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Abstract

T cell engagers (TCEs) have emerged as an important therapeutic approach for hematologic malignancies, yet their effectiveness
against solid tumors has been limited. Elevated expression of programmed cell death 1 (PD-1) is closely linked to T cell
exhaustion and contributes to immunosuppression driven by the tumor. The creation of a novel nanobody-based trispecific T
cell engager (Nb-TriTE) may offer an effective means to enhance treatment outcomes. Leveraging the favorable properties of
nanobodies (Nbs), we first identified a nanobody specific for fibroblast activation protein (FAP). We constructed a Nb-based
bispecific T cell engager (Nb-BiTE) directed at FAP. We then engineered a Nb-TriTE by linking an anti-PD-1 Nb to this Nb-
BIiTE. The functional properties and therapeutic potential of the Nb-TriTE were examined using in vitro assays and in vivo
studies with both cell line- and patient-derived xenograft models in mice. We successfully isolated a FAP-specific Nb and used
it to develop new Nb-BiTE and Nb-TriTE constructs that exhibited strong and specific binding to their intended targets. In vitro,
the Nb-TriTE triggered efficient antigen-specific tumor cell killing, strong T cell activation, and improved T cell effector
functions. In mouse models of multiple solid tumors, the Nb-TriTE also markedly reduced tumor progression, extended survival,
and increased T cell infiltration into tumors compared with the Nb-BiTE, while demonstrating a favorable safety profile without
detectable toxicity. The newly developed Nb-TriTE represents a versatile and promising platform capable of counteracting
tumor-induced immunosuppression and potentially leading to better clinical results for patients in the future.

Keywords: Nanobody (Nb), Trispecific T cell engager (TriTE), Fibroblast activation protein (FAP), Programmed cell death 1
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Introduction

Immunotherapy based on T cells is fundamentally
changing oncology, and T cell engager (TCE) technology
is a particularly promising strategy [1]. Bispecific T cell
engagers (BIiTEs) are among the most advanced and
widely investigated formats within this class [2, 3].
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Blinatumomab, the first approved BIiTE targeting CD3
and CD19, has been approved by the FDA for the
treatment of B-cell malignancies [4] and has
demonstrated substantial efficacy in patients with blood
cancers [5]. However, translating these benefits to solid
tumors has proven difficult because of their
heterogeneous nature and intricate biology [6, 7].

Many TCEs constructed with single-chain variable
fragments (scFvs) exhibit poor folding efficiency and a
propensity to aggregate, thereby reducing overall
performance [8, 9]. Conventional TCE production is
further complicated by challenges in properly assembling
the heavy and light chain domains [9, 10]. Nanobodies
(Nbs or VHHS), the smallest naturally occurring antigen-
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binding units, have gained attention as superior building
blocks for next-generation biologics [11]. The FDA
approved the first nanobody therapeutic, caplacizumab,
in 2019 [12]. Owing to their small size (~15 kDa), Nbs
penetrate tissues rapidly and deeply [13, 14]. They are
also insensitive to heavy-light chain mispairing issues
that affect scFvs, allowing straightforward assembly into
multispecific formats [8, 15-17]. In addition, Nbs
preserve excellent target affinity and functionality,
making them well-suited for clinical use [8, 18].
Previously, our laboratory introduced a nanobody-based
BIiTE (Nb-BiTE) platform targeting CD105 (endoglin),
which demonstrated potent lysis of antigen-positive cells
both in vitro and in xenograft mouse models [19]. Despite
these encouraging preclinical findings, BiTE therapies—
whether based on scFvs or Nbs—have encountered
limited success in solid tumor trials, primarily due to the
hostile immunosuppressive tumor microenvironment
(TME) and the presence of dense stromal barriers [6, 20-
22]. Therefore, strategies to further improve Nb-BiTE
performance are essential.

Solid tumor development is typically associated with
profound changes in the TME and increased expression
of immune inhibitory receptors [23, 24]. In particular, the
PD-1/PD-L1 axis plays a central role in restraining CD8+
T cell antitumor activity during immune escape [25, 26].
Blocking these checkpoint pathways has been shown to
restore T cell function and effector capacity partially [27-
31]. Because activated T cells frequently upregulate
multiple inhibitory receptors that blunt BiTE activity in
solid tumors, combining checkpoint blockade with
BIiTEs can reinvigorate long-lasting antitumor immunity.
For instance, PD-1/PD-L1 inhibition has been found to
augment the efficacy of the CD33/CD3 BiTE AMG 330
by mitigating T cell exhaustion [32, 33]. Integrating
checkpoint blockade directly into BiTE molecules thus
offers a logical approach to strengthen immune activation
while preventing tumor evasion.

In this work, we designed an innovative nanobody-based
trispecific T cell engager (Nb-TriTE) that incorporates
three distinct Nbs: one specific for CD3¢ on T cells, one
for a tumor-associated antigen expressed on cancer-
associated fibroblasts (CAFs), and a third targeting a
critical immune checkpoint component. We propose that
this tri-specific construct serves as molecular bridges that
strengthen T cell engagement with CAFs, restore
productive immune signaling, and thereby overcome
local immunosuppression to promote effective tumor
elimination. Target selection is critical for TCE success

in solid tumors. CAFs highly express fibroblast
activation protein (FAP) within the immunosuppressive
TME of many solid cancers [34-39], while the PD-1/PD-
L1 pathway represents a dominant mechanism of T cell
inhibition [40]. A recent phase Il study combining a FAP-
targeted IL-2 variant with anti-PD-L1 therapy
demonstrated encouraging activity in advanced
squamous cell carcinoma (NCT03875079).

To realize this concept, we screened phage display
libraries to obtain FAP-specific Nbs and constructed a
corresponding Nb-BIiTE. We then fused a previously
characterized PD-1 Nb [41] to generate the Nb-TriTE.
Our data indicate that the Nb-TriTE effectively redirects
T cells to FAP-expressing CAFs and simultaneously
relieves PD-1-mediated suppression, thereby facilitating
stable immune synapse formation and enhancing T cell
cytotoxicity against tumor cells. This study provides the
first demonstration of such a Nb-TriTE platform, which
holds considerable promise for amplifying TCE-
mediated antitumor responses. The approach may also
empower T cells to eradicate cancer cells more
effectively. Collectively, this Nb-TriTE technology
offers a broadly applicable TCE strategy that could
translate into improved therapeutic outcomes for patients
with solid tumors.

