stability, aggregation, and some animal
studies—applications like toxicity studies in animals and clinical trials typically require
titers in the range of several grams per liter. To expand the platform’s applications, strategies
for further enhancing expression levels are necessary. Genome-wide screening to identify
more active genomic sites could significantly boost expression. Optimizing the targeting
vector is another approach. The current vector employs EMCV IRES to drive HC expression,
which has lower translation efficiency compared to cap-dependent translation. Replacing
EMCV IRES with 2A peptides for co-expression of LC and HC could substantially enhance
antibody expression levels [68].

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antib14020038/s1, Supplementary Figure S1: Peptide mapping
analysis of HC polypeptides expressed from various targeting vectors. Supplementary Figure S2:
Validation of sorted clones. Supplementary Table S1: PCR primer pairs for HC and LC.

Author Contributions: J.P.Z.N. designed and conducted experiments, analyzed data, and wrote the
manuscript. M.M. conducted experiments and data analysis. J.B. conducted experiments and data
analysis. M.W.C. conceived the project and revised the manuscript. Y.Y. conceived and designed
the project and wrote the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Biomedical Research Council (BMRC) of the Agency for
Science, Technology and Research (A*STAR), Singapore, and the Bioprocessing Technology Institute,
A*STAR, Singapore.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

CHO Chinese hamster ovary
ZZ-PDGFR Dual Z-domain with PDGFR transmembrane domain
EMCV Encephalomyocarditis virus
ECSTASY Enzyme-cleavable surface-tethered all-purpose screening system
E2A Equine rhinitis A virus 2A peptide
FACS Fluorescence-activated cell sorting
Fab Fragment antigen binding
FITC Fluorescein isothiocyanate
FITC-HC FITC-conjugated IgG specific to the heavy chain
F2A Foot-and-mouth disease virus 2A peptide
GPI Glycophospholipid
HC Heavy chain
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HC-PE F(ab’)2 Fragment Goat Anti-Human IgG, Fc Gamma specific phycoerythrin
HER2 Human epidermal growth factor receptor 2
HER2-FITC HER2-Fluorescein isothiocyanate
HYGR Hygromycin resistance
IgG Immunoglobulin G
IVCD Integrated viable cell density
IRES Internal ribosomal entry site
LC Light chain
MFI Mean fluorescence intensity
mFCS Minimal furin cleavage sequence
F3 Mutated FRT3
PFA Peptide feature area
Pcd Pg cell−1 day−1

PDGFR Platelet-derived growth factor receptor
pA Polyadenylation signals
P2A Porcine teschovirus-1 2A peptid
RMCE Recombinase-mediated cassette exchange
R-PE R-phycoerythrin
scFv Single-chain variable fragment
qMab Specific productivity
(ATG-)Puro Start codon-deficient puromycin resistance gene
T2A Thosea asigna virus 2A peptide
VH Variable Heavy
VL Variable Light
F Wild-type FRT
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Abstract: Background/Objectives: T cell bispecific antibodies (TCBs) result in the activation
of T cell receptor signaling upon binding to tumor antigens providing signal 1 to T cells. To
enhance and sustain their activity, a co-stimulatory signal 2 is required. Here CEACAM5-
targeted 4-1BBL antibody fusion proteins for combination with CEA-TCB (cibisatamab,
RG7802) are described in an investigation of the relationship between the CEACAM5
epitope and T cell activity. Methods: CEACAM5-targeted bispecific 4-1BBL antibody
fusion proteins (CEA-4-1BBLs) were generated based on different CEACAM5 antibodies
and characterized in vitro in Jurkat-4-1BB reporter and PBMC cell assays. The impact
of shed CEA on in vitro activity and cynomolgus cross-reactivity was studied. In vivo
efficacy was assessed in human stem cell humanized NSG mice xenograft models bearing
MKN-45 and HPAFII tumors. Results: MFE23-4-1BBL and Sm9b-4-1BBL showed superior
functional activity in Jurkat-4-1BB reporter and primary T cell assays when combined with
the CD3 antibody V9, whereas T84.66-LCHA-4-1BBL and A5B7-4-1BBL performed better
when combined with CEA-TCB. In humanized NSG mice MKN-45 and HPAFII xenograft
models, T84.66-LCHA-4-1BBL mediated the best anti-tumor efficacy. Conclusions: For the
assessment of the combination of CEA-TCB with CEA-4-1BBL, co-stimulatory antibody
fusion protein in vitro assays are not sufficient to fully capture the complex relationships
affecting efficacy. Thus, screening with different cell assays and in vivo efficacy studies in
combination with CEA-TCB are essential to select the best candidate. Based on the totality
of data on the T84.66-LCHA-4-1BBL antibody fusion protein comprising the CEACAM5
antibody, T84.66-LCHA was selected as the optimal combination partner for CEA-TCB.

Keywords: CEACAM5; 4-1BB; TNFRSF9; CD137; membrane-proximal; membrane-distal;
epitope

1. Introduction

Checkpoint-inhibitory and bispecific antibodies have shaped cancer immunotherapy
strategies during the last decade [1–4]. Tumor-infiltrating T cells can either receive a
“natural” activation signal 1 through a T cell receptor (TCR) due to its interaction with
peptide–MHC complexes (endogenous immunity) or receive one “artificially” by a T cell
bispecific antibody (TCB) simultaneously bound to a tumor cell surface antigen and the

Antibodies 2025, 14, 96 https://doi.org/10.3390/antib14040096
128



Antibodies 2025, 14, 96

CD3e chain of the TCR complex leading to redirected T cell-mediated tumor cell killing
(synthetic immunity) [2,5–9]. To enhance and sustain the activity of T cells, a co-stimulatory
signal 2 is required, and various approaches have been described to provide this signal 2 co-
stimulatory signal by agonizing CD28 or 4-1BB/CD137 with bispecific antibodies or fusion
proteins [10–14]. In the clinic, promising data have been reported for several bispecific
4-1BB agonists, both as single agents and in combination with checkpoint inhibition [15–20],
while clinical data for the combination with TCBs are eagerly awaited.

Carcinoembryonic antigen cell adhesion molecule 5 (CEACAM5), also known as CEA
or CD66e, is a highly glycosylated cell surface protein anchored in the membrane via a
glycosylphosphatidylinositol (GPI) anchor and normally functions as an adhesion molecule
that can interact with CEACAM6 and CEACAM1 and plays a pivotal role in cancer biol-
ogy [21,22]. CEACAM5 expression has been shown to be important for metastasis in colon
cancer, but also for immune evasion of tumor cells [21,23]. CEACAM5 is overexpressed
in various epithelial malignancies, including gastric, colorectal, pancreatic, breast and
non-small cell lung cancer, making it an attractive drug target. Furthermore, in colorectal
cancer, shed CEA is an FDA-approved diagnostic tumor marker [21,23].

We have previously described tumor stroma-targeted FAP-4-1BBL and tumor-targeted
CD19-4-1BBL antibody fusion proteins that can bind simultaneously to fibroblast activation
protein (FAP) or CD19, respectively, and the co-stimulatory receptor 4-1BB/CD137 [24,25].
These 4-1BBL antibody fusion proteins provide signal 2 to 4-1BB-expressing T cells, either
in cis by binding to CD19-expressing malignant B cells in combination with the CD20-TCB
glofitamab [26] or in trans by binding to FAP-expressing tumor fibroblasts in combination
with the CEA-TCB cibisatamab [27,28]. Likewise, the combination of a CEACAM5-targeted
CEA-4-1BBL fusion protein in combination with CEA-TCB was shown to strongly enhance
T cell infiltration in the MKN-45 xenograft model in humanized NSG mice using the CD8-
specific PET-Tracer 89Zr-Df-IAB22M2C [29]. While we have not seen major differences
between 4-1BB co-stimulation in cis versus in trans, Otano et al. found that co-stimulation
may be more potent when provided in cis as compared to in trans [30]. Another recent
approach for 4-1BB co-stimulation in cis has been the generation of trispecific T cell engagers
with integrated co-stimulation through 4-1BB binding moieties [31–33].

Here the design, optimization and characterization of novel CEACAM5-targeted CEA-
4-1BBL antibody fusion proteins with the goal of providing signal 2 to T cells receiving their
signal 1 from CEA-TCB in cis—e.g., independently of FAP expression on fibroblasts—is
described. Several CEA-4-1BBL antibody fusion proteins directed against different do-
mains of CEACAM5 were generated and tested for functionality in vitro and in vivo. The
CEACAM5 antibodies chosen for the construction of the respective CEA-4-1BBL antibody
fusion proteins recognize membrane-distal or membrane-proximal epitopes. Reporter T
cell assays were applied for a first ranking of functionality. Targeting membrane-distal
CEACAM5 epitopes mediated better T cell activation in reporter cells compared to target-
ing membrane-proximal epitopes when tested as a monotherapy. In contrast to the reporter
cell line assays, two different PBMC-based in vitro activation assays in combination with
different signal 1 providers were not able to provide a clear differentiation between the dif-
ferent CEACAM5 targeting antibodies. However, in MKN45 and HPAFII in vivo xenograft
models in humanized NSG mice, the CEA-4-1BBL antibody fusion protein constructed
with the CEACAM5 antibody T84.66-LCHA targeting a membrane-proximal CEACAM5
epitope showed the best tumor control overall in combination with CEA-TCB. Based on
the totality of data, the T84.66-LCHA-4-1BBL antibody fusion protein was selected as the
optimal co-stimulatory antibody fusion protein for combination with CEA-TCB.

Furthermore, the preclinical data presented indicate that reporter cell line assays can
be limited in their translatability and that in order to select the best candidate screening
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with different cell assays, in vivo efficacy studies together with potential combination
partners are essential.

2. Materials and Methods

Reagents: CEA–4-1BBL molecules, non-binding control DP47–4-1BBL, CEA-TCB
(cibisatamab, RG7802) and huCEACAM5 peptides (NCBI EDL26990.1) were generated by
Roche Innovation Centers, Zurich or Munich. CEA–4-1BBL and DP47-4-1BBL were assem-
bled using the following polypeptide chains: (a) two ectodomains of 4-1BBL (UniProtKB
P41273) fused to CL followed by a human IgG1 Fc-knob chain, (b) one ectodomain of 4-
1BBL fused to CH1, (c) a CEACAM5 or DP47 VH-CH1 fused to a human IgG1 Fc-hole chain,
and (d) a CEACAM5 or DP47 VL-CL. As previously described, correct chain association
was enabled using knob-into-hole technology [34] and CH1-CL crossover with charge mu-
tations [35,36], and Fc silencing was achieved with P329G LALA mutations [37]. Molecules
were produced in HEK293-EBNA or CHO cells and purified by affinity chromatography
followed by size exclusion chromatography as previously described [24].

The monomer content and integrity of the molecules were determined, respectively, by
size exclusion on HPLC using a TSKgel UP-SW3000 column (Tosoh Biosciences LLC, King
of Prussia, PA, USA) (<95%) and by CE-SDS (LabChip GXII Touch HT, Revvity, Zurich,
Switzerland) (<95%). The mass of the purified molecules was confirmed by LC-MS analysis
in a non-reduced state, and endotoxin content was determined. All constructs fulfilled
the internal standards and were released for use in vivo. CEACAM5 Fabs were prepared
by plasmin (Roche, Mannheim, Germany 10602361001) digestion of the respective human
IgG1s as recently described [24]. The NABA constructs were used as antigens for the
CEACAM5 Fabs. Since the CEACAM5 binders recognize different CEACAM5 domains,
the following NABA constructs, containing N, A or B domains of human CEACAM1 and
CEACAM5, were prepared. The constructs were purified by standard chromatographic
methods (chelating chromatography and preparative SEC).

Surface plasmon resonance: All SPR experiments were performed on a Biacore T200
(Cytiva, Freiburg, Germany) at 25 ◦C with HBS-EP as a running buffer (0.01 M HEPES
(pH 7.4), 0.15 M NaCl, 3 mM EDTA, 0.005% surfactant P20; Cytiva, Freiburg, Germany).
His-specific antibody (Qiagen, Hilden, Germany, 34660) was coupled on a CM3 chip at
pH 5.0 using the standard amine coupling kit (Cytiva, Freiburg, Germany). The NABA
constructs were captured with a flow rate of 10 μL/minute for 30 or 40 s on flow cell 2
(Supplementary Table S1). Dilution series of CEACAM5 Fabs were passed on both flow
cells at 30 μL/minute for 150 s to record the association phase. The dissociation phase
was monitored for 300 s and triggered by switching from the sample solution to HBS-EP.
The chip surface was regenerated after every cycle using a double injection of 60 s Glycine
(pH 2.0). Bulk refractive index differences were corrected for by subtracting the response
obtained on the reference flow cell, where no NABA construct was captured. The affinity
constants were derived from the rate constants by fitting to a 1:1 Langmuir binding curve
using the Biacore T200 Evaluation Version 3.2.2 (Cytiva, Freiburg, Germany). The results
are the average of three experiments.

Cell lines: Human gastric cancer cell line MKN-45 (DSMZ ACC 409) and human colon
adenocarcinoma cell lines CX-1 (DSMZ ACC 129) and HT-29 (ATCC HTB-38) were cultured
in RPMI 1640 (Gibco, Thermo Fisher Scientific, Reinach, Switzerland, 42401) supplemented
with 10% FBS (Gibco, Thermo Fisher Scientific, Reinach, Switzerland, 16140 or Sigma-
Aldrich, Buchs, Switzerland, F4135) and 2 mM GlutaMAX (Gibco, Thermo Fisher Scientific,
Reinach, Switzerland, 35050). Human pancreatic adenocarcinoma cell line HPAF-II (ATCC
CRL-1997) was cultured in MEM/EBSS (Gibco, Thermo Fisher Scientific, Reinach, Switzer-
land, 21090) supplemented with 10% FBS, 2 mM GlutaMAX, 1% MEM-Nonessential amino
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acids (Sigma-Aldrich, Buchs, Switzerland, M7145) and 1 mM Sodium-Pyruvate (Sigma-
Aldrich, Buchs, Switzerland, S8636). Human colorectal adenocarcinoma cell line LS-180
(ATCC CL-187) was cultured in MEM/EBSS supplemented with 10% FBS and 2 mM Gluta-
MAX. LoVo (ATCC CCL-229) was cultured in DMEM/F12 (Gibco, Thermo Fisher Scientific,
Reinach, Switzerland, 31331) supplemented with 10% FBS and 2 mM GlutaMAX. All tumor
cell lines grew adherently and were split 2-3 times per week, keeping a confluence between
20 and 80%. Jurkat-human-4-1BB-NFkB-luc2 (Promega CS196004) reporter cell line was
cultured in RPMI 1640 supplemented with 10% FBS, 2 mM GlutaMAX, 1 mM Sodium-
Pyruvate, 1% (v/v) MEM-nonessential Amino acid solution, 25 mM HEPES (Sigma-Aldrich,
Buchs, Switzerland, H0887), 600 μg/mL G-418 (Roche, Mannheim, Germany 04727894001)
and 400 μg/mL Hygromycin B (Roche, Mannheim, Germany 10843555001). The suspen-
sion cells were split twice per week, keeping a cell density of 0.2–1.2 × 106 cells/mL.
CHO-k1 (ATCC CCL-61) cells were transfected with transfection plasmid pETR19312 to
express cynomolgus monkey CEACAM5, and CHO-k1-cynoCEACAM5 clone 8 was se-
lected. CHO-k1-cynoCEACAM5 clone 8 cell line was cultured in DMEM/F-12 (Gibco,
Thermo Fisher Scientific, Reinach, Switzerland, 31330) supplemented with with 10% FBS
and 6 μg/mL Puromycin (Gibco, Thermo Fisher Scientific, Reinach, Switzerland, A1113802)
and split 3 times per week, keeping a confluence between 20 and 80%. To generate CHO-
k1CEACAM5 clone 11 and CHO-k1-huCEACAM5 clone 12 cell lines CHO-k1 (ATCC
CCL-61), cells were transfected with transfection plasmid pETR14582 to express human
CEACAM5. Cells were cultured in DMEM/F-12 (Gibco, Thermo Fisher Scientific, Reinach,
Switzerland, 31330) supplemented with 10% FBS and 500 μg/mL Zeocin (Gibco R25001)
and split 3 times per week, keeping a confluence between 20 and 80%.