Materials and Methods

Cell culture and experimental animals

HepG2, U87, PANC1, and 293T cell lines were
maintained in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS)
along with penicillin and streptomycin. Peripheral blood
mononuclear cells (PBMCs) were obtained from healthy
volunteers through Ficoll-based density gradient
separation. Recombinant human IL-2 (PeproTech, UK)
was included in T cell cultures at a final concentration of
300 IU/mL. Both PBMCs and Jurkat cells were grown in
RPMI 1640 medium supplemented with 10% FBS,
penicillin, and streptomycin. Stably transfected 293T-
PD-1 and HepG2-FAP cells were cultured in DMEM
with 10% FBS, penicillin, and streptomycin, and
maintained in the presence of puromycin (1 pg/mL) for
selection. All cultures were kept at 37 °C in a humidified
incubator supplied with 5% COs..

Specific pathogen-free (SPF) nonobese diabetic/severe
combined immunodeficiency (NOD/SCID) mice aged 4—
6 weeks, lacking mature B and T lymphocytes, were
obtained from Vital River Laboratory (Beijing, China)
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and maintained under SPF conditions in our institutional
animal facility. All in vivo experiments received prior
approval from the Institutional Animal Care and Use
Committee (IACUC) of Guangxi Medical University.

Generation of nanobodies

Nanobodies directed against FAP were isolated from
phage display libraries using established screening
procedures [19, 41-43]. His-tagged FAP Nbs were
produced by induction with isopropyl p-D-1-
thiogalactopyranoside (IPTG) (Solarbio, China) under
optimized conditions and subsequently purified through
Ni2*~NTA affinity chromatography. Purity and integrity
of the isolated Nbs were examined by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE). Binding kinetics and affinity toward FAP were
measured via surface plasmon resonance (SPR). In
contrast, target recognition on cell surfaces was
confirmed by flow cytometry using a FACS Canto flow
cytometer (BD Biosciences, USA).

Expression, purification and validation of Nb-TriTE
Using standard molecular cloning techniques, the
previously selected anti-hCD3¢ Nb and anti-hPD-1 Nb
[19, 41] were genetically connected to the anti-FAP Nb
through a flexible (GGGGS)s; linker. The complete
construct was synthesized by GenScript Biotechnology
Co., Ltd (Nanjing, China), subcloned into the pET-30a
expression vector carrying His- and Flag-tags, and
introduced into E. coli BL21 (DE3) cells. Bacterial
cultures were expanded in 1 L Terrific Broth (TB)
containing 50 pg/mL kanamycin at 37 °C until the optical
density at 600 nm reached 2.0. Expression of Nb-TriTE
was then induced by adding 0.5 mM IPTG, followed by
incubation at 16 °C for 16 h. Cells were harvested by
centrifugation at 12,000 rpm for 30 min, resuspended in
phosphate-buffered saline (PBS), and disrupted by
sonication. The resulting material was stored at —80 °C.
Inclusion bodies were collected after extensive washing
with PBS, solubilized in 8 M urea, refolded by gradual
dialysis, and passed through a 0.22-um sterile filter. The
recombinant protein was further purified using a Ni*'—
NTA affinity resin (GenScript, China) according to the
supplier’s guidelines. Final protein quality was assessed
by size-exclusion chromatography (SEC) and SDS-
PAGE under reducing conditions, with visualization by
Coomassie blue staining.

Western blotting

Nb-TriTE protein expression was verified by Western
blot analysis employing an HRP-conjugated anti-His-tag
antibody (Abcam, USA). Purified samples were
separated by SDS—-PAGE under reducing conditions and
transferred to  polyvinylidene fluoride (PVDF)
membranes using a wet transfer system (Bio-Rad, USA).
Membranes were blocked with 5% non-fat milk,
incubated with the HRP-conjugated anti-His-tag
antibody at a 1:3000 dilution, and developed with
enhanced chemiluminescence substrate (BeyoECL Plus
Lit, Beyotime, China). Chemiluminescent signals were
captured and processed using Image Lab software (Bio-
Rad, USA).

Enzyme-linked immunosorbent assay (ELISA)
Concentrations of IL-2, IFN-y, TNF-a, granzyme B
(GzmB), and perforin (PRF1) were quantified in serum
and culture supernatants using commercially available
ELISA Kkits (Liankebio, China for IL-2, IFN-y, and TNF-
a; Elabscience, China for GzmB and PRF1) according to
the manufacturers’ recommended protocols. In short, 100
pL aliquots of samples were added to wells and incubated
with diluted detection antibodies for 2 h at 37 °C.
Following washes with PBS containing 0.05% Tween 20
(PBST), HRP-conjugated avidin was applied for 45 min.
Color development was initiated by adding the
tetramethylbenzidine (TMB) substrate for 10 min, after
which absorbance was measured at 450 nm on a
microplate reader (Tecan, Mannedorf, Switzerland).
Analyte concentrations were interpolated from standard
curves generated in parallel.

PD-1/PD-L1 blockade activity of Nb-TriTE was
determined by ELISA, with recombinant hPD-1 (ACRO,
PD1-H5257) serving as the immobilized capture protein
and biotinylated hPD-L1 (ACRO, PD1-H82E5) as the
detection reagent. In addition, the ability of Nb-TriTE to
bind multiple antigens simultaneously was evaluated
using a sandwich ELISA format. Recombinant hFAP,
hCD3g, and hPD-1 proteins (ACRO, FAP-H5263, CDE-
H5256, PD1-H5257) were used as capture agents, while
the corresponding biotinylated versions (ACRO, FAP-
H82Q6, CDE-H82E1, PD1-H82E4) served as detectors.
Absorbance readings at 450 nm were obtained with a
Tecan microplate reader (Mannedorf, Switzerland).

Flow cytometry

Target cell surface expression of FAP was evaluated
following staining with a PE-labeled anti-human FAP
antibody (R&D Systems, USA). Expression of PD-L1 on
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target cells was similarly examined using an APC-
conjugated anti-human PD-L1 antibody (Biolegend,
USA). The binding capacity of Nb-TriTE at 2 pg/mL was
tested in combination with a PE-conjugated anti-His-tag
antibody (R&D Systems, USA). All samples were
analyzed on a FACS Calibur flow cytometer (BD
Biosciences, USA), and acquired data were interpreted
with FlowJo software.

T cell activation assay

T cell activation in vitro was assessed by measuring
surface marker expression and proliferative responses.
Enriched T cells were co-incubated with target cancer
cell lines at an effector-to-target ratio of 10:1 in the
presence of Nb-TriTE or appropriate control agents.
Following 24 h incubation at 37 °C, supernatants were
harvested, and activation status was determined by
quantifying the expression levels of CD25, CD69, and
CD107a using PE-conjugated anti-CD69, PE-conjugated
anti-CD25, and APC-conjugated anti-CD107a antibodies
(Biolegend, USA). For memory phenotype analysis,
parallel cultures were maintained for 14 days at 37 °C
and then stained with PE-Cy7-conjugated anti-CD45RA
and APC-conjugated anti-CD62L antibodies (Biolegend,
USA) for 30 min at 4 °C. Flow cytometric acquisition
was performed on a FACS Calibur instrument (BD
Biosciences, USA), with subsequent data processing
conducted using FlowJo software.

Proliferation assay

Assessment of T cell proliferative capacity was
performed using the PKH26 dye-dilution method
according to the supplier’s guidelines (Sigma, USA). In
summary, 1 x 10° tumor cells pretreated with mitomycin
C were combined with PKH26-labeled PBMCs at an E:T
ratio of 10:1 and cultured with Nb-TriTE or control
compounds for 5 days. Proliferation was measured by
flow cytometry and reported as the percentage decrease
in PKH26 fluorescence intensity per cell generation.

Cytotoxicity assay

Redirected killing activity mediated by Nb-TriTE was
quantified through a flow cytometry-based cytotoxicity
assay. Target cells were pre-labeled with CFSE using a
fluorescent cell tracking kit as instructed by the
manufacturer (Invitrogen, USA). These labeled targets
were then mixed with effector T cells at effector-to-target
ratios of 1:1, 5:1, or 10:1 along with serial dilutions of
Nb-TriTE or control molecules. Following 16 h of co-

culture at 37 °C under 5% COs-, cells were stained with
propidium iodide (PI) (Sigma-Aldrich, USA) according
to the manufacturer’s protocol. The fraction of CFSE*PI*
cells was determined by flow cytometry and used to
compute specific lysis according to the equation:
Specific lysis (%) = (fluorescence (sample lysis) —
fluorescence (spontaneous lysis)) / (fluorescence
(maximum lysis) — fluorescence (spontaneous lysis)) X
100.

In vivo efficiency study

Cell-derived xenograft (CDX) models were developed by
subcutaneous injection of 1 x 10° HepG2-FAP cells per
mouse or 1 X 10 PANCI cells per mouse combined with
CAFs (2:1 ratio) suspended in PBS into the lower back
or axillary region of NOD/SCID mice. Seven days later,
mice were randomly assigned to treatment groups (n = 5)
and received an intravenous injection of 1 x 107 PBMCs
in 100 pL PBS via the tail vein. Starting on the same day,
animals were treated daily with 20 pug Nb-TriTE or with
control agents intravenously for 6 consecutive days,
while the vehicle control group received only PBS.
Tumor dimensions were measured with calipers every 4
days, and volumes were calculated as (length x width?)/2.
Mouse body weights were monitored regularly. Animals
were sacrificed when they showed substantial weight
reduction, tumor ulceration, or when tumors reached a
volume greater than 2000 mm3.

For the orthotopic intracranial CDX model, anesthetized
NOD/SCID mice were positioned in a stereotactic
apparatus with a mouse-specific holder. Then, 1 x 103
U87 cells in 5 uLL PBS were injected 2 mm lateral to the
sagittal suture and 2 mm posterior to the bregma. Seven
days after implantation, 1 x 10° PBMCs in 100 pL. PBS
were administered intravenously, followed by daily
intravenous dosing of 20 pg Nb-TriTE or Nb-BiTE for
six days. At termination, brains containing tumors were
excised for histopathological assessment.

Patient-derived tumor xenograft model

Patient-derived xenograft (PDX) models were generated
following methods outlined in prior reports [42, 44, 45].
In brief, freshly dissociated primary human liver cancer
cells (PO) were mixed with Matrigel matrix (Corning,
USA) and implanted subcutaneously into the flank or
axilla of NOD/SCID mice (P1). Seven days post-
engraftment, PBMCs were infused intravenously, and
mice received daily intravenous injections of 20 pg Nb-
TriTE or Nb-BiTE for six days. Tumor size was
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measured with calipers every four days, and volumes
were calculated using the same formula as above. In
short-term experiments, tumors, spleens, and blood
samples were collected for ex vivo evaluation. Selected
tumor tissues were fixed in formalin, paraffin-embedded,
and prepared for histological analysis and
immunohistochemistry.

RNA-seq assay

RNA sequencing analysis was outsourced to Gene
Denovo Biotechnology Co. Ltd. (Guangzhou, China).
Total RNA was isolated from excised tumor tissues using
TRIzol reagent (Invitrogen, USA) according to the
manufacturer’s protocol. RNA quality was evaluated by
measuring the absorbance ratio at 260 nm to 280 nm
(A260/A280), and integrity was further confirmed by
electrophoresis on 1.5% agarose gels. Polyadenylated
MRNA was enriched from the total RNA using oligo(dT)
beads. Sequencing libraries were subsequently prepared
from the enriched mMRNA with the NEBNext Ultra RNA
Library Prep Kit (New England Biolabs, #£7530, USA).
Following end-repair of double-stranded cDNA
fragments and ligation of Illumina adapters, the products
were purified with AMPure XP Beads (1.0) and
amplified by PCR. The completed libraries were
sequenced on the NovaSeq 6000 platform (Illumina).
Gene expression values were normalized and expressed
as transcripts per million (TPM). Genes were classified
as differentially expressed (DEGS) if they displayed a
fold change exceeding two and an adjusted p-value below
0.05. Visualization of DEG patterns was achieved using
heatmaps. Analysis of immune-related signatures relied
on well-established public gene expression lists.

Histological studies

Apoptotic cells in tissue sections were detected using the
terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) method with a one-step assay Kkit
(Beyotime, China) according to the manufacturer’s
directions. Immunohistochemical (IHC) evaluation of
the Ki-67 proliferation marker was performed on
paraffin-embedded sections after microwave antigen
retrieval.  Nonspecific binding and endogenous
peroxidase activity were blocked with 3% hydrogen
peroxide and goat serum. Sections were incubated with a
ready-to-use anti-Ki67 antibody (MX006, MXB, China),
followed by application of species-appropriate secondary
antibodies according to established protocols. Staining

signals were developed with diaminobenzidine (DAB)
and imaged under a Nikon upright microscope.