Cell binding assay: Tumor cell lines or CEACAM5-transfected CHO-k1 cells were
harvested using 0.05% Trypsin-EDTA (Gibco, Thermo Fisher Scientific, Reinach, Switzer-
land, 25300) for 10 min, washed and resuspended in DPBS (Gibco, Thermo Fisher Scientific,
Reinach, Switzerland, 14190). Then, 2 × 105 cells/well or 3 × 103 cells/well were seeded
on a round-bottom 96-well plate (Cellstar Sigma-Aldrich, Buchs, Switzerland, 650185) or a
round-bottom 384-well plate (Corning, New York, NY, USA, 3830), respectively. Cells were
stained with fixable viability stain eF450 (eBioscience, Thermo Fisher Scientific, Reinach,
Switzerland, 65-0863-18) according to the manufacturer’s recommendations. Cells were
washed with DPBS and incubated for 1 h at 4 ◦C in flow cytometry staining buffer con-
taining different concentrations of CEA-4-1BBL molecules (starting from a concentration
of 300 nM, titrated in 1:5 or 1:4 dilution steps). Cells were washed with DPBS and incu-
bated for 30 min in flow cytometry staining buffer containing 2.5 μg/mL PE-conjugated
secondary antibody (Jackson ImmunoResearch, Cambridge, UK, 109-116-098). Cells were
washed and fixed in PBS with 1% Paraformaldehyde for 15 min. Cells were acquired using
the MACS Quant X (Miltenyi Biotec, Bergisch Gladbach, Germany) coupled to a Cytomat
line 2, a 4 ◦C fridge and a plate handling system (Thermo Fisher Scientific, Reinach, Switzer-
land). Data were analyzed using FlowJo Version 10 to gate on living cells, and the median
fluorescence intensity of the PE-conjugated secondary antibody was evaluated.

Reporter cell line assay: NFkB-downstream signaling after 4-1BB activation was
measured by co-culturing 2 × 103 Jurkat-human-4-1BB-NFkB-luc2 reporter cells with
1 × 104 tumor cells or CEACAM5-transfected CHO-k1 cells in 384-well flat-bottom white
plates (Corning, New York, NY, USA 3826). Titrated CEA-4-1BBL molecules were added,
and the plates were incubated for 5 h at 5% CO2 and 37 ◦C. For one experiment, a fixed dose
of 1 nM CEA-4-1BBL was used and different concentrations of soluble CEACAM5 (BioRad,
Basel, Switzerland, PHP282) were added (starting dose: 190 nM, titrated in 1:5 dilution
steps). Afterwards, One-Glo Luciferase reagent (Promega, Walldorf, Germany E6110) was
added, and luminescence was measured for 0.5 s/well using a Tecan Spark plate reader.
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Human PBMC activation assay: Buffy coats were obtained from the Zurich blood
donation center in accordance with the Declaration of Helsinki. Donors signed a written
informed consent before sample collection. Peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll density centrifugation as follows: buffy coat was mixed 1:1 with ster-
ile DPBS (Gibco, Thermo Fisher Scientific, Reinach, Switzerland, 14190-136), and 35 mL of
this mixture was layered over 15 mL Histopaque 1077 (Sigma-Aldrich, Buchs, Switzerland,
10771, density: 1.077 g/mL) in 50 mL Falcon containers. The containers were centrifuged
for 30 min at 450× g at room temperature without a break. The lymphocyte fraction was
harvested, pooled and washed several times with DPBS. PBMCs were frozen in 80% FBS
and 10% DMSO (Sigma-Aldrich, Buchs, Switzerland, D2650) and stored in vapor phase.
PBMCs were thawed, washed and directly seeded. Then, 7.5 × 104 PBMCs, 2 × 10,445
Gy-irradiated MKN-45 tumor cells, 2nM agonistic human CD3 human IgG1 (clone V9)
or titrated concentrations of CEA-TCB in combination with different concentrations of
CEA-4-1BBL or untargeted controls were combined in 200 μL/well of assay medium in a
96-well round-bottom plate (TTP 92097). As assay medium, RPMI 1640 (GIBCO, Thermo
Fisher Scientific, Reinach, Switzerland, 42401) supplemented with 10% (v/v) FBS, 2 mM
GlutaMAX (Gibco, Thermo Fisher Scientific, Reinach, Switzerland, 35050), 1 mM Sodium-
Pyruvat (Sigma-Aldrich, Buchs, Switzerland S8636), 1% (v/v) MEM-nonessential Amino
acid solution (Sigma-Aldrich, Buchs, Switzerland, M7145) and 50 μM beta-mercaptoethanol
was used. Cells were incubated under humidity at 5% CO2 and 37 ◦C. At day 4, cells were
harvested, washed and stained with LIVE/DEAD Fixable Aqua Dead Cell Stain (Molecular
Technology, Berlin, Germany L34957) according to the manufacturer’s recommendations.
Afterwards, cells were stained in 50 μL/well flow cytometry staining buffer containing
0.3 μg/mL human CD25-APC (BioLegend, San Diego, CA, USA, 301016, clone BC96),
0.67 μg/mL human CD4-BV421 (BioLegend, San Diego, CA, USA, 300532, clone RPA-T4)
and 0.67 μg/mL human CD8-APC/Cy7 (BioLegend, San Diego, CA, USA, 301016, clone
RPA-T8) for 30 min at 4 ◦C. Cells were washed, fixed in PBS with 1% paraformaldehyde for
15 min and acquired using the Canto II (BD). Data were analyzed using FlowJo Version
10 to gate on living CD4 and CD8 T cells to determine the frequency of CD137+ or CD25+
cells of parental populations.

In vivo studies in humanized mice: The experimental study protocol was reviewed
and approved by local government (code: P2011/128, date: 23 September 2016; code:
ZH193-2014, date: 26 May 2020; code: ZH223/17 date: 14 May 2020). NOD.Cg-
PrkdcscidIL2rgtm1Wjl/SzJ (NSG) was supplied by The Jackson Laboratory. Female NSG
mice were bred by Charles River Laboratories (Lyon, France). After arrival, the animals
were maintained for one week to get accustomed to the new environment and for observa-
tion. Continuous health monitoring was carried out on a regular basis. NSG mice were at
the age of 4–5 weeks at the start of human stem cell engraftment and were maintained under
specific-pathogen-free conditions with daily cycles of 12 h light/12 h darkness according to
committed guidelines (GV-Solas; Felasa; TierschG). To generate human stem cell-engrafted
(HSC)-NSG mice, NSG mice were administered 15 mg/kg busulfan (Busilvex, Pierre Fabre)
intraperitoneally (i.p.). Twenty-four hours later, each mouse received an intravenous
(i.v.) injection of 1 × 105 human CD34+ cord blood cells (purchased from STEMCELL
Technologies). At 15–17 weeks post-engraftment, the mice were screened and only mice
with more than 25% human CD45+ cells and a T cell count greater than 80 cells/μL were
enrolled in the studies. For tumor inoculation, 1 × 106 tumor cells were resuspended in a
1:1 mixture of RPMI 1640 (Gibco, Thermo Fisher Scientific, Reinach, Switzerland, 42401)
and GFR Matrigel (Corning, New York, NY, USA, 734-0269) to a total volume of 100 μL and
injected subcutaneously into the flank. Tumor volume was calculated using the formula:
V = length × width2 × 0.5, and it was used to randomize groups one day before treatment.
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Tumor-bearing mice (average tumor size: 200 mm3, randomized groups) were treated
intravenously with vehicle or 2.5 mg/kg CEA-TCB alone or in combination with 1, 3 or
10 mg/kg CEA–4-1BBL molecules. The dose for CEA-TCB was determined in previous
experiments as optimal for xenograft studies in (HSC)-NSG mice and translatable. Tumor
volume was calculated using the formula: V = length × width2 × 0.5.

Flow cytometry measurement ex vivo: For ex vivo flow cytometry analysis, tumor
single-cell suspensions were prepared using the gentleMACS Octo Dissociator (Miltenyi
Biotec, Germany) according to the manufacturer’s protocol and subsequently analyzed by
flow cytometry. Formaldehyde-fixed tumor tissues were utilized for immunohistochemistry.
Digested tumor single-cell suspensions were stained with 1:500 diluted live/death fixable
blue dye (molecular probes: L-23105) according to the manufacturer’s recommendations.
Cells were washed and stained in flow cytometry staining buffer containing mouse CD45-
AF700 (BioLegend, San Diego, CA, USA, 103128, clone 30-F11), human CD3-BV605 (BD
750985) and human CD4-BV421 (BioLegend, San Diego, CA, USA, 317434, clone OKT4),
all diluted 1:300 and incubated for 30 min at 4 ◦C in the dark. Cells were washed, fixed
and permeabilized using Permeablization buffer 10× from the FoxP3 Transcription Buffer
staining kit (eBioscience, Thermo Fisher Scientific, Reinach, Switzerland, 00-5523-00). Cells
were stained in perm-buffer containing 1:300 diluted human FoxP3-PE and incubated for
30 min at 4 ◦C in the dark. Cells were acquired with a 5-laser BD Fortessa flow cytometer
and analyzed.

Immunohistology ex vivo: Immunohistochemical staining was performed in formalin-
fixed paraffin-embedded tissue (FFPET) as described in [3,4] with human CD8 (Cell Mar-
que Tissue Diagnostic, Sigma-Aldrich, Buchs, Switzerland, clone SP16) and human CD3
(Thermo Fisher Scientific, Reinach, Switzerland, MA5-13473, clone C8/144B). Human CD3+
and human CD8+ cells were quantified with Definiens Tissue Studio 3.0 (Definiens, Gilde
Healthcare, Munich, Germany).

CEACAM5 modelling: Inter-domain centroid and center-of-mass distance calcula-
tions: In order to calculate typical distances between domains of the full-length human
CEACAM5 protein, the alphafold2 model AF-P06731-F1-v6 was applied [38,39], which
was aligned with available published CEACAM5 CryoEM structures of the N-terminal
domain (PDB: 2QSQ, 2QST, 2VER) [40] and A3-B3 domain (PDB: 8BW0) [41]. All structures
were analyzed using MOE (Molecular Operating Environment (MOE); 2024.0601 Chemical
Computing Group ULC, 910-1010 Sherbrooke St. W., Montreal, QC H3A 2R7, Canada,
2025). All solved individual domains were initially superimposed based on structure
and sequence similarities to evaluate the folding reliability of the AlphaFold model. Se-
quences corresponding to the N-term (A.A. 1–34) and C-term tail (A.A. 677–702) of the
CEACAM5 AlphaFold model ranked with very low confidence (per residue confidence
score pLDDT < 50, as disclosed in the model description file) were removed from the struc-
ture for further analysis. Next, structures were prepared using the protonate3D function
and refined using an RMS gradient of 0.1 kcal/mol/A2. Domains were annotated and
color-coded according to the figure legends. In order to measure a meaningful inter-domain
distance, a centroid was defined as the geometric center corresponding to the average po-
sition of all atoms in each domain. Similarly, mass-weighted positions of all atoms in
the domain were defined as centers of mass. Inter-centroid and inter-center-of-mass dis-
tances were next measured and compared to the maximal paratopic distance between the
CDRL1 and CDRH2 of the solved CryoEM structure of tusamitamab bound to CEACAM5
(PDB:8BW0) [41].

Images: The pictograms shown below were designed with Biorender.com.
Statistics: Binding and activation values were baseline-corrected. Curves were ana-

lyzed by calculating the area under the curve (AUC), and AUC values were then used to
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calculate significant differences using an unpaired one-way ANOVA test. For in vivo effi-
cacy studies, statistical analysis was performed using 1-way analysis of variance (ANOVA),
and significant p values are indicated as follows: ns: not significant; * p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001.

3. Results

3.1. CEA-4-1BBL Antibody Fusion Protein Design

Following the recently described 4-1BBL antibody fusion protein design [24], dif-
ferent CEA-4-1BBL antibody fusion proteins were generated using five different human
CEACAM5-specific antibodies for tumor targeting (Figure 1A). As a non-tumor-targeted
control, the previously published DP47-4-1BBL fusion protein was applied [24]. This
construct does not bind to the cell surface of cancer cells. CEA-4-1BBL was specifically de-
signed for combination with CEA-TCB, which comprises the human CEA-specific antibody
CH1A1A98/99x2F1 and targets the membrane-proximal CEACAM5 domain B3 [27,42].
Thus, to allow the combination of CEA-TCB with CEA-4-1BBL, only CEACAM5-specific an-
tibodies, which do not share the same CEACAM5 epitope and do not compete for binding
with CEA-TCB, were selected (Figures 1B and S1). The following antibodies known from the
literature were chosen: (1) the humanized antibody T84.66-LCHA binding to CEACAM5
domain A3 [43–45], (2) the parental antibody A5B7 and its humanized version huA5B7
binding to the membrane-proximal CEACAM5 domain A2 [46,47], and (3) the parental
antibody MFE23 [48,49] and its humanized, stabilized and affinity-matured version Sm9b
binding to CEACAM5 domain A1 [50]. All five of these CEACAM5 antibodies recognize
soluble CEACAM5, a product induced by glycosylphosphatidylinositol-phospholipase
D cleavage activity [51], as their epitopes are above the shedding site (Figure 1B). In con-
trast, the epitope of CH1A1A98/99x2F1 applied in CEA-TCB is close to the shedding site,
and binding to soluble CEACAM5 as well as inhibition by soluble CEACAM5 is consid-
ered negligible, as it has been shown for its parental antibody, PR1A3 [52]. To confirm
that simultaneous multiple Fab binding to CEACAM5 domains is possible from a struc-
tural point of view, inter-domain distances relative to the B3 domain of the AlphaFold
model of human CEACAM5 were calculated (Supplementary Figure S1A,B). Measure-
ments show that a typical Fv paratope length scores shorter than inter-domain distances
(Supplementary Figure S1C), further supporting that simultaneous binding to individual
domains occurs.

3.2. CEA-4-1BBL In Vitro Characterization

The affinity determination of the CEACAM5-targeting Fab fragments for CEACAM5
NABA constructs covering the N-A1-B2-A2 domains (Supplementary Table S1) via surface
plasmon resonance (SPR) demonstrated that T84.66-LCHA and A5B7 have the highest
and MFE23 and Sm9b the lowest affinities (Table 1). To test the cellular binding of the
different CEA-4-1BBL antibody fusion proteins, six different human tumor cell lines were
chosen to be representative for high to low CEACAM5 surface expression, as described
previously [27,42]. The ability of the different CEA-4-1BBL fusion proteins to bind these
CEACAM5+ human cancer cell lines was assessed by flow cytometry using a binding
assay, as described in Figure 1C. The measured binding as median fluorescence inten-
sity (MdFI) showed that Sm9b-4-1BBL and its parental variant, MFE23-4-1BBL, displayed
similar MdFI values, which were higher than for A5B7-4-1BBL or T84.66-LCHA-4-1BBL
(Figure 1E, Supplementary Table S2). The discrepancy between affinity determined by sur-
face plasmon resonance and cell binding is likely caused by a different epitope accessibility
on cells and/or differences in the glycosylation profiles between recombinant NABA-
CEACAM5 and CEACAM5 expressed on tumor cell surfaces. To test if these differences
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in tumor cell binding translate into differences in functionality, the Jurkat-human-4-1BB-
NFkB-luc2 reporter assay illustrated in Figure 1D was applied using the same tumor
cell line panel as applied in the cell binding assay (Figure 1F, Supplementary Table S3).
MFE23-4-1BBL and Sm9b-4-1BBL displayed comparable functionality similar to the cell
binding results. On the other hand, A5B7-4-1BBL and T84.66-LCHA-4-1BBL, which showed
lower overall cell binding, displayed lower activity in the reporter cell assay, with T84.66-
LCHA-4-1BBL showing the lowest activity, while A5B7-4-1BBL performed more similarly
to MFE23-4-1BBL and Sm9b-4-1BBL (Figure 1F).