In vivo safety of Nb-TriTE was examined by
administering intravenous doses of either PBS vehicle or
the Nb-TriTE construct to mice. Major organs (liver,
heart, spleen, lung, and Kkidney) were harvested from
euthanized animals, fixed in formalin, and processed into
paraffin blocks. Thin 5-pum sections were prepared and
stained with hematoxylin—eosin (HE) using routine
histological techniques. Circulating levels of IL-6 and IL-
1B in mouse serum were quantified using ELISA Kkits
(Liankebio, China) according to the manufacturer’s
instructions. Serum biochemical parameters, including
alanine  aminotransferase ~ (ALT) and aspartate
transaminase (AST), were analyzed on an automatic
biochemical analyzer (Catalyst One, IDEXX, USA).

Statistical analysis

Data analysis was performed using GraphPad Prism 9.0
(GraphPad, USA). For comparisons involving multiple
experimental groups, one-way analysis of variance
(ANOVA) was applied, followed by Tukey’s multiple
comparison test. Two-group differences were evaluated
with Student’s t test. Statistical significance was defined
as p < 0.05, with levels indicated as * P < 0.05; ** P <
0.01; *** P < 0.001; **** P < 0.0001. All quantitative
results are expressed as the mean + standard deviation
(SD).

Results and Discussion

Generation and verification of FAP Nbs

Human FAP nanobodies (hFAP Nbs) were successfully
isolated and purified using the established protocol
described earlier [19, 41-43]. An overview of the
production process is presented schematically (Figure
1a). The initial PCR amplification produced the VHH-
CH2 fragment at approximately 700 bp. This fragment
then served as the template for a subsequent PCR
reaction, yielding a VHH domain of approximately 400
bp. Following enzymatic digestion, the VHH sequences
were ligated into pMECS vectors and introduced into E.
coli TG1 cells by electroporation, resulting in an immune
phage display library with a diversity of 2.25 x 108
CFU/mL, as quantified through colony counts on serially
diluted plates. The accuracy of insert incorporation was
confirmed by PCR screening of 24 randomly chosen
colonies. Three rounds of affinity selection led to clear
enrichment of clones specific for FAP compared with
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background controls. From a panel of 96 colonies
evaluated by phage ELISA, 24 demonstrated strong
positivity (signal ratio exceeding 3). Six Nbs possessing
distinct amino acid sequences were chosen for further
characterization. SDS-PAGE analysis of the purified
proteins revealed a predominant band near 15 kDa
(Figure 1b). Flow cytometry experiments confirmed
specific recognition of FAP-positive cell lines (HepG2-
FAP and U87), with no detectable interaction observed
on FAP-negative HepG2 cells (Figure 1c). Surface
plasmon resonance (SPR) studies indicated excellent
binding affinities, yielding dissociation constants (KD)
in the range of 107® to 10~ M (Figure 1d). These data
collectively confirm the successful establishment of a
functional FAP-targeted Nb library. FAP Nb4 was
selected for downstream experiments owing to its robust
expression levels and favorable binding characteristics.
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Figure 1. Construction of the Nb library and
screening for hFAP-specific Nbs
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(@) Overview of the procedural steps involved in
generating hFAP-specific nanobodies, (b) Analysis of
six purified hFAP Nbs by SDS-PAGE, (c) Flow
cytometric evaluation demonstrating selective binding of
hFAP Nbs to FAP-expressing HepG2-FAP and U87
cells, but not to FAP-negative HepG2 cells, and (d)
Affinity measurements (KD values in molar units) of
hFAP Nbs obtained through SPR.

Design, generation and identification of the Nb-TriTE
and Nb-BiTE

A trispecific nanobody construct (Nb-TriTE) was
engineered to direct T cells specifically toward FAP-
positive cells while delivering localized blockade of the
PD-1/PD-L1 inhibitory pathway. This was achieved by
connecting an anti-PD-1 nanobody to a FAP-directed
Nb-BITE through a flexible (Gly4Ser)3 linker. A control
molecule consisting of an irrelevant nontargeting Nb-
BIiTE/TriTE (Irrelevant ctr) was employed for
comparative purposes. Three-dimensional structural
models of both the Nb-TriTE and Nb-BIiTE were
predicted using homology modeling via the SWISS-
MODEL platform (https://swissmodel. EXPASy.org)
(Figures 2a and 2d). The overall architecture of these
nanobody-based molecules is distinct from that of
conventional trispecific antibodies (TriAbs) [46] and
other recently described TriTE formats [47], as is the
case for the Nb-BiTE design.

Expression of the Nb-TriTE was carried out in E. coli
BL21 (DE3) cells, with optimal yields obtained using 0.5
mM IPTG induction at 16 °C for 16 hours. The protein
was extracted from bacterial inclusion bodies and refined
through Ni2~NTA affinity purification. Both the Nb-
BIiTE and Nb-TriTE preparations displayed high purity
(> 90%), as evidenced by a single major band on
Coomassie-stained SDS-PAGE gels and size-exclusion
chromatography profiles (Figures 2b and 2e). Western
blotting with an anti-His-tag antibody confirmed the
expected molecular masses of approximately 35 kDa for
Nb-BIiTE and 50 kDa for Nb-TriTE (Figures 2c and 2f).
Different spatial arrangements of the PD-1 Nb and CD3¢
Nb within the Nb-TriTE scaffold were tested to
determine the optimal configuration. This was assessed
by measuring cytokine secretion (IL-2 and IFN-y) from
stimulated T cells after 24 hours of incubation using
ELISA. The configuration placing the PD-1 Nb in the
proximal position and the CD3ge Nb in the distal position
elicited the strongest T cell response. It was therefore
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Figure 2. Generation of Nb-TriTE and Nb-BiTE.
Schematic illustrations of the Nb-BiTE

(@ and Nb-TriTE (d) constructs, together with their
predicted protein structures modeled using the SWISS-
MODEL tool (www.EXPASy.org/resources/swiss-
model). The Nb-BiTE comprises a FAP-specific Nb for
recognition of cancer-associated fibroblasts and a CD3¢g
Nb for T cell engagement. The Nb-TriTE extends this
design by addition of a PD-1 Nb to disrupt the PD-1/PD-
L1 signaling axis, (b) Coomassie blue-stained SDS—
PAGE of purified Nb-BiTE (M: molecular weight
marker; lane 1: Nb-BiTE), (c) Western blot detection of
purified Nb-BIiTE with anti-His-tag antibody (M:
molecular weight marker; lane 1: Nb-BIiTE), (e)
Coomassie blue-stained SDS-PAGE of purified Nb-
TriTE (M: molecular weight marker; lane 1: Nb-TriTE),
(f) Western blot detection of purified Nb-TriTE with
anti-His-tag antibody (M: molecular weight marker; lane
1: Nb-TriTE), (g) Flow cytometry assessment of Nb-
BiTE binding (2 pg/mL) to FAP-positive HepG2-FAP
cells and CD3-positive human T cells, (h) Flow
cytometry assessment of Nb-TriTE binding (2 ug/mL) to
FAP-positive HepG2-FAP cells, PD-1-positive 293T-
PD-1 cells, and CD3-positive human T cells.
Representative histograms from antigen competition
blocking experiments are also shown, and (i) SPR
analysis of Nb-TriTE binding affinity, (j) Two-step
sandwich ELISA demonstrating simultaneous binding of
Nb-TriTE to antigen pairs (hCD3e/hFAP, hPD-1/hFAP,

and hCD3¢e/hPD-1), and (K) ELISA-based evaluation of
Nb-TriTE’s ability to block the PD-1/PD-L1 interaction.
Results are shown as mean = standard deviation of three
independent experiments.

Binding properties of the Nb-TriTE and Nb-BiTE

The interaction profiles of Nb-TriTE and Nb-BiTE with
target cells were thoroughly investigated using flow
cytometry and surface plasmon resonance (SPR). Data
indicated that Nb-BiTE selectively recognized HepG2-
FAP cells and primary human T cells, exhibiting no
appreciable binding to unmodified HepG2 cells (Figure
29). In parallel, Nb-TriTE displayed targeted attachment
to HepG2-FAP and 293T-PD-1 cells, while remaining
non-reactive toward the parental HepG2 and 293T lines
(Figure 2h). The Nb-TriTE also showed clear
recognition of CD3-positive primary T cells and Jurkat
cells (Figure 2h).

Specificity was further validated through competition
experiments in which recombinant antigens were
introduced to interfere with binding. Recombinant PD-1
protein effectively prevented Nb-TriTE attachment to
293T-PD-1 cells. Analogous inhibitory effects were
noted when recombinant FAP or CD3¢ proteins were
applied in blocking assays for both constructs (Figures
2g and 2h). Notably, inhibition by CD3¢ alone proved
less pronounced than that achieved by PD-1 blockade or
dual PD-1/CD3¢ blockade, indicating that Nb-TriTE
could still access PD-1 molecules on T cells under select
conditions.

Affinity measurements by SPR demonstrated that Nb-
TriTE interacted with recombinant hFAP, hPD-1, and
hCD3e, with dissociation constants (KD) ranging from
107 to 10 M (Figure 2i). Crucially, the molecule
retained the ability to engage two distinct antigens
concurrently, without substantial steric hindrance
limiting accessibility (Figure 2j). Additionally, Nb-
TriTE inhibited the PD-1/PD-L1 association in a
concentration-dependent manner, in contrast to the lack
of activity observed with Nb-BiTE (Figure 2k). Overall,
these  observations highlight the precise and
multifunctional binding characteristics of the Nb-TriTE
and Nb-BIiTE molecules.

Nb-TriTE-mediated T cell activation, proliferation and
cytokine secretion

Subsequent experiments evaluated the impact of Nb-
TriTE and Nb-BiTE on T cell activation, expansion, and
cytokine release. Engagement of T cells by these

308



309

Arch Int J Cancer Allied Sci, 2026, 6(1):301-321 El Idrissi et al.
molecules requires physical contact with target cells 100 L-,"
displaying the relevant antigens. Accordingly, 20 «
expression of the early activation markers CD25 and T W
CD69 was monitored to gauge stimulatory potential in g 501
vitro. As presented in Figure 3, T cells were co- : 40+
incubated with HepG2-FAP cells in the presence of the
test constructs. Treatment with Nb-TriTE led to 20
substantially higher surface levels of CD25 and CD69 o
relative to Nb-BiTE or Nb-TriTE supplemented with b)
soluble hPD-1 (Figures 3a and 3b). The irrelevant 60 I
control construct produced minimal activation. In M
addition, the degranulation marker CD107a was = e L
expressed at elevated levels exclusively in the Nb-TriTE = a0
group (Figure 3c). These outcomes confirm that Nb- 3 _f; : s
TriTE delivers strong activation signals, resulting in 151 © )
effective T cell responses. o T
Proliferation constitutes a key indicator of T cell
responsiveness. Flow cytometric tracking of cell division son ©)
after five days of co-culture revealed that Nb-TriTE 3 | .Ex.:w )
triggered extensive proliferation of T cells when S _ a5 . ewatE
combined with mitomycin C-treated FAP-expressing 33 . ® L
tumor cells. This proliferative response was markedly §3 1 s &
greater than that observed with Nb-BiTE or Nb-TriTE %i 154 !
plus hPD-1 (Figure 3d). No division occurred in the @ 13

T

presence of the irrelevant control or blank control
conditions (Figure 3e). Representative flow cytometry o —
plots for activation markers and proliferation are
displayed in Figure 3e.

Further characterization of the responding T cells
involved assessment of CD62L and CD45RA to ‘ '

delineate memory subsets. Central memory T cells g | A m”&
(TCMs; CD45RA/CD62L*) are known for their R I R I A e
superior proliferative capacity, lymphoid homing '
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e)
antigen challenge. Exposure to Nb-TriTE increased the
fraction of TCMs compared with Nb-BiTE treatment
(Figures 3f and 3g), suggesting the potential for more
durable antitumor activity.
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Figure 3. Nb-TriTE enhances T cell activation and
function compared with Nb-BiTE. Induction of
CD25

(a), CD69 (b), and CD107a (c) expression on T cells by
Nb-TriTE versus controls, measured by flow cytometry
after 24 h incubation with HepG2-FAP cells at an E:T
ratio of 10:1 and 2 pg/mL protein concentration, (d)
Assessment of T cell proliferation induced by Nb-TriTE
relative to other treatments after 5 days of co-culture with
HepG2-FAP cells at an E:T ratio of 10:1, reported as
percentage of divided cells, (E) Representative flow

cytometry histograms depicting CD25, CD69, and
CD107a levels, and proliferation for the different groups.
(F, G) Memory subpopulation profiling based on CD62L
and CD45RA staining after 14 days of stimulation with
Nb-TriTE or Nb-BiTE. CD45RA"CD62L" cells indicate
effector memory T (TEM) cells, CD45RA"CD62L" cells
indicate central memory T (TCM) cells, and
CD45RA'CD62L" cells indicate naive T cells. Pie charts
illustrate the distribution of these subsets (left), (H, I)
Quantification of secreted IL-2 and IFN-y in
supernatants from cultures containing HepG2-FAP cells
treated with Nb-TriTE, Nb-BiTE, Irrelevant ctr, or Nb-
TriTE + hPD-1 at matched molar concentrations, and (J-
K) ELISPOT analysis of IFN-y secretion by antigen-
specific T cells across treatment groups. All results are
expressed as mean + standard deviation from three
independent experiments.