Figure 1. Evaluating binding to CEACAM5-expressing tumor cells and crosslinking functionality in
an analogous reporter cell line assay. (A) Tested CEA-4-1BBL bispecific molecules. The CEACAM5
binding Fab is indicated in blue, the split trimeric 4-1BB ligand in purple and the Fc portion in
gray. (B) Different CEACAM5 epitopes and binders. (C) Schematic illustration of binding assay.
(D) Schematic illustration of functional reporter cell line assay. (E) CEA-4-1BBL binding to different
CEACAM5-expressing tumor cells. CEA-4-1BBL molecules were incubated with the indicated tumor
cell lines. Specific binding was detected using a PE-conjugated secondary antibody, and median of
fluorescence intensity (MdFI) was measured by flow cytometry and baseline-corrected. Each point
is the mean of technical duplicates. One of three similar experiments is shown. (F) CEA-4-1BBL
molecules were titrated and incubated for 5 h with the reporter cell line Jurkat-human-4-1BB-NFkB-
luc and different tumor cells in a 1:1 ratio. Emitting luminescence after substrate addition was
measured for 0.5 s/well as relative light units (RLUs). Each point is the mean of technical duplicates.
One of three independent and similar experiments is shown.

In subsequent experiments it was tested whether these differences in functional activity
can also be observed in primary T cell assays. Human PBMCs obtained from different
healthy donors were activated in the presence of CEACAM5-expressing MKN-45 tumor
cells in the presence of 2 nM of the agonistic human CD3 IgG1 antibody V9 (Figure 2B)
or a titration of CEA-TCB (Figure 2C). This activation step was introduced to induce
sufficient 4-1BB expression, as resting T cells do not express 4-1BB constitutively [24]. The
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timing of this assay was optimized in pre-experiments, and four days was found to be
the optimal time point. Interestingly, in both assays, in the presence of TCR signal 1, no
major differences between the tested CEA-4-1BBL fusion proteins were observed, as were
seen in the Jurkat-human-4-1BB-NFkB-luc2 reporter cell line assays with CEA-4-1BBL as
a monotherapy (Figure 2D,E, Supplementary Tables S4 and S5). In the primary T cell
assays, only minimal differences were observed. However, there was a trend suggesting
that MFE23-4-1BBL and Sm9b-4-1BBL showed better performance when combined with
the agonistic human CD3 antibody V9 (Figure 2D), whereas T84.66-LCHA-4-1BBL and
A5B7-4-1BBL appeared to perform better when combined with CEA-TCB (Figure 2F). This
demonstrates that the resolution of PBMC activation assays is smaller and different to the
reporter cell assay. Furthermore, it demonstrated that the signal 1 provider, CD3 antibody
versus TCB, may have an impact on the activity of the CEA-4-1BBL fusion proteins.

Table 1. Affinity constants of CEACAM5 Fabs for human CEACAM5 NABA constructs. The results
are the average of three experiments.

Anti-CEACAM5 Fab
Human CEACAM5

NABA Construct
ka (1/Ms) kd (1/s) KD (M) SD

MFE23 huCEACAM1(A2,B1)-
huCEACAM5(N, A1) avi His 9.2 × 104 1.1 × 10−3 1.2 × 10−8 1.3 × 10−9

Sm9b huCEACAM1(A2,B1)-
huCEACAM5(N, A1) avi His 8.1 × 104 9.0 × 10−4 1.1 × 10−8 1.3 × 10−9

A5B7 huCEACAM1(N,A2)-
huCEACAM5(A2,B2) avi His 3.6 × 105 3.1 × 10−4 8.6 × 10−10 5 × 10−11

huA5B7 huCEACAM1(N,A2)-
huCEACAM5(A2,B2) avi His 1.9 × 105 4.6 × 10−4 2.5 × 10−9 5.5 × 10−11

T84.66-LCHA huCEACAM1(N,A2)-
huCEACAM5(A3,B3) avi His 8.9 × 105 1.1 × 10−4 1.2 × 10−10 3.0 × 10−11

CH1A1A 98/99 × 2F1 huCEACAM1(N,A2)-
huCEACAM5(A3,B3) avi His 9.0 × 105 8.1 × 10−3 9.1 × 10−9 7.9 × 10−10

As the PBMC-based assays had a longer incubation time of four days than the reporter
cell line assay with an incubation time of five hours, subsequent experiments investigated
whether the accumulation of soluble CEACAM5 may result in a reduction in the bind-
ing to cell-bound CEACAM5 and could provide an explanation for the findings. Indeed,
overexpression of CEACAM5 in colorectal cancer correlates with soluble CEACAM5 con-
centrations in serum, and in cancer patients concentrations from 0.002 to 5.187 ug/mL
have been reported, with soluble CEACAM5 values generally correlating with advanced
cancer stages [53]. To test whether soluble human CEACAM5 can lead to inhibition of the
functionality of the different CEA-4-1BBL fusion proteins (Figure 3A), a fixed concentration
of 1 nM CEA-4-1BBL was chosen (Figure 3B). After adding increasing concentrations of
soluble human CEACAM5 in the Jurkat-human-4-1BB-NFkB-luc2 reporter cell line assay,
the IC50 values were evaluated. In these experiments the strongest inhibition was seen
for T84.66-LCHA-4-1BBL and the lowest for A5B7-4-1BBL and MF23-4-1BBL (Figure 3B).
Therefore, the functional differences in the different assays could not be explained by the
sole impact of soluble CEACAM5.
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Figure 2. Co-stimulatory activity of CEA-4-1BBL molecules on primary human T cells. (A) Tested
CEA-4-1BBL bispecific molecules. (B) Schematic display of the assay with CD3 IgG1. (C) Schematic
display of the assay with CEA-TCB. (D) CEA-4-1BBL molecules were titrated and incubated with
human PBMCs from two different donors, 45 Gy-irradiated MKN-45 tumor and 2 nM agonistic CD3
human IgG1 V9 antibody delivering signal 1, as indicated. After 4 days, T cells were analyzed by
flow cytometry. The frequency of CD25 upregulation in the parental CD4 or CD8 T cell population
was determined as indicated. Each point is the mean of technical triplicates. Error bars indicate the
standard deviation. Only one experiment was performed. (E) Human PBMCs from two different
donors were incubated with 45 Gy-irradiated MKN-45 tumor cells, titrated CEA-TCB and 1 nM CEA-
4-1BBL molecules, as indicated. After 4 days, T cells were analyzed by flow cytometry. The frequency
of CD25 upregulation in the parental CD4 or CD8 T cell population was determined. Each point is the
mean of technical triplicates. Error bars indicate the standard deviation. Only one experiment was
performed. (F) Area under the curve (AUC) was calculated from both assays and baseline-corrected
by subtracting the AUC value from the DP47-4-1BBL control. The mean is shown.

3.3. Cynomolgus Cross-Reactivity

To select the best molecule for further development, the cynomolgus cross-reactivity
of the different CEA-4-1BBL molecules was determined. Cynomolgus cross-reactivity
has already been shown for human 4-1BBL [24], so only the cynomolgus cross-reactivity
of the different CEACAM5 antibodies was determined. For this purpose, CHO-k1 cell
lines stably expressing either human or cynomolgus monkey CEACAM5 were gener-
ated. To compare the cynoCEACAM5 expression levels of the different chosen CHO-k1
clones, a human/cynomolgus cross-reactive CEACAM5 (CD66e) APC-conjugated de-
tection antibody was chosen. Based on the expression data, CHO-k1-cynoCEACAM5
clone 8 with good cynoCEACAM5 expression was selected for subsequent experiments.
Furthermore, CHO-k1-huCEACAM5 clone 12 and clone 11 were selected as controls
(Figure 3C). With these three cell lines, cell binding assays were performed (Figure 3D,
Supplementary Table S6). Only A5B7-4-1BBL showed cyno-cross-reactivity, although with
reduced binding to cynoCEACAM5. A5B7-4-1BBL bound much more weakly to CHO-
k1-cynoCEACAM5 clone 8 (EC50 = 41.8 nM) than to CHO-k1-huCEACAM5 clone 12
(EC50 = 21.69 nM), although both clones displayed similar CEACAM5 expression levels
(Figure 3C). As A5B7 was the only cyno-cross-reactive clone, it was humanized and con-
verted into the CEA-4-1BBL format (huA5B7-4-1BBL). The humanization led to slightly
reduced binding to CHO-k1-huCEACAM5 cells; however, unfortunately, the binding to
CHO-k1-cynoCEACAM5 clone 8 decreased dramatically as a result of the humanization
(Figure 3D, Supplementary Table S6). To test if the low binding to cynoCECAM5 had an
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impact on functionality, the same transgenic CHO-k1 cell lines were used in the functional
Jurkat-human-4-1BB-NFkB-luc2 reporter assay (Figure 3E, Supplementary Table S7). As
expected, only A5B7-4-1BBL and huA5B7-4-1BBL induced reporter cell line activation in
the presence of CHO-k1-cynoCEACAM5. However, both antibody fusion proteins showed
a lower activity with CHO-k1-cynoCEACAM5 than with CHO-k1-humanCEACAM5 con-
trols. Interestingly, compared to A5B7-4-1BBL, huA5B7-4-1BBL functionality was not
reduced as much as the binding to CHO-k1-cynoCEACAM5 would have suggested. Fur-
thermore, no significant differences between CHO-k1-huCEACAM5 clone 11 and CHO-
k1-huCEACAM5 clone 12 were observed in the reporter assay (Figure 3E), although both
cell lines have different CEACAM5 expression (Figure 3C). It is important to mention
that the CHO-k1 cell lines express high levels of CEACAM5 compared to tumor cell lines
(Figure 1D) and that saturation of the reporter cell line activity with CHO-k1-huCEACAM5
clone 11 might have been reached.

Figure 3. Inhibitory capacity of soluble CEACAM5 and cynomolgus monkey cross-reactivity.
(A) Tested CEA-4-1BBL bispecific molecules. (B) Quantities of 1 nM of indicated CEA-4-1BBL
molecules were incubated for 5 h with the reporter cell line Jurkat-human-4-1BB-NFkB-luc, with or
without MKN-45 tumor cells, in a 1:1 ratio and in the presence of titrated concentrations of soluble
human CEACAM5. After substrate addition, emitting luminescence was measured for 0.5 s/well
as relative light units (RLUs) and baseline-corrected. Each point is the mean of technical duplicates.
IC50 values were calculated and are displayed. Only one experiment was performed. (C) CHO-k1
cells were stably transduced with cynomolgus monkey (cynoCEACAM5) or human CEACAM5
(huCEACAM5). To compare expression levels between the different clones, a human/cynomolgus
monkey cross-reactive CD66e-APC detection antibody was used for flow cytometry analysis. The
concentration of the CD66e-APC detection antibody is displayed against the median fluorescence
intensity (MdFI). Each point indicates the mean of technical duplicates. One of five independent
and similar experiments is shown. (D) CEA-4-1BBL molecules were incubated with the indicated
transgenic CHO-k1 cells and detected with a PE-conjugated secondary antibody. The MdFI was
measured by flow cytometry, and values were baseline-corrected. Each point is the mean of technical
duplicates. One of five independent and similar experiments is shown. (E) CEA-4-1BBL molecules
were titrated and incubated for 5 h with the reporter cell line Jurkat-human-4-1BB-NFkB-luc and in
the absence or presence of transgenic CHO-k1 cells in a 1:1 ratio. After addition of substrate, emitting
luminescence was measured for 0.5 s/well as RLUs. Each point is the mean of technical duplicates.
One of three independent and similar experiments is shown.
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3.4. In Vivo Efficacy Studies

Finally, the potential of the different CEA-4-1BBL antibody fusion proteins as signal
2 providers in combination with CEA-TCB was tested in vivo in human CD34+ stem cell
humanized NSG mice bearing subcutaneous human gastric adenocarcinoma MKN-45 or
human pancreatic adenocarcinoma HPAFII xenografts. Both models exhibit comparable
and high CEACAM5 expression and low CD3 T cell infiltration at baseline (Figure 4A,B),
making them xenograft models with good translational potential for colorectal, gastric and
pancreatic cancers. All treated mice exhibited reduced tumor growth relative to the vehicle.
Notably, only T84.66-LCHA-4-1BBL consistently demonstrated significant tumor growth
control across the performed experiments as a combination partner with CEA-TCB when
compared with CEA-TCB monotherapy (Figure 4C–E). To establish this activity further
and evaluate the dose–response relationship, T84.66-LCHA-4-1BBL was evaluated at three
different doses in the MKN45/3T3 co-grafting tumor model in humanized NSG mice [24].
Administration of T84.66-LCHA-4-1BBL at all three tested doses (1, 3 and 10 mg/kg)
resulted in the enhancement of CEA-TCB-mediated tumor growth inhibition (Figure 5A),
exhibiting a clear dose-dependent trend. Furthermore, treatment with all three doses
resulted in comparable immuno-pharmacodynamic effects in the tumor, as evidenced
by flow cytometric analysis of human CD4+ and CD8+ T cell infiltration (Figure 5C).
Consistently, immunohistochemistry (Figure 5D,E) demonstrated a significant increase in
intratumoral human T cell density. Lastly, an increased accumulation of cytokines within
the tumor was observed in the combination groups over CEA-TCB monotherapy at the
study endpoint on day 44 (Figure 5F).

Figure 4. CEA-4-1BBL-mediated tumor growth inhibition in humanized mice (A,B) The human
CEACAM5 expression and human CD3+ cell infiltration measured by IHC on FFPET at a tumor size
of 200 mm3 before treatment of MKN-45 or HPAFII tumors are shown. (C) CD34+ human cord blood
humanized NOG mice received a subcutaneous injection of MKN-45 tumor cells. When a tumor
volume of around 200 mm3 was reached, the mice were randomized and treated with the vehicle
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(gray filled circle) or 2.5 mg/kg CEA-TCB (black filled diamond) twice per week. Four of the
six groups received a combination treatment of 2.5 mg/kg CEA-TCB twice per week and 3 mg/kg
CEA-4-1BBL once per week (the different colors indicate CEA-4-1BBL molecules implementing
different CEACAM5 binders). The schedule of treatment is indicated along the x-axis; tumor growth
in mm3 is indicated along the y-axis. Each point indicates the mean for 10 mice; error bars show the
standard error of the mean (SEM). (D) A repetition of the experiment shown in C with indicated
molecules. (E) A repetition of the experiment shown in C but with HPAFII tumor cells instead
of MKN45 with indicated molecules. Statistical analysis was performed using 1-way analysis of
variance (ANOVA), and significant p values are indicated as follows: ns: not significant; * p < 0.05; **
p < 0.01; **** p < 0.0001.