Activated T cells also secrete proinflammatory cytokines
that contribute to tumor elimination. Release of IL-2,
IFN-y, granzyme B (GzmB), and perforin (PRF1) was
quantified following co-culture with target cells. Nb-
TriTE induced significantly greater production of IL-2
and IFN-y than Nb-BiTE, the combination of Nb-TriTE
with hPD-1, or controls when FAP-positive cells were
present (Figures 3h and 3i). Cytokine output from Nb-
BIiTE was comparable to that of Nb-TriTE plus soluble
hPD-1, while control treatments yielded lower levels.
These differences were corroborated by ELISPOT
assays detecting IFN-y-secreting cells (Figures 3j and
3k). When FAP-negative HepG2 cells were used, no
meaningful elevation in IL-2 or IFN-y secretion or IFN-
vy spot formation was detected. Likewise, enhanced
GzmB and PRF1 release by Nb-TriTE was observed
only against FAP-positive targets, with no differences
against FAP-negative cells.

In summary, Nb-TriTE proved superior in driving T cell
activation and proliferation. This advantage is likely
attributable to the integrated blockade of the PD-1/PD-
L1 pathway within a single molecule, with target antigen
specificity essential for its enhanced functional
performance.

Nb-TriTE-mediated cytotoxicity against FAP-positive
tumor cells in vitro

This study evaluated Nb-TriTE’s capacity to trigger
antigen-specific T cell cytotoxicity in vitro. It was
proposed that the enhanced cytotoxic potency of Nb-
TriTE would promote a stronger antitumor effect by
facilitating PD-1/PD-L1 checkpoint blockade (Figure
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4a). Tumor cells and tissues were first analyzed for FAP
and PD-L1 expression levels via flow cytometry, with
public datasets confirming heterogeneous expression
patterns across samples.

T cells were then co-cultured with target cells at an E:T
ratio of 10:1 in the presence of increasing concentrations
of purified Nb-TriTE, Nb-BiTE, or an irrelevant control.
Nb-TriTE induced robust T cell-mediated killing of
HepG2-FAP cells, achieving an EC50 of 0.63 nM, which
was markedly lower than that of Nb-BIiTE (EC50 of 7.5
nM) (Figure 4c). No cytotoxicity was observed against
FAP-negative HepG2 cells, confirming the strictly
antigen-dependent and concentration-dependent nature
of the response (Figure 4b).

Nb-TriTE likewise demonstrated superior redirection of
T cell cytotoxicity against other FAP-expressing targets
compared with Nb-BiTE, including U87 cells (EC50 of
1.5 nM versus 5.19 nM) (Figure 4d) and primary CAFs
(EC50 of 0.85 nM versus 17.48 nM) (Figure 4e).
Overall, Nb-TriTE produced significantly greater target
cell lysis than Nb-BIiTE, whereas the irrelevant control
showed negligible activity.
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(@) Schematic illustration depicting the enhancement of
tumor-specific cytotoxic T cell responses by Nb-TriTE
through PD-1 blockade, (b—€) Concentration-dependent
lysis of HepG2 versus HepG2-FAP cells, U87 cells, and
primary CAF cells by unstimulated T cells, showing a
direct relationship with Nb-TriTE concentration (E:T
ratio 10:1; incubation time 16 h), (f) Nb-TriTE-induced
cytotoxicity assays performed on target HepG2, HepG2-
FAP, U87, and CAF cells at E:T ratios of 1:1, 5:1, and
10:1 over 16 h, (g) Cytotoxicity assays of target HepG2-
FAP, U87, and CAF cells incubated with Nb-BiTE or
Nb-TriTE, as well as Nb-BIiTE (without T cells) or Nb-
TriTE (without T cells), at an E:T ratio of 10:1 for 16 h,
and (h) Cytotoxic lysis of HepG2-FAP cells mediated by
Nb-TriTE and T cells at 2 pg/mL and an E:T ratio of 10:1
after 16 h, which is substantially diminished by
individual blockade of hCD3g, hPD-1, or hFAP.
Additional experiments confirmed that Nb-TriTE
exhibited clear E:T ratio-dependent Killing of FAP-
positive cells, resulting in efficient lysis of FAP-
expressing targets (HepG2-FAP, U87, and CAFs). No
such enhancement occurred with FAP-negative HepG2
cells, underscoring the target cell specificity and E:T
ratio dependence of Nb-TriTE activity (Figure 4f). As
expected, none of the constructs induced cytotoxicity in
the absence of T cells. In the presence of T cells,
however, Nb-TriTE displayed markedly superior Killing
compared with Nb-BiTE, verifying that the observed
effect was T cell-dependent and driven by Nb-TriTE
(Figure 4g).

To distinguish between potential “cis”-crosslinking on
the T cell surface and “trans”-bridging between T cells
and target cells, control reagents were prepared (Nb-
TriTE + hFAP, Nb-TriTE + hPD-1, and Nb-TriTE +
hCD3). The data supported the notion that Nb-TriTE

enhances T cell effector function primarily through a
transcell-dependent mechanism  (Figure 4h). In
summary, Nb-TriTE exerts potent cytotoxicity
selectively against FAP-positive tumor cells, overcomes
PD-1-associated resistance, and drives specific target
cell lysis via synergistic PD-1/PD-L1 checkpoint
inhibition.

In vivo antitumor efficacy of Nb-TriTE in mouse
xenograft models

The in vivo therapeutic effectiveness of Nb-TriTE was
subsequently investigated. CDX models were developed
using FAP-expressing tumor types, including HepG2-
FAP cells and a mixture of CAFs and PANC1 cells. On
day 0, each mouse received a subcutaneous injection of
1x 108 tumor cells in 100 pL PBS. Tumor-bearing
animals were then randomly assigned to different
treatment arms and given 1 x 107 T cells expanded from
PBMCs through tail vein administration on day 7.
Following T cell transfer, mice received daily
intravenous injections of Nb-TriTE, Nb-BiTE, an
irrelevant control, or PBS for 6 days (Figures 5a and
5d).

Tumor growth curves in the PBS and irrelevant control
cohorts progressed more rapidly than those in the Nb-
TriTE and Nb-BIiTE cohorts (Figures 5b and 5e).
Treatment with Nb-TriTE achieved the most pronounced
tumor growth suppression and resulted in a notable
increase in overall survival (Figures 5¢c and 5f). An
orthotopic glioma CDX model was additionally created
by intracranial inoculation of U87 cells (Figure 5g). In
this setting, Nb-TriTE administration led to reduced
tumor volumes within the brain and extended survival
times compared with Nb-BIiTE or PBS treatment
(Figures 5h and 5i), highlighting its preclinical
therapeutic value. Across all three CDX models, no
meaningful changes in body weight were observed
among the treatment groups. These observations
establish that Nb-TriTE successfully restrains tumor
progression in vivo and enhances mouse survival.
Further evaluation indicated superior tumor tissue
infiltration by Nb-TriTE compared with standard
TriAbs, accompanied by prolonged persistence. IHC
analysis confirmed more extensive intratumoral
distribution of Nb-TriTE compared with conventional
TriAbs.
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)
Figure 5. Nb-TriTE administration augments
antitumor activity in diverse cancer models

(@ Schematic summary of the study timeline.
NOD/SCID mice (n=15 per group) were subcutaneously
injected with 1 x 108 HepG2-FAP tumor cells on day 0,
infused intravenously with human PBMCs at a 1:10 ratio
on day 7, and subsequently given Nb-TriTE or reference
antibodies (20 pg) daily by intravenous route for a total
of six doses, (b) Tumor volume growth curves, (c)
Kaplan—Meier survival curves. (d) Schematic outline of
the CAFs:PANC1 xenograft experimental setup, (e)
Tumor volume curves. (f) Survival curves for
CAFs:PANCL1 tumors in NOD/SCID mice receiving the
specified antibodies through daily intravenous delivery
(n=35 per group), (g) Schematic depiction of the
orthotopic experimental procedure, (h) HE staining of
brain tissue, (i) Survival curves of U87 tumors in
NOD/SCID mice treated with the designated antibodies
via daily intravenous infusion, (j) Heatmap illustrating
expression profiles of selected genes in tumor tissues
harvested from mice treated with irrelevant control, Nb-
BiTE, or Nb-TriTE, (k) GO enrichment analysis
performed on differentially expressed genes from tumor
tissues of Nb-BiTE-treated versus Nb-TriTE-treated
mice, and (I) Relative quantification of gene expression
using TPM for markers linked to T cell activation,
proliferation, and cytotoxicity (n=3 independent
biological replicates).

To better understand how Nb-TriTE enhances immune
effector functions, RNA-seq was performed on
CAFs:PANCL1 tumor samples from the Nb-TriTE cohort
to delineate the underlying transcriptional changes
(Figure 5j). DEGs characteristic of Nb-TriTE treatment
were determined. Comparative GO enrichment analysis
between Nb-BiTE and Nb-TriTE groups demonstrated
that genes upregulated in the Nb-TriTE arm were
strongly associated with T cell proliferation and

activation, T cell-mediated immune responses and
cytotoxicity, and the production of proinflammatory
cytokines including TNF, IFN-y, and IL-2 (Figure 5K).
Signature gene analysis further showed elevated
expression of critical genes governing T cell activation,
proliferation, and cytotoxic activity in Nb-TriTE-treated
tumors relative to Nb-BiTE and control groups (Figure
51). Representative examples encompass T cell lineage
markers (CD3E, CD8A, CD4), activation indicators
(CD25, CD69), proliferation regulators (MTCP1), and
effector molecules (GzmB, GzmA, PRF1). Conversely,
proliferation- and angiogenesis-related tumor genes
(MKI167, CD34) and CAF markers (FAP) showed
reduced expression in the Nb-TriTE group.

In conclusion, Nb-TriTE effectively controls tumor
growth in living animals and prolongs survival by
stimulating T cell activation and amplifying their
cytotoxic capabilities.

To better reflect the physiological milieu of tumor
progression in living systems, researchers developed a
PDX model using tissue from a patient with liver cancer
(Figure 6a). Flow cytometry of the PDX tumors
revealed elevated FAP and PD-L1 expression. In this
liver cancer PDX setting, daily repeated dosing with Nb-
TriTE led to clear suppression of tumor growth and
prolonged animal survival compared with groups treated
with Nb-BiTE or PBS (Figures 6b and 6¢). Body weight
profiles showed no substantial fluctuations before or
after therapy in either experimental model. Tumor
volume progression observed in the PDX model is
presented in the corresponding line graph.

Assessment of Nb-TriTE interaction with T cells isolated
from treated animals indicated moderate binding to T
cells within the initial 24 h period (Figure 6d).
Monitoring of circulating cytokines further revealed
temporary increases in the concentrations of 1L-2, IFN-
v, and TNF-a among NOD/SCID mice that received Nb-
TriTE (Figures 6e-6g). Additional investigations into
the capacity of Nb-TriTE to enhance immune cell
recruitment showed that animals administered Nb-TriTE
had greater numbers of human CD3+ CD8+ T cells in
both tumor and spleen tissues than those given Nb-BiTE
or PBS (Figurers 6h, 6j and 6k). Peripheral blood
analysis by flow cytometry similarly identified a notably
higher proportion of CD3+ T cells in the Nb-TriTE
cohort during the two weeks following administration.
Tumor specimens from all treatment arms underwent
TUNEL and Ki67 immunohistochemical evaluation
(Figure 6i). The Nb-TriTE group displayed significantly
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Figure 6. Nb-TriTE administration robustly restrains
the expansion of PDX tumors

(a) Schematic illustration of the PDX tumor model
experimental protocol. Tumor growth curves (b) and
survival curves (c) for PDX models (n=35 per group)
subjected to daily Nb-TriTE or Nb-BiTE treatment over
six consecutive days. (d) Time-dependent alterations in
the percentage of T cells associated with Nb-TriTE
during the 72 h period after administration. (e—g)
Circulating levels of IL-2 (e), IFN-y (f), and TNF-a (g)
in  mice treated with Nb-TriTE or Nb-BIiTE.
Quantification of CD3+ CD8+ T cell infiltration in tumor
and spleen tissues by flow cytometry, including
representative density plots (h) and corresponding
quantitative summaries (j, k). Assessment of tumor
tissues by TUNEL and Ki67 staining. Representative
photomicrographs (i) and quantitative analyses (I, m).
Scale bars for TUNEL: 125 pm; scale bars for Ki67 IHC:
100 pm (n =3 per group).