Figure 5. CEA-4-1BBL mediated increased CD8 T cell accumulation in a dose-dependent manner.
(A) CD34+ human cord blood humanized NOG mice received subcutaneous injection of MKN-45
tumor cells and murine 3T3 fibroblasts. When a tumor volume of around 200 mm3 was reached,
mice were randomized and were treated with vehicle (gray) or 2.5 mg/kg CEA-TCB (black) twice per
week. Three of the five groups received a combination treatment of 2.5 mg/kg CEA-TCB twice per
week and 1m 3 or 10 mg/kg CEA-4-1BBL once per week (different shades of green). The schedule
of treatment is indicated along the x-axis; tumor growth in mm3 is indicated along the y-axis. Each
point indicates the mean of 10 mice; error bars show the standard error of the mean (SEM). (B) The
human CEACAM5 expression measured by IHC on FFPET at a tumor size of 200 mm3 before
treatment is shown. (C) At the endpoint (day 44), tumors were isolated and weighted. Three to four
of ten tumors were digested and analyzed by flow cytometry. The counts of CD45+ CD3+ T cells,
CD45+ CD3+ CD4+ T cells and CD45+ CD3+ CD8+ T cells per mg tumor are shown. Each symbol
indicates an individual mouse; the bars indicate the mean, and the error bars the standard deviation
(SD). (D) A total of 3-6 tumors per group were harvested at the endpoint (day 44); the tissue was
formalin-fixed, paraffin-embedded and stained by immunohistochemistry (IHC) for human CD8 to
monitor the tumor infiltration of CD8+ T cells. Tissue sections were scanned, and whole scans were
analyzed by Definiens. One representative picture per group is shown. (E) The CD3+ and CD8+ T
cell counts per square millimeter of immunohistochemistry are shown. Each symbol represents one
individual mouse; the bars indicate the mean, and the error bars indicate the standard deviation (SD).
Significance was calculated using unpaired one-way ANOVA with Tukey’s multiple comparison test.
ns: not significant; * = p ≤ 0.05; ** p < 0.01. (F) Tumor was digested and centrifuged at endpoint day
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44. Human cytokines were measured from supernatant using a 24plex R&D. For vehicle, CEA-
TCB and CEA-TCB + 3 mg/kg T84.66-LCHA-4-1BBL, tumors from n = 4 mice were analyzed;
for CEA-TCB + 1 mg/kg T84.66-LCHA-4-1BBL, tumors from n = 5 mice were analyzed; and for
CEA-TCB + 10 mg/kg T84.66-LCHA-4-1BBL, tumors from n = 3 mice were analyzed. Measured
cytokines are shown in different colors as the mean ± SD per treatment group. Statistical analysis
was performed using 1-way analysis of variance (ANOVA), and significant p values are indicated as
follows: ns: not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

CEACAM5 is a well-studied marker for colorectal cancer, and soluble CEA serves
as an FDA-approved diagnostic tumor marker [22,23]. Due to its broad and relatively
tumor-selective expression, CEACAM5 has a high potential to serve as a target for different
antibody-based cancer (immuno-) therapies. Several CEA-targeted TCBs have reached
clinical trials, including CEA-TCB (cibisatamab) [27] and MEDI-565/AMG211 [54]. Clinical
data have been reported for CEA-TCB as a monotherapy and in combination with the
PD-L1 antibody atezolizumab [55]. Recently, promising data were reported for the TopoI
payload-based CEACAM5-specific antibody drug conjugate precemtabart tocentecan in a
Phase 1 study in colorectal cancer patients [56]. Notably, CEACAM5 has been described
as displaying immune cell-inhibitory functions. For example, CEACAM5 expressed by
tumor cells can interact with CEACAM1 expressed by NK cells and lead to the inhibition
of NK cell-mediated tumor target cell killing [57]. Furthermore, it has been proposed
that CEACAM5 can directly interact with CD1d via its B3 domain and with CD8α via its
N-domain, leading to the formation of suppressive CD8 regulatory T cells [58]. CEACAM5
expression in pancreatic cancer also correlates with impairment of the tumoricidal function
of M1 macrophages and neutrophils, although the mechanism is not fully understood [59].

Here different CEACAM5-specific antibodies directed against different epitopes/
domains were tested to see which of them when used as targeting antibodies in CEA-4-
1BBL fusion proteins would lead to the best CEA-4-1BBL-mediated tumor control in com-
bination with CEA-TCB. Interestingly, in vitro MFE23-4-1BBL and Sm9b-4-1BBL (targeting
membrane-distal CEACAM5 epitopes) performed superiorly in binding to tumor cells and in
the functional Jurkat-human-4-1BB-NFkB-luc2 reporter cell assay. Similarly, when combined
with a CD3 antibody as a signal 1 provider, both molecules had a tendency to perform better in
the PBMC activation assay. In contrast, T84.66-LCHA-4-1BBL targeting a membrane-proximal
epitope showed weaker binding on tumor cells and the lowest activity in the reporter cell
assay. However, when combined with CEA-TCB as a signal 1 provider, T84.66-LCHA-4-1BBL
mediated the best activity overall, both in a human PBMC assay and in vivo in two different
xenograft models in human CD34+ stem cell humanized NSG mice.

The location of the tumor-target epitope, whether the binder-specific epitope is proxi-
mal or distal to the membrane, can influence T cell bispecific antibody function. Membrane-
proximal epitopes are generally considered beneficial for TCBs, as they favor the formation
of functional synapses between T and tumor cells. Indeed, Bluemel and colleagues used
a MCSP-TCB comparing different MCSP-specific binders which recognized membrane-
proximal, central and membrane-distal domains [60]. Membrane-proximal binding led
to the strongest T cell-mediated tumor cell killing. Similarly, an EpCAM-TCB was tested,
where not the EpCAM antibody but the location of the recognized epitope was modified
by introducing spacers to mimic a more distal location of the same EpCAM epitope. In
this example, creating a membrane-distal location led to the loss of bispecific-mediated
T cell cytotoxicity [60]. Li and colleagues have studied FcRH5-TCB. The membrane-
proximal-domain FcRH5 binder demonstrated the strongest in vitro functionality; however,
a membrane-distal binder mediated similar tumor cell killing when the epitope was moved
to a membrane-proximal position through genetic engineering [61]. Finally, Chen and
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colleagues investigated BCMA and Flt3 TCBs and their specific lysis capacity depending on
the epitope localization, affinity and molecular design of the bispecific antibodies [62]. They
showed that molecular design and tumor-target epitope location can decouple cytotoxicity
and cytokine release and must be coordinated to achieve the best synapse and tumor
killing results [62]. Antigen-binding affinities, on the other hand, appear to be positively
correlated with cytotoxicity and cytokine release [62]. It is therefore reasonable to speculate
that T84.66-LCHA-4-1BBL, by virtue of binding to the membrane-proximal A3 domain, is
the optimal combination partner for CEA-TCB, recognizing the membrane-proximal B3
domain and thus enabling optimal synapse formation (Figures 1B and S1).

In contrast, the improved performance of membrane-distal CEACAM5-binding CEA-
4-1BBL bispecific molecules in vitro in the Jurkat-human-4-1BB-NFkB-luc2 reporter cell line
assay was surprising, as in general a smaller interspace that better mimics natural synapse
formation is considered superior. In order to trigger TCR signaling in Jurkat reporter cells,
physical immobilization and crosslinking appear to be more important than the actual
synapse formation. Accordingly, the ranking observed in the Jurkat-human-4-1BB-NFkB-
luc2 reporter cell line assay was not reflected in the PBMC-based activation assays. In vivo,
T84.66-LCHA-4-1BBL displayed the best tumor growth control in combination with CEA-
TCB over several in vivo studies and models. Importantly, testing CEA-4-1BBL activity
in the in vitro PMBC activation assay or in vivo requires the presence of an active signal
1, whereas the Jurkat reporter cell line works without additional signal 1 and therefore
ultimately may not reflect the impact of functional synapse formation in the presence of
bispecific molecules. Therefore, the reporter cell line assay in this particular case cannot be
considered the assay of choice for the selection of bispecific lead candidates, and broader
testing, including TCBs as combination partners and in vivo experiments, is recommended.
Based on the totality of the PBMC activation and in vivo data in combination with CEA-
TCB, T84.66-LCHA-4-1BBL was chosen as the lead. Due to the discontinuation of the
clinical development of CEA-TCB (cibisatamab, RG7802), further preclinical development
of T84.66-LCHA-4-1BBL was halted; however, these findings may be of relevance to the
development of future CEACAM5-targeted co-stimulatory agents and their combination
with T cell engagers.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antib14040096/s1: Table S1: NABA constructs and conditions
used for determining the affinity constants of the CEACAM5 Fabs via surface plasmon resonance
(SPR); Table S2: EC50 in nM and area under the curve (AUC) values of binding curves for different
CEACAM5-expressing tumor cell lines shown in Figure 1E; Table S3: EC50 in nM and area under the
curve (AUC) values of activation curves for the Jurkat-human-4-1BB-NFkB-luc reporter cell line in
the presence of different CEACAM5-expressing tumor cell lines shown in Figure 1F; Table S4: EC50
in nM and area under the curve (AUC) values of activation curves for the activation assay for
PBMCs from two different donors shown in Figure 2D; Table S5: Area under the curve (AUC)
values of activation curves for the activation assay for PBMCs from two different donors shown
in Figure 2E; Table S6: EC50 in nM and area under the curve (AUC) values of binding curves for
different transgenic cynomolgus monkey or human CEACAM5-expressing CHO-k1 cell lines shown
in Figure 3C and 3D; Table S7: EC50 in nM and area under the curve (AUC) values of binding
curves for different transgenic cynomolgus monkey or human CEACAM5-expressing CHO-k1 cell
lines shown in Figure 3E; Figure S1: Inter-domain distance of human CEACAM5 AlphaFold model.
Centroids, defined as geometric centers of individual domains, were calculated and depicted as red
dots within each individual domain and used for distance calculation relative to the B3 centroids
(depicted as green lines in A and reported in B). Similarly, centers of mass accounting for each
domain’s atom mass were calculated and used for relative distance measurement (reported in
B). Structural overlay of B3-A3 domains with solved CryoEM structure of tusamitamab bound to
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CEAMCAM5 (gray, PDB: 8BW0) allowed the calculation of maximal FV paratope distance between
the CDRL1 and CDRH2 of a typical Fv antibody (C).
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Abstract: Chimeric antigen receptor (CAR)-based immunotherapy has emerged as a trans-
formative strategy in anticancer treatment, driven by advances in CAR construct design,
manufacturing platforms, and expansion to diverse immune cell types. The landmark
success of CD19-targeted CAR-T cell therapy in B cell malignancies has paved the way for
broader clinical applications. As of 2025, the U.S. FDA has approved multiple autologous
CAR-T products, underscoring their therapeutic promise. However, challenges persist,
including cytokine release syndrome (CRS), neurotoxicity, product inconsistency, and the
high cost and complexity of cell manufacturing. Variations in cell source, gene delivery
methods, expansion protocols, and CAR design significantly influence the safety, efficacy,
and scalability of these therapies. In this review, we comprehensively examine the current
advances in manufacturing protocols for CAR-modified T cells, natural killer (NK) cells,
and unconventional T cell subsets, including γδ T, invariant natural killer T (iNKT), and
mucosal-associated invariant T (MAIT) cells. We also highlight emerging innovations such
as in vivo CAR-T generation and off-the-shelf allogeneic approaches. By integrating up-
dated strategies with a critical evaluation of current limitations, this review aims to support
the development of standardized, robust, and accessible CAR-based immunotherapies.

Keywords: cancer immunotherapy; chimeric antigen receptor (CAR); cell manufacturing;
antibody-derived scFv

1. Introduction

For decades, cancer treatment has primarily relied on surgery, radiation, and
chemotherapy. However, the advent of immunotherapy has ushered in a new era of
precision oncology by harnessing the host immune system to selectively target malignant
cells. Among these strategies, adoptive cell therapy, particularly the genetic engineering
of T cells to express chimeric antigen receptor (CAR), has emerged as one of the most
transformative breakthroughs in hematologic oncology. CARs are synthetic fusion proteins
that redirect immune cell specificity toward tumour-associated antigens. They typically
consist of an extracellular single-chain variable fragment (scFv) derived from a monoclonal
antibody, a hinge/transmembrane domain, and intracellular signaling motifs that activate
immune effector functions upon antigen engagement [1]. This modular structure enables
CAR-T cells to recognize tumour antigens in an HLA-independent manner and exert
potent cytotoxicity.

Clinical studies have demonstrated exceptional efficacy of CAR-T cell therapy, par-
ticularly against B cell malignancies. Anti-CD19 CAR-T cells have achieved complete
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response (CR) rates ranging from approximately 50% to over 90% in patients with relapsed
or refractory (r/r) B cell acute lymphoblastic leukemia (B-ALL) and non-Hodgkin lym-
phomas [2,3]. As of 2025, the U.S. Food and Drug Administration (FDA) has authorized
six autologous CAR-T products: four targeting CD19—Kymriah® (Tisagenlecleucel) [4] for
r/r ALL, Yescarta® (Axicabtagene Ciloleucel) [5], Breyanzi® (Lisocabtagene Maraleucel) [6]
for r/r diffuse large B cell lymphoma (DLBCL), Tecartus® (Brexucabtagene Autoleucel) [7]
for r/r mantle cell lymphoma (MCL), alongside two B cell maturation antigen (BCMA)-
directed therapies for multiple myeloma (MM), Abecma® (Idecabtagene Vicleucel) [8] and
Carvykti® (Ciltacabtagene Autoleucel) [9] (Table 1). All six products have also received
marketing authorization from the European Medicines Agency (EMA) [10]. In China, the
National Medical Products Administration (NMPA) has approved six CAR-T therapies,
including the globally marketed Yescarta® and Carvykti®, as well as four domestically
developed products, Carteyva® (relmacabtagene autoleucel) [11] for r/r follicular lym-
phoma (FL), Fucaso® (equecabtagene autoleucel) [12] and Zevor-cel® (zevorcabtagene
autoleucel) [13] for r/r MM; and Yorwida® (inaticabtagene autoleucel) for r/r B-ALL [14].
As of June 2025, over 6000 interventional cell therapy trials were registered worldwide,
including 1580 CAR-T studies listed on ClinicalTrials.gov [15,16]. It reflects the unprece-
dented growth of the CAR field and its expanding therapeutic footprint across hematologic
cancers and emerging solid tumour indications.

Table 1. Overview of representative CAR-T cell products on the market for cancers.

Target Antigen Diagnosis Company/Institution Year Approval

CD19 B-ALL
DLBCL Novartis 2017 (FDA)

2018 (EMA)
FDA/EMA-approved

Kymriah® (Tisagenlecleucel)

CD19
LBCL

DLBCL
FL

Kite Pharma
2017 (FDA)
2018 (EMA)

2021 (NMPA)

FDA/EMA/NMPA-approved
Yescarta® (Axicabtagene

Ciloleucel)

CD19 LBCL
DLBCL

Juno
Therapeutics

2021 (FDA)
2022 (EMA)

FDA/EMA-approved
Breyanzi® (Lisocabtagene

Maraleucel)

CD19 MCL Kite Pharma 2020 (FDA, EMA)
FDA/EMA-approved

Tecartus® (Brexucabtagene
Autoleucel)

CD19
LBCL

FL
MCL

JW Therapeutics 2021
NMPA-approved

Carteyva®(Relmacabtagene
Autoleucel)

CD19 B-ALL
DLBCL

Juventas Cell
Therapy/CASI

Pharmaceuticals
2021

NMPA-approved
Yorwida® (Inaticabtagene

Autoleucel)

BCMA MM Celgene
Corporation 2021 (FDA, EMA) FDA/EMA-approved

Abecma® (Idecabtagene Vicleucel)

BCMA MM Janssen Biotech 2022 (FDA, EMA)
2023 (NMPA)

FDA/EMA/NMPA-approved
Carvykti® (Ciltacabtagene

Autoleucel)

BCMA r/r MM
IASO

Bio/Innovent
Biologics

2023
NMPA-approved

Fucaso®(Equecabtagene
Autoleucel)

BCMA r/r MM CARsgen
Therapeutics 2024

NMPA-approved
Zevor-cel® (Zevorcabtagene

Autoleucel)

This rapid clinical expansion, however, also highlights the need for innovation to ad-
dress scalability, cost, and accessibility. While CAR-T therapies have transformed outcomes
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for many patients, their complex, patient-specific manufacturing and intensive clinical
management limit broader application. Variability in T cell quality, activation, transduction
efficiency, and expansion kinetics can substantially affect potency and persistence. At
the same time, severe toxicities such as cytokine release syndrome (CRS) and immune
effector cell-associated neurotoxicity syndrome (ICANS) remain significant clinical con-
cerns [17]. To overcome these barriers, the field is rapidly advancing toward more efficient,
standardized, and scalable solutions. Current research focuses on developing allogeneic
“off-the-shelf” CAR-T products, exploring alternative immune cell platforms, including
γδ T cells, invariant natural killer T (iNKT) cells, mucosal-associated invariant T (MAIT)
cells, and natural killer (NK) cells, and integrating automated, closed-system manufactur-
ing technologies. In parallel, in vivo CAR-T generation using viral or non-viral delivery
systems is emerging as a transformative approach that could eventually eliminate the need
for ex vivo cell manipulation altogether.

In this review, we comprehensively examine the state of the art in CAR-based cell
manufacturing, encompassing conventional and unconventional cell sources, gene delivery
technologies, expansion platforms, and clinical-grade production systems. We further
highlight ongoing innovations aimed at enhancing safety, efficacy, and manufacturing
efficiency, setting the stage for the next generation of broadly applicable immunotherapies.

2. Manufacturing Protocols for Conventional T Cell Therapy

The dramatic clinical outcomes of CD19-specific CAR-T cell therapy have boosted re-
search interests in the development of armed immune cells to combat tumours. Minor
differences in the manufacturing procedures and the CAR construct design might result in sub-
stantial variability in the quality and performance of the final cell products in patients [18–20].
The general CAR-T cell production outline includes T cell collection, cultivation, gene transfer
and CAR-T cell expansion. The final cell products could be stored through cryopreservation
before transfusion to patients, allowing for shipping from manufacturing sites to clinical
centres and flexibility in scheduling the adoptive transfer timing (Figure 1).

Figure 1. Schematic overview of CAR-T cell manufacturing workflow. The workflow depicts the
general ex vivo CAR-T manufacturing process applicable to both autologous and allogeneic settings
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from Day 0 to Day 14, highlighting conventional processes alongside next-generation rapid and auto-
mated platforms. Colours indicate different stages of the CAR-T manufacturing process: collection,
activation, gene engineering, expansion, and infusion. Conventional workflows typically involve
these steps, resulting in a final product in approximately 10–14 days. In parallel, automated, closed-
system platforms integrate activation, transduction, and expansion in a single device to improve
standardization, reduce operator variability, and support decentralized GMP manufacturing. Emerg-
ing rapid and ultra-fast manufacturing strategies shorten the activation and culture phases, enabling
gene transfer as early as Days 1–2 and significantly compressing the overall timeline. Additionally,
antibody-mediated knock-in systems (e.g., retargeted lentiviral platforms such as PACK-IT) enable
selective T cell gene delivery without the need for prior enrichment or activation and support both
ultra-rapid ex vivo production and in vivo CAR-T generation.

2.1. T Cell Collection and Enrichment

Although the U.S. FDA has approved multiple CAR-T cell products, there is still no
universally standardized manufacturing protocol for CAR-T cell therapy. Variability in cell
source, processing, and enrichment strategies remains a key determinant of product quality
and clinical outcomes. In autologous manufacturing, production typically begins with
leukapheresis to isolate white blood cells from the patient’s peripheral blood. Traditionally,
lymphocytes were separated using Ficoll density gradient centrifugation [21]. Currently,
automated cell-washer machines such as Cytiva® Sepax S-100 (Cytiva, USA), Fresenius
Kabi LOVO® (Fresenius Kabi, Germany) and Haemonetics® Cell Saver (Haemonetics
Corporation, MA, USA) are used to streamline cell separation, reduce contamination risk,
and remove red blood cells, granulocytes, and platelets [21,22]. Approximately 106 to
107 viable T cells are required for downstream CAR modification [23]. Many protocols
now incorporate immunomagnetic bead-based selection to enrich specific T cell subsets
(e.g., CD4+, CD8+, or naïve/memory fractions) for improved product consistency. Defined
CD4+:CD8+ ratios, such as the fixed 1:1 ratio described by Turtle et al., have been associated
with improved expansion kinetics, persistence, and clinical remission rates in ALL [24]. In
certain disease settings, such as chronic lymphocytic leukaemia (CLL), where circulating
tumour cells can contaminate leukapheresis products, additional CD3+ T cell enrichment
may be required to improve manufacturing efficiency [20]. Negative selection is also used
to deplete unwanted populations. For example, CD56+ bead depletion can remove exces-
sive NK cells (>10%), which may otherwise compete with T cells during culture [25]. The
quality of the apheresis product is strongly influenced by patient-related factors, including
age, tumour burden, prior therapies, and the hostile tumour microenvironment (TME). For
instance, ALL diagnosis and higher platelet count have been linked to lower lymphocyte
collection efficiency [26]. Patients heavily pretreated with chemotherapy or radiotherapy
often exhibit lymphocytopenia [27], while T cell exhaustion and senescence are common,
leading to reduced expansion potential and diminished in vivo persistence [19,28]. These
factors must be evaluated at the collection stage to assess the feasibility of CAR-T man-
ufacturing, anticipate expansion challenges, and predict product potency. Standardized
apheresis quality assessments and pre-manufacturing fitness assays are increasingly be-
ing implemented at clinical sites to optimize product yield and ensure therapeutic-grade
cell quality.

2.2. T Cell Activation

Robust activation signals are required to initiate T cell proliferation and differentiation
during CAR-T cell manufacturing. Several techniques have been developed to mimic phys-
iological T cell activation in vitro, balancing expansion efficiency, phenotype preservation,
and transduction competence. The most widely adopted clinical approach remains anti-
CD3/CD28 antibody-coated magnetic beads (e.g., Dynabeads® CD3/CD28, Thermo Fisher
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Scientific, USA), which accounted for the majority of 952 analysed manufacturing protocols
in the systematic survey by Vormittag et al. [21]. This strategy offers practical advantages
that the antibodies on the bead surface minimize the potential loss during media changes,
and the beads can be removed post-expansion via strong magnets. Bead-based stimulation
has been shown to induce 10–100-fold higher cytokine production and a less exhausted
phenotype compared with OKT3 (anti-CD3) plus IL-2 stimulation [29,30]. Bead-free ac-
tivator technologies are gaining popularity in recent manufacturing pipelines. Product
like Miltenyi’s TransAct™ CD3/CD28 reagent (Miltenyi Biotec, Germany) could provide
soluble, biodegradable activation complexes that eliminate bead removal steps, reducing
labour, contamination risk, and residual material in the final product [31,32]. Alternative
activation systems are being increasingly explored to optimize scalability. Artificial antigen-
presenting cells (aAPCs), particularly K562-derived platforms, can deliver sustained and
more physiologic activation via engineered expression of co-stimulatory ligands. For exam-
ple, Shrestha et al. engineered K562-based aAPCs co-expressing CD3, CD28, and CD137L,
which supported prolonged expansion in a CAR-dependent manner [33]. Schmidts et al.
further optimized this approach by knocking out the low-density lipoprotein receptor
(LDLR) to prevent undesired lentiviral transduction, enabling direct co-culture with T cells
without additional removal steps. In preclinical ALL models, 2:1 aAPC:T cell co-culture
supported robust CAR-T expansion and potent antitumour activity [34]. Activation du-
ration remains a critical process parameter. Stimulation is typically performed for 48 to
72 h, with evidence that shorter ex vivo culture times preserve a less differentiated T cell
phenotype, enhanced in vitro effector function, and superior in vivo persistence compared
with prolonged culture [35]. Activation extended beyond 5 days has been associated with
decreased CD3 expression, reduced viability, lower expansion, and diminished transduc-
tion efficiency relative to 3-day activation [36]. Therefore, a balanced activation strategy
with appropriate platform and optimized stimulation duration is crucial for generating a
CAR-T cell product with high potency, viability, and consistent clinical performance.

2.3. CAR Structure and Generations

The CAR is embedded in the T cell to determine the specificity and activity of the cell
products. A proper CAR construct design is critical for the therapeutic success of CAR-
based immunotherapy. Since the introduction of CAR technology, the CAR construct has
experienced several generations of renovation, each aimed at overcoming the shortcomings
of the previous designs (Figure 2).

Figure 2. Evolutions of CAR designs. The first-generation CAR consists of an extracellular antigen-
binding domain linked to an intracellular CD3ζ signaling module. The second- and third-generation
CARs incorporate one or two co-stimulatory domains, respectively, to enhance proliferation, persistence,

151



Antibodies 2025, 14, 105

and anti-tumour activity. Fourth-generation CARs (TRUCKs) are engineered to release immune-
modulating molecules, such as proinflammatory cytokines, upon antigen recognition to remodel the
tumour microenvironment. Fifth-generation CARs integrate a truncated cytokine receptor domain
(e.g., IL-2Rβ) with a STAT3/5-binding motif, enabling antigen-dependent cytokine signaling to
further support T cell expansion and function. Novel modular designs, such as split or adaptor
CAR systems, separate antigen recognition from signaling by pairing a universal receptor with
interchangeable, target-specific adaptors, allowing for adjustable specificity and tuneable activity.

First-generation CARs consist of an extracellular scFv for HLA-independent anti-
gen recognition, a transmembrane domain for structural stability, and an intracellular
CD3ζ signaling domain for T cell activation and cytotoxic function [20]. Although ca-
pable of antigen-specific recognition, these early CD3ζ-based CAR-T cells demonstrated
poor in vivo persistence and suboptimal anti-tumour activity due to the absence of co-
stimulatory signaling [37,38]. Second-generation CARs incorporate a single co-stimulatory
domain, most often CD28 or 4-1BB, alongside CD3ζ, resulting in enhanced proliferation,
prolonged survival, and delayed exhaustion [39]. Other co-stimulatory modules, such as
OX40, ICOS and CD27, have also been explored to fine-tune T cell persistence and activity
in vivo [20]. In patients with r/r B cell malignancies, second-generation CAR-T cells have
achieved markedly improved clinical outcomes compared to the first-generation prod-
ucts [40]. Third-generation CARs combine two co-stimulatory domains (e.g., CD28 + 4-1BB
or CD28 + OX40) with CD3ζ to deliver stronger and more sustained activation signals.
Early-phase clinical studies have shown favourable safety profiles and enhanced anti-
tumour efficacy, with more durable responses in certain B-cell lymphoma cohorts [41,42].

The evolution from first- to third-generation CARs was primarily aimed at augment-
ing T-cell activation, survival, and cytotoxicity. Fourth-generation CARs (TRUCKs) further
expanded functionality by enabling T cells to release immune-modulating factors upon
antigen encounter, allowing for active reshaping of TME [20]. For instance, CAR-T cells
engineered to co-express IL-7 and CCL19 enhanced proliferation, cytotoxicity, and intratu-
moural recruitment of endogenous immune cells r/r MM (NCT03778346) [43]. Additional
cytokines such as IL-12, IL-15, and IL-18 are being incorporated into TRUCK platforms
to strengthen T cell function within immunosuppressive niches, although precise control
of cytokine release remains essential to prevent systemic toxicity [44]. Fifth-generation
CARs build on this concept by introducing truncated cytokine receptor elements (e.g.,
IL-2Rβ–STAT3/5 motifs) that couple antigen recognition to self-amplifying proliferative
and survival signals, potentially reducing reliance on exogenous cytokines [45].

Despite these advances, single-antigen CAR designs remain highly vulnerable to
tumour antigen loss or downregulation, one of the most common mechanisms of relapse
following CAR-T therapy. Several next-generation CAR architectures have been developed
to mitigate antigen escape by broadening tumour coverage. One approach is bispecific
CAR format, in which two antigen-binding domains are incorporated into a single receptor.
Clinical studies using BCMA/CD19 bispecific CAR-T cells in r/r MM have reported high
complete response rates and durable remissions [46]. Beyond fixed dual-target receptors,
adaptor-based CAR platforms offer a modular solution to antigen escape by enabling
on-demand and reversible retargeting. In the SUPRA CAR system (split, universal, pro-
grammable), a universal “zipCAR” receptor on the T cell binds interchangeable “zipFv”
adaptors through engineered leucine-zipper interactions, allowing the same CAR-T popu-
lation to be redirected to new antigens as tumours evolve (Figure 2). This configuration
enables rapid switching between antigens using a single cellular product, and competitive
zippers can be used as tunable OFF-switches to modulate activity and mitigate toxic-
ity [47]. Similarly, the SpyTag/SpyCatcher platform links a universal CAR scaffold to
tumour-specific binders via covalent isopeptide bonds, enabling rapid retargeting, con-

152



Antibodies 2025, 14, 105

trolled dosing of adaptor molecules, and switching between antigens in response to tumour
heterogeneity [48,49].

In addition to antigen escape, next-generation CAR designs increasingly address the
toxicity risks inherent to conventional CAR-T therapies, particularly CRS and ICANS. These
toxicities arise from excessive cytokine release, myeloid-cell activation, and uncontrolled
T cell expansion within the tumour microenvironment. To mitigate these risks, multiple
safety-switch mechanisms have been incorporated into CAR constructs. The most clinically
advanced is the inducible caspase-9 (iC9) suicide switch, which triggers rapid apoptosis
upon administration of a small-molecule dimerizer and has shown effective clinical perfor-
mance in early trials [50]. Surface elimination markers, such as truncated EGFR (EGFRt),
permit antibody-mediated depletion with cetuximab when severe toxicity occurs [51]. More
recently, small-molecule, regulated ON/OFF switches, including synthetic Notch receptors,
drug-controlled heterodimerization domains, and protease-regulated CARs, have been
developed to allow for reversible, dose-dependent control of CAR-T activity [52,53].

These advanced CAR formats represent important developments toward overcoming
antigenic heterogeneity and CAR functions. Selecting the appropriate CAR generation
and architecture must be tailored to the intended effector cell type, clinical indication, and
manufacturing platform to optimise therapeutic potency, durability, and safety.

2.4. Gene Delivery

The transfer of the CAR transgene into immune effector cells is a pivotal step in
CAR-T cell manufacturing. Current clinical practice relies primarily on viral or non-viral
systems to achieve stable CAR expression in patient T cells. Viral vectors remain the most
widely used delivery platform, with retroviral and lentiviral systems dominating the field
due to their high transduction efficiency, ability to stably integrate the CAR cassette, and
safety profile demonstrated in multiple clinical trials [22,54]. For clinical application, all
viral vectors must meet stringent GMP standards, necessitating dedicated production
facilities and extensive biosafety testing to exclude replication-competent viruses [21].
These requirements contribute significantly to manufacturing costs. Efforts to streamline
vector production have included the development of stable packaging cell lines to reduce
batch-to-batch variability and cost. For example, Parente-Pereira et al. developed a two-step
procedure yielding a fully positive retroviral packaging master cell bank with stable vector
expression and high production consistency [23]. In addition, process optimisations such as
the use of X-Vivo 15 medium, G-Rex culture vessels for improved nutrient exchange, and
RetroNectin-coated surfaces for enhanced viral colocalization with T cells have improved
CAR-T yield and transduction efficiency [55].

Alternatives are becoming available to support gene delivery work. In particular,
the transposon/transposase system is one of the non-viral gene delivery approaches.
Although it is a relatively new approach in the field of cell therapies, it can provide great
economic benefits over viral transduction. The transposon/transposase system allows for
integration of CAR transgene into the T cell genome with satisfactory efficiency, simple
manufacturing procedure and relatively low cost compared to viral transduction. The
desired CAR transgene is incorporated into a transposon sequence on the plasmid, encoding
the required transposase for later transposon excision and insertion into the T-cell genome.
Electroporation is applied to introduce the plasmids to target T cells before activation [56].
Clinical studies using the Sleeping Beauty platform to generate anti-CD19 CAR-T cells
in r/r B-cell malignancies have reported durable expression with low risk of insertional
mutagenesis [57,58]. Although more trials and research are warranted to confirm the
efficacy and safety of this non-viral gene transfer methodology, the early success in the
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clinical trials has shown its potential as a competent and economical tool for both research
and medical use.

2.5. T Cell Expansion

Scaling up the cell production to a required infusion level is a challenge in CAR-T
manufacturing. Cytokine supplementation plays a central role in shaping the expansion
kinetics, composition, and functional phenotype of the final product. The most widely
used regimens include interleukin (IL)-2, IL-15, and IL-21, either alone or in combina-
tion, to support ex vivo proliferation [20]. However, excessive supplementation with
cytokines, especially IL-2 exposure, may lead to a more differentiated and exhausted
phenotype of T cells that impairs the killing functions towards cancer cells and reduces
the persistence [59]. Comparative studies have shown that supplementation with IL-15
preferentially maintains T cells with a stem cell memory (Tscm)-like phenotype, partly
by limiting mTORC1-driven glycolytic metabolism. CAR-T cells expanded with IL-15
alone have demonstrated enhanced proliferative capacity, reduced apoptotic susceptibility,
and potent anti-tumour activity in preclinical models [59]. IL-21 has also emerged as a
valuable cytokine in expansion protocols. In addition to boosting proliferation, IL-21 can
inhibit terminal differentiation into exhausted late-memory phenotypes, thus preserving
long-lived, functionally competent T cells [60].

As manufacturing volumes increase, he choice of expansion platform becomes critical.
Manual flask cultures are labour-intensive, contamination-prone, and incompatible with
large-scale GMP production. Automated, closed-system bioreactors, such as the CliniMACS
Prodigy® (Miltenyi Biotec, Germany), Lonza Cocoon® (Lonza, Switzerland), and G-Rex®

(Wilson Wolf Manufacturing, USA), provide sterile, tightly controlled environments that
minimize operator intervention [22]. These systems have made CAR-T manufacturing
more consistent and accessible across clinical centres. Typically, approximately 14 days
are required to produce infusion-ready CAR-T products. Comparative studies indicate
that CAR-T cells expanded using the CliniMACS Prodigy® system maintain phenotypic
and functional equivalence to manually produced products, confirming the feasibility
of automated, large-scale production [61,62]. Quality control and in-process monitoring
remain essential for GMP compliance, and continued optimization of culture formulations
is necessary. Importantly, the successful in-human trial using CliniMACS Prodigy® to
generate bispecific anti-CD20/anti-CD19 CAR-T cells (NCT03019055) achieved robust
antitumour activity with low toxicity, validating the system’s potential for decentralized,
on-site CAR-T manufacturing [63].

Recent technological advances aim to further shortened expansion timelines. Short-
cycle manufacturing platforms, such as the PACK-IT (Programmable Antibody-mediated
Cellular Knock-In of T cells) system, enable faster CAR-T generation [64]. It uses a mutated
vesicular stomatitis virus glycoprotein (VSV-G) envelope that lacks native tropism and
is fused with a T cell-specific scFv (e.g., anti-CD3), enabling targeted gene integration
directly into T cells. This approach eliminates the need for cell purification or activation
and completes ex vivo manufacturing within four days, yielding CAR-T cells with superior
potency compared with conventional lentiviral products. Moreover, intravenous adminis-
tration of anti-CD3 PACK-IT particles in humanized mice successfully generated functional
CAR-T cells in vivo, highlighting its potential to unify rapid ex vivo and direct in vivo
manufacturing [64].

Building upon these developments, ultra-fast systems such as the Ultra-Fast CAR (UF-
CAR) and FasT CAR-T (F-CAR-T) platforms have further compressed production to under
48 h. These one-day protocols optimize activation signals, transduction efficiency, and early-
memory phenotype retention to deliver functional CAR-T cells in a single manufacturing
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cycle [65–67]. In a clinical comparison, FasT CAR-T demonstrated encouraging responses
and manageable safety in patients with r/r B-ALL while retaining higher proportions
of naïve and Tscm-like cells than conventional products [66]. By substantially reducing
vein-to-vein time and manufacturing costs, these platforms address logistical delays that
can otherwise preclude timely therapy for patients with rapidly progressing malignancies.

Together, these ultra-rapid and programmable systems mark a major step toward next-
generation CAR manufacturing, one that is faster, safer, and more compatible with global
clinical deployment. Nevertheless, even with the advent of these rapid and automated
manufacturing platforms, autologous CAR-T production remains constrained by patient-
to-patient variability, high cost, and complex logistics. These ongoing challenges have
spurred growing interest in universal, donor-derived allogeneic CAR approaches designed
to deliver standardized, readily available therapies.

3. From Autologous to Allogeneic: Off-the-Shelf CAR-T Development

Conventional CAR-T therapies are primarily produced in the autologous setting, in
which a patient’s own T cells are collected, genetically modified, expanded, and reinfused.
While clinically effective, this personalized approach is costly, time-consuming, and suscep-
tible to production failure, particularly in patients with lymphocytopenia or poor T-cell
fitness, resulting in variable product quality. To overcome these challenges, researchers
are developing platforms that use healthy donor–derived T cells to create off-the-shelf
allogeneic CAR-T products, enabling large-scale manufacture of therapeutic doses from
a single donor source. This strategy provides a more economical and readily available
alternative to patient-specific therapies. The manufacturing workflow closely parallels
that of autologous production but incorporates donor screening to ensure optimal T-cell
quality and standardized procedures (Figure 3). By generating multiple doses in advance,
allogeneic manufacturing can shorten treatment timelines for patients with urgent clinical
needs while reducing overall costs through economies of scale [68,69].

Figure 3. Comparison of autologous and allogeneic CAR cell therapy platforms. Schematic overview
highlighting key differences between autologous and allogeneic CAR cell manufacturing. Autolo-
gous products are derived from the patient’s own leukapheresis material and reinfused after CAR
engineering, offering minimal GVHD risk but prolonged manufacturing times and variable product
quality. Allogeneic products originate from healthy donors or engineered cell sources, enabling
large-scale, off-the-shelf manufacturing and rapid availability, but requiring gene editing to mitigate
alloreactivity and facing potential host immune rejection.
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The principal challenge of allogeneic CAR-T therapy lies in preventing graft-versus-
host disease (GVHD) and avoiding immune-mediated rejection. The most direct strategy
to mitigate GVHD is disruption of the αβ T cell receptor (TCR), as TCR–alloantigen
interactions drive alloreactivity [70]. Knockout of either the α or β constant chain prevents
functional TCR assembly [71]. Early work by Torikai et al. in 2012 used zinc-finger nucleases
to ablate αβ TCR expression, producing anti-CD19 CAR-T cells with preserved anti-tumour
activity and no clinically significant GVHD [72]. More recently, CRISPR/Cas9, TALENs,
and ARCUS nucleases have been applied to achieve TCR disruption [73,74]. Eyquem et al.
demonstrated that targeted CAR insertion into the TCR alpha constant (TRAC) locus via
CRISPR/Cas9 not only inactivated TCR expression but also improved CAR-T potency and
reduced exhaustion in an ALL model [75]. To enhance persistence and resist host immune
clearance, additional edits can be introduced. Deletion of CD52 renders CAR-T cells
resistant to alemtuzumab-mediated depletion, allowing for selective removal of host CD52+

lymphocytes before infusion [76,77]. In the first-in-human trial of αβ TCR– and CD52–
deficient allogeneic CD19 CAR-T cells, the product showed a manageable safety profile and
preliminary efficacy in r/r LBCL [78]. Alternative immune-conditioning strategies include
engineering resistance to nucleoside analogues by disrupting deoxycytidine kinase (dCK),
enabling CAR-T cell survival in the presence of purine nucleoside analogue chemotherapy
while abrogating host lymphocytes [79].

Building on these foundational studies, CRISPR-based allogeneic CAR-T platforms
have progressed rapidly from concept to clinical evaluation, establishing the feasibility of
multiplex genome editing for off-the-shelf cell therapies. The CTX110 product from CRISPR
Therapeutics employs targeted disruption of TRAC and β2-microglobulin (B2M) to generate
CD19-specific CAR-T cells with reduced GVHD risk and diminished immunogenicity.
In the phase I CARBON trial (NCT04035434), CTX110 induced durable remissions in
patients with LBCL and a manageable safety profile [80]. The next-generation candidate
CTX112 introduces additional edits in TGFBR2, ZC3H12A to enhance CAR expression,
persistence and functional fitness, with preliminary results indicating clinical activity in
r/r B cell malignancies (NCT05643742) [81]. Other gene-edited allogeneic CAR-T products,
including CB-010 (Caribou Biosciences, USA, NCT04637763) and ALLO-501A (Allogene
Therapeutics, USA, NCT04416984), further exemplify how multiplexed genome editing
can generate off-the-shelf, TCR-deficient CAR-T cells with reduced host immunogenicity
and improved in vivo persistence [82,83]. Across early-phase trials, gene-edited allogeneic
CAR-T products have achieved overall response rates of roughly 50–70% in r/r B cell
lymphomas, including complete responses in heavily pretreated patients and generally
manageable rates of CRS, ICANS, and GVHD [84].

Although still at an early clinical stage, allogeneic CAR-T platforms hold considerable
promise as scalable, rapidly deployable cancer immunotherapies. Continued optimisation
of gene-editing strategies to mitigate GVHD, evade host rejection, and preserve effector
function will be critical for realizing the potential of universal, off-the-shelf CAR-T products.

4. Manufacturing Protocols for Unconventional T Cell Therapy

To date, most clinically approved CAR products are based on conventional αβ T cells.
While effective, this platform faces several inherent limitations that restrict its broader appli-
cation. Manufacturing autologous αβ CAR-T cells remains complex and time-consuming,
with variability in product quality due to patient-specific factors. Moreover, these cells
carry the risk of serious, sometimes life-threatening toxicities, and their activity can be
compromised by the diverse human leukocyte antigen (HLA) backgrounds present in
genetically heterogeneous populations. From a therapeutic perspective, αβ T cell–based
CAR products have demonstrated remarkable efficacy in B cell malignancies but only
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modest activity in solid tumours [3]. The unfavourable immunosuppressive TME and the
heterogeneity of antigen expression in solid cancers present formidable barriers to effective
targeting [2]. These challenges highlight the need for next-generation CAR platforms
that can overcome antigen escape, function within suppressive tumour niches, and be
manufactured efficiently at scale.

In parallel with optimizing conventional αβ CAR-T cell manufacturing, increasing
attention has turned to unconventional T cell subsets, including γδ T cells, iNKT cells, and
MAIT cells, as alternative immune effectors. These cell types offer unique biological advan-
tages, such as MHC-independent antigen recognition, intrinsic anti-tumour properties, and
potentially lower risks of GVHD, making them attractive candidates for next generation of
CAR-based therapies (Figure 4).

Figure 4. Comparative characteristics of conventional αβ T cells and emerging unconventional
immune cell subsets used as platforms for CAR engineering. Key characteristics of conventional αβ
T cells and unconventional effector populations, including iNKT, MAIT, γδ T, and NK cells, relevant
to CAR-based therapy. These distinctions highlight the unique opportunities and limitations of each
platform for autologous and allogeneic CAR product development.

4.1. Gamma-Delta (γδ) T Cells

γδ T cells are a unique subset of T lymphocytes characterized by their expression of
γ and δ T cell receptor chains, in contrast to the conventional αβ T cells. These cells play
a critical role in tissue homeostasis and tumour immunosurveillance and have recently
gained attention as a promising platform for CAR engineering [85]. The intrinsic properties
of γδ T cells offer distinct advantages for cellular immunotherapy, particularly in the
context of allogeneic and off-the-shelf CAR-based therapies. One of the most significant
features of γδ T cells is their ability to recognize antigens in an MHC-independent manner.
This innate-like mode of antigen detection substantially reduces the risk of alloreactivity
and GVHD, making donor matching unnecessary and supporting the development of
universally compatible cell products [86]. In addition to γδ TCR signaling, these cells
respond to a wide array of tumour-associated stress ligands through activating receptors
such as Toll-like receptors (TLRs) and natural cytotoxicity receptors (NCRs) [87]. Their
non-reliance on classical peptide-HLA complexes expands the scope of targetable tumour
antigens and mitigates the impact of tumour antigen heterogeneity and immune escape.
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The unique features of γδ T cells highlight their capacity to become a safer and more
promising platform of CAR-T therapy in the allogeneic setting. Several groups have de-
veloped processing protocols using donor-derived γδ T cells as a CAR backbone to assess
their therapeutic potential. Rozenbaum et al. established a robust 14-day manufacturing
protocol that begins with peripheral blood mononuclear cells (PBMCs) isolation, followed
by stimulation with IL-2 and OKT3 in the presence of zoledronic acid to selectively expand
the Vγ9Vδ2 subset. CAR genes were introduced using retroviral transduction, and αβ T
cells were removed by magnetic depletion to ensure population purity. Final products
exhibited >99% γδ T cell purity and achieved a median 185-fold expansion. These CD19-
targeting CAR-γδ T cells demonstrated cytotoxic activity against both CD19-positive and
CD19-negative leukaemia cells in murine models, although their anti-tumour potency
and persistence were inferior to conventional CAR-T cells, likely due to limited in vivo
longevity. Strategies such as repeated infusion or cytokine support may help overcome
this limitation [88]. To further optimize γδ T cell manufacturing, Wang et al. explored
alternative activation agents including isopentenyl pyrophosphate (IPP) and bromohydrin
pyrophosphate (BrHPP), both of which enhanced expansion and lentiviral transduction
efficiency. High levels of CAR expression were achieved after 8–10 days of culture, fol-
lowed by 5 additional days for effective gene transfer. These approaches have laid the
foundation for scalable CAR-γδ T cell production [89]. In another example, Capsomidis
et al. constructed GD2-specific CARs in donor-derived γδ T cells using a CD28–CD3ζ
endodomain. This product demonstrated efficacy in preclinical models of neuroblastoma,
highlighting the potential application of γδ CAR-T cells in solid tumours [90]. Given the
poor efficacy of conventional CAR-T cells in solid cancers due to the immunosuppressive
microenvironment and tumour antigen heterogeneity, the MHC-independent cytotoxicity
of γδ T cells could represent a critical advantage.

The clinical translation of CAR-engineered γδ T cells has progressed rapidly in recent
years, with several early-phase clinical trials now underway to assess their safety, feasibility,
and antitumour potential in both haematologic and solid malignancies (Table 2). The most
clinically advanced γδ CAR-T product to date is ADI-001, an allogeneic Vδ1 γδ T cell
therapy expressing a CD20-specific CAR. In a phase I trial (NCT04735471), ADI-001 was
administered to patients with relapsed or refractory B-cell non-Hodgkin lymphoma and
achieved an overall response rate of 75%, with complete remissions in 69% of treated pa-
tients, including those who had failed prior CD19-targeted CAR-T therapy [91]. Treatment
was well tolerated, with no dose-limiting toxicities, no graft-versus-host disease, and only
low-grade cytokine release syndrome observed. Importantly, no TCR gene editing was
required to mitigate alloreactivity, owing to the MHC-independent antigen recognition
of γδ T cells [91]. A related long-term follow-up study (NCT04911478) is currently mon-
itoring safety and persistence in patients treated with ADI-001 and other γδ CAR-T cell
products. Parallel efforts are exploring the use of γδ CAR-T therapies in solid tumours.
NCT04107142, a phase I dose-escalation trial sponsored by CytoMed Therapeutics, is
evaluating CTM-N2D, an allogeneic Vδ2 γδ T cell product targeting NKG2D ligands, in
patients with advanced colorectal, breast, sarcoma, and other refractory solid tumours.
Preliminary findings from the first patient cohort indicated good tolerability, enabling dose
escalation to the second cohort [92]. In a related approach, Ever Supreme Bio has launched
a first-in-human phase I/II study (NCT06150885) evaluating donor-derived Vδ2 γδ T cells
transiently co-engineered via mRNA electroporation to express an anti-HLA-G CAR and
a bispecific T cell engager targeting PD-L1. This dual-targeting strategy is designed to
overcome HLA-G–mediated immune evasion and recruit endogenous CD3+ T cells for
enhanced tumour clearance. The trial opened in late 2024 for patients with relapsed or
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refractory solid malignancies; enrolment is ongoing, though clinical outcomes have not yet
been reported.

Table 2. Clinical Trials of Allogeneic CAR-Modified Innate and Unconventional Immune Cell Therapies.

Immune Cell
Subtype

Target No. Company/Institution Phase Date

γδ T Cells CD20 NCT04735471
NCT04911478 Adicet Therapeutics

Phase I/
Long term

observational

2021–2025
2022–2039

NKG2DL NCT04107142 CytoMed Therapeutics
Pte Ltd. Phase I 2019–2021

HLA-G NCT06150885 Ever Supreme
Biotechnology Co., Ltd. Phase I/II 2024–2027

iNKT Cells CD19 NCT03774654 Carlos Ramos, Baylor
College of Medicine Phase I 2020–2035

CD19 NCT05487651 Athenex, Inc. Phase I 2022–2024

GD2 NCT03294954 Andras Heczey, Baylor
College of Medicine Phase I 2020–2035

NK Cells CD19 NCT05020678 Nkarta, Inc. Phase I 2021–2038

CD19 NCT03056339 M.D. Anderson Cancer
Center Phase I/II 2017–2023

CD19 NCT04245722 Fate Therapeutics Phase I 2020–2023

HER2 NCT03383978 Johann Wolfgang Goethe
University Hospital Phase I 2017–2026

PD-L1 NCT04847466 National Cancer Institute
(NCI), US Phase II 2021–2027

Claudin-6, GPC3,
Mesothelin, AXL NCT05410717

Second Affiliated
Hospital of Guangzhou

Medical University
Phase I 2022–2036

Together, these early studies underscore the feasibility of γδ T cells as an allogeneic
backbone for CAR-T therapy. Their innate-like, MHC-independent targeting reduces the
risk of GVHD and may facilitate scalable, off-the-shelf production. As clinical evidence
accumulates, γδ CAR-T platforms may offer a promising alternative or complement to
conventional αβ CAR-T cells, particularly for patients with solid tumours or those ineligible
for autologous therapy.

4.2. Invariant Natural Killer T (iNKT) Cells

iNKT cells represent a rare subset of innate-like T lymphocytes that express a semi-
invariant TCR, composed of a Vα24-Jα18 α-chain paired with a Vβ11 β-chain. In con-
trast to conventional αβ T cells, iNKT cells recognize glycolipid antigens presented by
the non-polymorphic MHC class I-like molecule CD1d [93]. This conserved antigen-
presentation pathway, shared across mammals, significantly reduces the risk of alloreactiv-
ity and makes iNKT cells inherently safer for use in allogeneic adoptive cell therapies [94].
Functionally, iNKT cells exhibit NK-like cytotoxicity, rapid cytokine release, and tumour
infiltration capacity. In preclinical models, they have demonstrated the ability to kill
tumour cells directly, modulate myeloid populations, and eliminate tumour-associated
macrophages [95,96]. These features, combined with their resistance to GVHD induction
and their ability to traffic to inflamed tumour tissues, position iNKT cells as a promising
platform for CAR engineering.

Several studies have developed CAR-modified iNKT cells targeting antigens such as
CD19, GD2, CD38, and BCMA to explore their therapeutic applicability [97–100]. Due to
their very low natural frequency in human peripheral blood (<0.1%), specialized enrich-
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ment protocols are required to enable clinical-scale manufacturing. After PBMC isolation,
magnetic bead-based kits targeting the invariant Vα24 TCR are commonly used for iNKT
cell selection [96,98]. Activation protocols vary across groups depending on target antigen
and expansion goals. Poels et al. utilized IL-2, IL-7, IL-15, and α-galactosylceramide
(α-GalCer) to achieve long-term expansion, incorporating 4-1BB signaling to support per-
sistence and reach 300 to 1000-fold expansion within five weeks [100]. Heczey et al. demon-
strated that IL-2 and IL-21 in combination with α-GalCer enhanced CD62L expression and
iNKT proliferation. Additional OX-40 costimulation further improved antitumour activ-
ity [98]. Similarly, Rotolo et al. employed IL-15 and α-GalCer, combined with CD3/CD28
co-stimulation, for robust expansion and CAR transduction [97]. Gene delivery is typically
achieved via lentiviral or retroviral vectors over 72 h. Given the rarity of iNKT cells in
peripheral blood, restimulation and secondary transduction cycles are often required to
reach therapeutic cell numbers [97,98].

In vitro studies have demonstrated that GD2-specific CAR-iNKT cells are capa-
ble of killing GD2-positive tumour cells as well as CD1d-expressing tumour-associated
macrophages, enhancing tumour control across both direct and indirect mechanisms [99].
The attempts that equipped iNKT cells with CD38-CAR and/or BCMA-CAR also displayed
a low risk to cause significant off-tumour toxicity toward normal hematopoietic cells ex
vivo [100] and did not induce xenogeneic GVHD responses in murine models [101]. Their
Th1-like cytokine profile and CAR-redirected killer functions toward multiple myeloma
cell lines highlight their potential as an adoptive immunotherapy strategy [100,101]. In
the first-in-human trial (NCT03294954), autologous GD2-targeting CAR-iNKT cells were
administered to patients with relapsed or refractory neuroblastoma. The infused cells
expanded in vivo, trafficked to bone marrow metastases, and induced signs of tumour
regression. No cytokine release syndrome or GVHD was observed, supporting their safety
and feasibility [98]. Following these early successes, efforts have turned to allogeneic iNKT
cell therapies. A phase I trial (NCT03774654) is currently evaluating healthy donor–derived
CD19-directed CAR-iNKT cells engineered with CD28 and IL-15 domains in patients
with relapsed or refractory B-cell malignancies. This study aims to assess the persistence,
safety, and immune evasion capacity of iNKT cells in an off-the-shelf format. Another
trial (NCT05487651), launched in 2022, also investigates allogeneic CD19-CAR-iNKT cells
in adult patients with CD19+ hematologic malignancies, focusing on dose escalation and
treatment tolerability. Together, these trials represent the next phase of translation for iNKT-
based CAR therapies and will be instrumental in validating their role as an allogeneic,
GVHD-resistant platform for the treatment of lymphoid cancers (Table 2).

4.3. Mucosal-Associated Invariant T (MAIT) Cells

MAIT cells are a distinctive subset of innate-like T lymphocytes that express a semi-
invariant TCR (Vα7.2-Jα33 with Vβ2 or Vβ13). Unlike conventional αβ T cells, MAIT cells
recognize microbial riboflavin metabolites presented by the monomorphic MR1 molecule,
rather than polymorphic HLA class I [102,103]. This MR1 restriction fundamentally limits
their alloreactive potential and positions MAIT cells as highly suitable for allogeneic, off-the-
shelf cellular therapies. A pivotal study by Tourret et al. demonstrated that human MAIT
cells are intrinsically non-alloreactive. In both xenogeneic and fully MHC-mismatched
allogeneic transplant models, MAIT cells failed to induce GVHD, in stark contrast to
conventional αβ T cells [104]. Their inability to recognize alloantigens allows MAIT cells
to persist in allogeneic hosts without provoking host-versus-graft or graft-versus-host
immune responses, providing a strong biological rationale for developing MAIT cells as a
universal donor platform.
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MAIT cells are relatively abundant compared with other unconventional lymphocyte
subsets. They can comprise up to 10% of circulating T cells and 30–50% of T cells in mu-
cosal organs such as the liver and lung [105]. Their natural tissue residency reflects high
expression of homing receptors including CCR6 and CXCR6, enabling efficient trafficking
to peripheral tissues and tumours [106,107]. Upon activation, MAIT cells exert potent cyto-
toxicity through perforin and granzyme release, and secrete pro-inflammatory cytokines
such as IFN-γ, TNF-α, IL-17, and IL-2 [108]. They also respond robustly to IL-12, IL-15,
and IL-18 in a TCR-independent manner, further amplifying their effector capacity even in
settings of limited antigen presentation [102].

The development of MAIT cells as a CAR backbone is still in an early stage, but
significant progress has been made in establishing scalable isolation and culture workflows.
MR1–5-OP-RU tetramers conjugated to fluorochromes enable highly specific enrichment
of MAIT cells and can provide mild TCR stimulation during isolation [109,110]. Flow
cytometric sorting based on Vα7.2 and CD161 co-expression remains another reliable
approach for obtaining highly pure populations. Standard CD3/CD28 bead stimulation
is compatible with MAIT expansion, but cytokine-enriched regimens can yield superior
proliferation. Parrot et al. demonstrated over 300-fold expansion using IL-2 and irradiated
autologous feeder PBMCs at a 1:10 ratio, providing sufficient output for downstream
engineering [109]. Recent preclinical studies have confirmed the feasibility of generating
CAR-modified MAIT cells. Lentiviral transduction following MR1-ligand stimulation
and cytokine support (IL-2, IL-7, IL-15) enabled stable CAR expression targeting CD19,
HER2, or mesothelin [111,112]. CAR-MAIT cells showed potent cytotoxicity comparable
to conventional CAR-T cells while producing lower levels of inflammatory cytokines,
suggesting a potentially improved safety profile [111]. Notably, MAIT cells could also
target MR1-expressing tumour-associated macrophages, permitting dual mechanisms of
tumour control and improved performance in immunosuppressive organoid models [112].

Although clinical trials of CAR-MAIT cells have not yet begun as of 2025, transla-
tional interest is accelerating. A small but growing patent landscape describes MAIT-cell
purification methods, MR1-tetramer applications, and genetic engineering strategies for
CAR or TCR modification. These filings remain early and largely academic, but they reflect
increased recognition of MAIT cells as a promising allogeneic platform. Given their absence
of alloreactivity, natural tissue tropism, dual innate–CAR killing capacity, and resilience
within immunosuppressive microenvironments, MAIT cells represent a compelling foun-
dation for next-generation universal cellular therapies. Rigorous preclinical evaluation,
optimization of culture and gene-delivery methods, and standardized potency assays will
be essential to advance CAR-MAIT cells toward future clinical translation.

5. Manufacturing Protocols for Natural Killer (NK) Cell Therapy

NK cells are cytotoxic innate lymphocytes that contribute to tumour immune surveil-
lance by directly targeting transformed or infected cells without prior sensitization. Their
function is regulated by a dynamic balance of activating and inhibitory receptors, rather
than antigen-specific recognition. NK cell infiltration into tumours has been associated
with improved clinical outcomes in several cancers, including lung carcinoma, melanoma,
and hepatocellular carcinoma [113,114]. Given their favourable immunobiology and safety
profile, NK cells have emerged as an attractive platform for CAR engineering.

Compared to T cells, CAR-NK cells offer several advantages. They are naturally
alloreactive-tolerant and do not require strict HLA matching, enabling their use in off-the-
shelf settings without inducing GVHD [115]. Furthermore, their limited production of pro-
inflammatory cytokines, such as IL-6 and TNF-α, reduces the risk of CRS and neurotoxicity,
two major toxicities observed in CAR-T therapy [18,116]. Importantly, NK cells retain
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intrinsic cytotoxic mechanisms, which allows them to eliminate tumour cells independently
of CAR engagement, thereby mitigating the risk of tumour antigen escape [115].

Multiple NK cell sources have been exploited for CAR engineering, including periph-
eral blood, umbilical cord blood, induced pluripotent stem cells (iPSCs), and the NK-92
cell line [117]. Peripheral and cord blood NK cells are immediately accessible but exhibit
donor-to-donor variability and limited proliferative capacity. By contrast, iPSCs provide
a renewable, genetically defined, and highly standardized starting population. CAR in-
sertion can be performed at the pluripotent stage, followed by directed differentiation
into NK cells under GMP conditions, yielding uniform batches with consistent pheno-
type and function [118,119]. This top-down manufacturing architecture enables long-term
master cell banking and supports true off-the-shelf scalability. Recent iPSC-derived plat-
form, FT596, integrates a CD19 CAR, enhanced CD16 receptor, and IL-15 receptor fusion,
showed excellent tolerability with no GVHD and low rates of CRS/ICANS in a phase I trial
(NCT04245722) while achieving durable responses in r/r B cell lymphomas [120]. Similar
iPSC-based frameworks are now being evaluated for CAR-T generation, offering a theoreti-
cally inexhaustible supply of rejuvenated T cells with reduced donor heterogeneity [121].
The NK-92 cell line represents another widely utilized source due to its ease of expansion,
high cytotoxic potential, and efficient gene transfer. Clinical studies evaluating NK-92
or CAR-NK-92 products, including HER2-CAR-NK-92 for glioblastoma (NCT03383978),
have demonstrated favourable safety profiles without GVHD or high-grade CRS [122,123].
However, because NK-92 cells originate from a malignant clone, they require irradiation
prior to infusion to prevent engraftment, which limits persistence and restricts their use
predominantly to solid tumour indications or repeated-dose regimens [124,125]. These
characteristics distinguish NK-92 from primary and iPSC-derived CAR-NK products and
highlight important considerations for platform selection.

Ex vivo NK cell expansion is typically supported by cytokine stimulation with IL-2,
IL-15, or IL-21, often in combination with irradiated feeder cells or artificial antigen-
presenting cells. Engineered K562 feeder cells expressing membrane-bound IL-15 and
IL-21 can dramatically enhance expansion efficiency and cytotoxicity in both primary and
iPSC-derived NK cells [126,127]. A major bottleneck in CAR engineering is the intrinsic
resistance of NK cells to viral transduction. Conventional retroviral methods achieve only
modest efficiencies (22–66%) [117,119]. In contrast, lentiviral vectors pseudotyped with
baboon endogenous retrovirus (BaEV) envelope proteins markedly improve gene delivery,
enabling transduction efficiencies exceeding 80% in some platforms [127].

To enhance function in immunosuppressive TME, several groups have applied
targeted gene editing to improve NK-cell resilience. Deletion of PD-1 or CISH using
CRISPR/Cas9 enhances cytotoxicity, metabolic fitness, and in vivo persistence [128,129].
Similarly, knockout of TGFβR2 confers resistance to TGF-β–mediated suppression without
impairing cytolytic activity [130,131]. These modifications aim to equip CAR-NK cells with
enhanced resilience against immunosuppressive signals and are being incorporated into
next-generation constructs.

Scalable manufacturing is also advancing through automated, closed-system bioreac-
tors. The CliniMACS Prodigy® platform has been adapted for NK-cell processing, enabling
GMP-compliant generation of CAR-NK cells with minimal hands-on time. Albinger et al.
produced functional CD33-CAR-NK cells using this system, achieving cytotoxicity compa-
rable to manually manufactured batches in preclinical models [132]. Automation is likely
to be particularly impactful for iPSC-derived platforms, where large, uniform cell banks are
well aligned with fully closed manufacturing workflows. Clinical translation continues to
accelerate (Table 2). One of the earliest and most prominent trials (NCT03056339) evaluated
UCB-derived CD19-targeted CAR-NK cells engineered to co-express IL-15 and a safety
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switch, the results demonstrated encouraging remission rates with minimal toxicity [133].
Additional ongoing phase I/II studies, including NCT04847466 and NCT05410717, are
evaluating emerging CAR-NK constructs targeting antigens such as Claudin-6, GPC3,
mesothelin, and AXL, as well as innovative design strategies for the treatment of solid
tumours [134].

Taken together, the favourable immunobiology of NK cells, combined with engineer-
ing flexibility, scalable iPSC-based manufacturing, and encouraging early clinical results,
highlights CAR-NK therapy as a promising and increasingly mature alternative to CAR-T
platforms in adoptive immunotherapy.

6. In Vivo CAR-T Cell Therapy

The clinical and logistical challenges inherent to conventional ex vivo CAR-T cell man-
ufacturing have driven the development of in vivo CAR-T strategies. Instead of isolating,
activating, and genetically modifying patient T cells outside the body, this approach deliv-
ers CAR-encoding constructs directly to endogenous T cells, enabling their reprogramming
within the patient. In vivo CAR-T strategies offer the potential to eliminate patient-specific
production lines, accelerate treatment timelines from weeks to days, and expand access to
cellular immunotherapy beyond specialized manufacturing centres [135]. In vivo CAR-T
therapy requires efficient, targeted delivery of CAR-encoding genes to peripheral T cells,
and several delivery technologies are under active investigation (Table 3).

Table 3. Key features of delivery systems enabling in vivo CAR-T engineering.

Platform Composition Cargo
Mechanism of

Action
Advantages Limitations

Lipid
Nanoparticles

Ionizable lipid +
cholesterol +

PEG-lipid; may
include

antibody–lipid
conjugate for

targeting.

mRNA
DNA

Endocytosis →
mRNA

translation →
transient CAR

expression

• Safe
• Non-viral,

scalable
(vaccine-like
manufacturing)

• Subset-specific
targeting

• Transient
expression

• Innate immune
sensing

• Hepatic
accumulation
risk

Polymeric
Nanoparticles

Biodegradable
or cationic
polymers

(PLGA, PEI,
chitosan)

mRNA
mcDNA

Uptake by
endocytosis →
proton-sponge–

mediated
endosomal
escape →
cytoplas-

mic/nuclear
delivery

• Highly
customizable
(surface charge,
degradation
rate).

• Can co-deliver
adjuvants or
cytokines.

• Lower T cell
efficiency

• Risk of
insertional
mutagenesis

• Variable
biocompatibility
Reproducibility
issues

Lentiviral
Delivery
System

Enveloped RNA
virus

(HIV-1–derived;
VSV-G

pseudotyped)

RNA

Reverse
transcription
→ genomic

integration →
stable CAR
expression

• Long-term
expression

• Clinically
validated

• High efficiency

• Integration risk
(mutagenesis)

• Costly GMP
manufacturing

• Limited
redosing
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Table 3. Cont.

Platform Composition Cargo
Mechanism of

Action
Advantages Limitations

AAV-Based
Delivery
System

Non-enveloped
capsid with

single-stranded
or self-

complementary
DNA genome
(AAV2, AAV6,

AAV9)

DNA

Nuclear entry
→ episomal
persistence

(non-
integrating) →
transient/semi-

stable
expression

• High efficiency
• Low genotoxic

risk

• Small cargo
capacity
(~4.7 kb)

• Anti-AAV
immunity

• Expensive

Bioinstructive
Implantable

Scaffold

Biodegradable
hydrogel/

polymer matrix
(alginate, PEG)

with viral
vectors,

antibodies,
cytokines

Viral or
mRNA CAR

constructs

PBMCs
infiltrate

scaffold → in
situ

transduction &
expansion →

systemic
CAR-T release

• Localized CAR
induction

• Controlled
cytokine milieu

• Suitable for
solid tumours

• Invasive
implantation

• Scalability
• Preclinical stage

6.1. Lipid Nanoparticle (LNP)

Among non-viral systems, lipid nanoparticles (LNPs) have emerged as the leading
platform for in vivo CAR-T generation due to their clinical precedent in mRNA vaccines,
high biocompatibility, and scalable manufacturing. LNPs consist of ionizable lipids, choles-
terol, phospholipids, and PEG–lipids and can be conjugated with antibodies or scFvs that
recognize T-cell surface markers such as CD3, CD4, CD5, CD7, or CD8. After intravenous
administration, these particles are taken up by T cells and release their cargo into the
cytoplasm following endosomal escape [136,137]. This transient CAR expression profile
without genomic integration provides an excellent safety margin and supports repeated
dosing for controlled therapeutic exposure. However, it also limits persistence, necessitat-
ing redosing to maintain efficacy. Moreover, innate immune activation through TLR7/8
or RIG-I signaling and hepatic uptake can restrict systemic delivery efficiency [137]. Opti-
mization of lipid composition and targeting ligands is therefore critical to achieve selective,
sustained T cell transfection in humans.

The feasibility of this approach has been evaluated in multiple early studies. In a
preclinical model, CD3-targeted LNPs carrying CD19-CAR mRNA and IL-6 short hairpin
RNA achieved efficient in vivo T-cell transfection, resulting in sustained CAR expression for
up to 90 days, potent B cell depletion, and attenuated CRS-associated inflammation [138].
Billingsley et al. optimized ionizable LNP chemistry and achieved extra-hepatic targeting
of T cells in vivo, leading to up to 90% B cell depletion [139]. A more advanced mRNA-
LNP system to date is the L829 targeted LNP (tLNP) described by Hunter et al. This
formulation delivered CAR mRNA directly to CD8+ T cells in humanized mice and non-
human primates while minimizing hepatic accumulation. The therapy induced rapid and
profound B cell depletion, followed by the repopulation of predominantly naïve B cells,
reflecting an effective immune system reset. The treatment was well tolerated and caused
only mild, transient cytokine elevations [136].

Recently, Bimbo et al. expanded this technology to a DNA-based targeted LNP system
termed NCtx, which carries minicircle DNA and transposase mRNA instead of only CAR-
mRNA. The particles were dual-targeted to CD3 and CD7, allowing for uptake by both
resting and activated T cells and eliminating the need for prior stimulation. This design
enabled stable genomic integration of the CAR construct, generating long-lived CAR-T
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cells directly in the host. In humanized mouse models, a single injection of NCtx-CD19 led
to complete leukemia regression and durable survival. Moreover, dual-specific constructs
encoding CD19/CD22 CARs maintained CAR expression for more than 40 days [140].

LNP-mediated delivery systems offer a compelling balance of precision, safety, and
manufacturability. Transient mRNA formulations minimize genotoxic risk and enable
repeat dosing, whereas DNA-based or transposase-assisted designs can extend expression
durability. Ongoing refinements in lipid chemistry, targeting ligands, and nucleic acid
payload engineering are rapidly advancing these platforms toward clinically viable in vivo
CAR-T manufacturing.

6.2. Polymeric Nanoparticle

Polymeric and hybrid lipid–polymer nanoparticles provide an alternative non-viral
route for in vivo CAR delivery, particularly for DNA-based payloads designed to sup-
port longer-term CAR expression. A seminal study by Smith et al. used synthetic poly
(β-amino ester) (PBAE) nanoparticles loaded with plasmid DNA encoding CD19-specific
CAR to program circulating T cells in mice. It proved that polymeric DNA nanocarriers
can mediate clinically relevant anti-tumour responses without ex vivo manipulation [141].
Mechanistically, these cationic polymers electrostatically complex with negatively charged
DNA, protect it from degradation, and facilitate endosomal escape and nuclear entry.
Subsequent work and recent reviews have highlighted PBAE and related biodegradable
polymers as promising vectors for in vivo immune-cell reprogramming, given their tune-
able chemistry, relatively low cost, and ability to co-deliver multiple genetic elements [137].
However, polymeric systems face several limitations. DNA requires nuclear access, which
can limit transfection efficiency compared with mRNA-based LNPs. When combined
with transposase systems, carries a theoretical risk of insertional mutagenesis. In addition,
formulation reproducibility and in vivo biodistribution can vary between batches [142].
Thus, while polymeric DNA nanocarriers offer a flexible, non-viral platform with promis-
ing preclinical efficacy, their translation will depend on improved control over targeting,
integration, and long-term safety.

6.3. Viral Vectors

Viral vectors provided the earliest and most robust demonstrations that CAR-T cells
can be generated directly inside the host. Recent work by Nicolai et al. described VivoVec,
a T-cell-targeted lentiviral platform designed for in vivo CAR-T generation in non-human
primates. The vector displays a multi-domain fusion ligand comprising CD80 and CD58 to
engage CD3 and costimulatory receptors on T cells. A single infusion of VivoVec encoding
a CD20 CAR generated substantial frequencies of CAR+ T cells in blood and secondary
lymphoid organs, leading to deep and sustained B cell depletion without the need for
lymphodepleting chemotherapy [143]. In parallel, AAV-based systems have also been
explored for the generation of in vivo CAR platform. AAV-based systems have similarly
shown efficacy in generating functional CAR-T cells in vivo, leading to successful tumour
regression [144,145].

These viral approaches offer very high transduction efficiency and long-term expres-
sion, supported by mature GMP manufacturing pipelines. However, both platforms face
important challenges, including high production cost, pre-existing anti-vector immunity
that can impair efficacy or prevent re-dosing, and, for lentivirus, a residual risk of inser-
tional mutagenesis. These constraints are driving the rapid development of non-viral
and hybrid systems that aim to retain the potency of viral vectors while improving safety
and scalability.
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6.4. Bioinstructive Implantable Scaffolds

Beyond systemic nanoparticles and viral vectors, bioinstructive implantable scaf-
folds offer a localized strategy to generate and release CAR-T cells directly within the
patient. In a key study, Agarwalla et al. introduced MASTER (Multifunctional Alginate
Scaffold for T-cell Engineering and Release), an alginate-based, antibody- and cytokine-
functionalized scaffold, in which autologous PBMCs were briefly mixed ex vivo with
CAR-encoding viral particles and loaded into MASTER, which was then implanted sub-
cutaneously. Within hours, T cells were activated, transduced, and expanded inside the
scaffold and subsequently released into circulation as CAR-T cells. In murine lymphoma
models, MASTER-generated CAR-T cells showed superior engraftment, a less exhausted,
more stem-like phenotype, and improved tumour control compared with conventionally
manufactured CAR-T cells while reducing the overall production timeline to roughly one
day [146].

Subsequent work has extended the scaffold concept to acellular systems that recruit
and program host T cells directly in situ. Dandia et al. reported a three-dimensional,
cell-free scaffold implanted adjacent to solid tumours, loaded with viral vectors and im-
munostimulatory materials, which locally attracted endogenous T cells, mediated CAR
gene transfer, and promoted their expansion within the tumour bed, resulting in marked
tumour growth inhibition in preclinical models [146]. Similarly, Pandit et al. developed
“Drydux,” a macroporous biomaterial “CAR-T factory” that can be implanted near solid
tumours to generate and release tumour-specific CAR-T cells in situ [147].

Bioinstructive scaffolds thus offer several conceptual advantages. They favour early
memory phenotypes by minimizing prolonged ex vivo culture and concentrate CAR-T ac-
tivity at or near tumour sites, which may lower systemic toxicity and improve solid tumour
responses. At the same time, they introduce new challenges, including the requirement for
surgical or interventional delivery, added complexity in device-level manufacturing and
regulation as combination products. Rather than replacing systemic in vivo CAR-T plat-
forms, scaffold-based in situ programming is likely to serve as a complementary strategy,
illustrating how the convergence of bioinstructive materials and gene delivery technologies
can shape the future of CAR-T manufacturing and clinical translation.

7. Conclusions and Perspectives

Over the past decades, CAR technology has evolved into a foundational platform in
cancer immunotherapy. By redirecting immune cell specificity through antibody-derived
scFvs, CAR-engineered lymphocytes have produced transformative clinical outcomes in re-
lapsed or refractory haematological malignancies. The approval of CD19-targeted products,
such as tisagenlecleucel and axicabtagene ciloleucel, has validated this therapeutic concept
and paved the way for rapid innovation [4,5]. Despite these achievements, conventional
CAR-T therapies remain constrained by manufacturing bottlenecks, high cost, variable
product quality, and limited efficacy in solid tumours.

Manufacturing is central to these limitations. The autologous model requires individ-
ualized leukapheresis, ex vivo activation, gene transfer, and expansion. These steps are
logistically complex, costly, and difficult to scale. Product quality is further influenced by
patient-intrinsic factors such as lymphopenia, prior chemotherapy, or immune exhaustion.
To address these challenges, manufacturing protocols are evolving rapidly. Automated
and closed systems such as the CliniMACS Prodigy®, Lonza Cocoon®, and G-Rex® now
enable GMP-compliant, standardized production with reduced operator input and lower
contamination risk [61,63]. Improvements in cytokine support, starting cell phenotype,
and activation conditions have further refined product consistency. In parallel, ultrarapid
manufacturing platforms, including UF-CAR, FasT CAR-T, and PACK-IT, have reduced
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production time from weeks to days while preserving early-memory phenotypes and
functional potency [64,66,67]. Together, these developments signal a shift toward rapid,
decentralized, and more accessible manufacturing models.

Beyond conventional αβ T cells, a new generation of CAR platforms harnesses uncon-
ventional immune populations such as γδ T, iNKT, MAIT, and NK cells. These subsets offer
intrinsic advantages, including MHC-independent recognition, reduced risk of GVHD,
natural tissue tropism, and robust baseline cytotoxicity [98,104,111]. Although most remain
at preclinical or early clinical stages, advances in isolation, expansion, and transduction,
such as MR1-tetramer sorting, feeder-cell systems, and optimized lentiviral pseudotypes,
are accelerating their translational readiness [127].

Another transformative development is in vivo CAR-T engineering, where circulating
T cells are genetically programmed inside the patient using lipid nanoparticles or polymeric
carriers that deliver CAR-encoding mRNA or DNA [136,140]. This approach bypasses
ex vivo manipulation and has the potential to reduce cost and broaden global access.
Preclinical studies have shown efficient generation of functional CAR-T cells in vivo with
robust activity in models of B cell depletion and cardiac fibrosis [136,148], and early-phase
clinical evaluation is underway.

Despite these technological advances, solid tumours remain the most formidable
barrier. Antigen heterogeneity, physical stromal barriers, and a highly immunosuppres-
sive TME collectively limit CAR-T cell infiltration, persistence and effector function. To
overcome these obstacles, several complementary engineering strategies are under ac-
tive investigation. Metabolic reprogramming, such as overexpressing the mitochondrial
regulator PGC1α or disrupting REGNASE-1, aims to enhance oxidative metabolism and
nutrient utilisation to improve T cell fitness within the nutrient-depleted TME. Check-
point modulation, including PD-1 knockout or PD-1/CD28 switch-receptor designs, can
restore T cell activation in the presence of inhibitory ligands. Enzymatic strategies, such
as ADA1-mediated degradation of adenosine, counteract metabolite-driven suppression
in the tumour niche [149–151]. In parallel, nanocarrier-delivered siRNA targeting PD-
L1 or TGF-β pathways, together with cytokine-armoured or matrix-remodelling CAR-T
constructs, enhance tumour infiltration and functional resilience [152,153]. These comple-
mentary approaches demonstrate how manufacturing innovation and cellular engineering
are converging to expand CAR-T applications beyond haematologic cancers.

While these innovations broaden the therapeutic landscape, several cross-cutting
challenges must be resolved to ensure scalable, standardized, and clinically robust CAR-
based therapies. Large-scale expansion of rare populations such as MAIT and iNKT
cells is technically demanding. Robust, harmonized potency assays and real-time quality
control will be essential to ensure inter-site consistency as automated systems become
more prevalent. Gene-transfer platforms, such as viral, non-viral, and CRISPR-based,
must continue to balance efficiency, cost, scalability, and genomic safety. Meanwhile,
combinatorial engineering strategies, including logic-gated CARs, suicide switches, and
cytokine armouring, are being refined to enhance precision and mitigate toxicity [44,154].
Integration of synthetic biology, single-cell analytics, and machine-learning–supported
optimisation is expected to accelerate innovation across the CAR manufacturing ecosystem.

In conclusion, the CAR field is transitioning from custom-built, labour-intensive thera-
pies toward programmable, scalable, and globally deployable platforms. The convergence
of manufacturing innovation, novel immune cell sources, and in vivo CAR engineering is
poised to broaden the reach of CAR-based immunotherapy across both haematologic and
solid tumours. As these technologies mature, the establishment of harmonized regulatory
frameworks, standardized potency metrics, and international quality guidelines will be
critical to translating their full clinical and societal impact.
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