Safety profile of Nb-TriTE

The safety characteristics of Nb-TriTE were next
evaluated. Although the treated mice showed no clinical
signs of distress or adverse effects, comprehensive
histopathological examination of major organs—
including the heart, liver, spleen, lung, and kidney—was
performed using HE staining. Results showed no
evidence of pathological lesions or organ damage in
animals receiving Nb-TriTE compared with those in the
PBS control group (Figure 7f).

Serum biochemical analysis further demonstrated that
Nb-TriTE treatment did not cause statistically significant
elevations in ALT or AST concentrations, or in the
ALT/AST ratio (Figures 7a-7c). Likewise, no notable
differences in circulating levels of the proinflammatory
cytokines IL-6 (Figure 7d) and IL-1p (Figure 7e) were
observed between the Nb-TriTE and PBS groups. Taken
together, these observations confirm that Nb-TriTE
possesses a well-tolerated safety profile in mice. Overall,
the findings establish the safety of this agent and provide
strong justification for its continued development in
clinical settings.
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Figure 7. Preliminary safety evaluation of Nb-
TriTE. ALT/AST ratios

(a), ALT levels (b), and AST levels (c) recorded during
the study. Serum concentrations of IL-6 (d) and IL-1f (e)
post-treatment, and (f) Representative micrographs of
HE-stained sections from key organs (heart, liver,
spleen, lung, kidney) across treatment conditions. Scale
bar, 100 um. No significant histopathological differences
were detected following Nb-TriTE administration.

Advancing novel TCE designs is essential to overcome
the substantial hurdles associated with conventional
BIiTE therapies in the treatment of solid tumors. The
current investigation introduced Nb-TriTE, an
innovative multispecific platform featuring three
independent antigen-binding domains. This construct
simultaneously engages T cells, tumor-associated
antigens, and immune checkpoint molecules, offering
the potential to reshape the immunosuppressive tumor
microenvironment and restore productive antitumor T
cell responses (Figures 8a-8d). Nb-TriTE is the
inaugural  Nb-only trispecific ~ candidate that
simultaneously targets CD3g, a solid tumor target, and an

immune checkpoint receptor. Its molecular design sets it
apart from previously described trispecific entities such
as TriTE [47], TriTAC [48, 49], DARPIn [34], CiTE
[33], and other multispecific antibodies explored in
cancer immunotherapy [46]. These developments mark a

meaningful progression beyond existing
immunotherapeutic strategies.
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Figure 8. Schematic representation of the superior
antitumor mechanism driven by Nb-TriTE

(a, b) Generation of Nb components, (c) Assembly and
structural organization of Nb-BiTE and Nb-TriTE, and
(d) Functional model illustrating the mode of action of
Nb-BIiTE versus Nb-TriTE.

Effective T cell immunity forms a cornerstone of solid
tumor immunotherapy. Cancer cells commonly evade
immune recognition by exploiting immunosuppressive
pathways that compromise T cell functionality and
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support tumor dissemination [50, 51]. Conventional TCE
approaches have largely concentrated on tumor antigen
engagement for direct cytotoxicity, often neglecting the
need to counteract the broader immunosuppressive
tumor microenvironment and restore exhausted T cell
populations. Inhibitory signaling via immune checkpoint
pathways potently dampens T cell activation, leading to
progressive dysfunction of CD8+ T cells. Recent
observations indicate that solid tumors can resist BiTE-
mediated Kkilling by upregulating PD-1/PD-L1 and
delivering inhibitory signals to T cells [52-54].
Accordingly, assessment of PD-L1 status in tumor
specimens may hold predictive value for clinical
response to Nb-TriTE.

Publicly accessible datasets highlight strong correlations
between FAP expression and immune features in various
malignancies. Single-cell profiling further localizes FAP
predominantly to CAFs in PAAD samples. The frequent
overexpression of FAP on CAFs across many solid
cancers suggests that targeted elimination of these
stromal cells could confer therapeutic benefit. This
premise underpins the dual-targeting design of Nb-
TriTE, which redirects T cell cytotoxicity toward both
malignant cells and suppressive CAFs. FAP-positive
CAFs have also been implicated in conferring resistance
to anti-PD-1/PD-L1 therapies [55], further supporting
the integration of anti-FAP and anti-PD-1 VHH domains
into a single molecule. Exploring Nb-based constructs to
disrupt  checkpoint-mediated inhibition therefore
emerges as a valuable strategy to potentiate T cell
activity and TCE performance.

Nanobodies possess highly attractive attributes for
therapeutic development, including superior stability,
high affinity, facile recombinant production, scalability,
and economic viability. This study successfully isolated
and characterized a FAP-specific Nb that displays strong
target selectivity and binding potency. Six candidate
FAP Nbs were rigorously tested by flow cytometry and
surface plasmon resonance, and FAP Nb4 was selected
for its balanced affinity and favorable expression
characteristics. Previously generated PD-1- and CD3g-
specific Nbs [19, 41] complemented this panel. The
identification of these high-quality Nb modules
establishes a robust basis for future monospecific and
multispecific Nb-derived therapeutics.

Leveraging these components, the Nb-TriTE platform
was constructed to engage FAP on CAFs, CD3¢ on T
cells, and PD-1 on immune cells. Both Nb-TriTE and
Nb-BiTE variants demonstrated appropriate specificity

and binding strength. Functional evaluation showed that
Nb-TriTE more potently stimulated T cell proliferation,
activation, and cytotoxicity in vitro than its bispecific
counterpart, and achieved greater tumor control across
several solid tumor xenograft models in vivo.
Experiments using soluble hPD-1 protein revealed
reduced T cell activation, proliferation, and cytokine
production when PD-1 engagement was competed,
confirming the contribution of checkpoint blockade to
Nb-TriTE activity. In vitro cytotoxicity assays
established that Nb-TriTE  triggers efficient,
concentration-dependent, and strictly antigen-restricted
killing of FAP-positive tumor cells, sparing FAP-
negative targets. PD-1 blockade studies emphasized the
essential role of checkpoint inhibition in sustaining
durable T cell responses against solid tumors. Overall,
these data illustrate that Nb-TriTE exhibits favorable
binding properties and affinity, supporting the broad
translational potential of Nb-derived TCEs as standalone
agents or components of combination immunotherapies.
The present findings indicate that Nb-BiTE treatment
produces only modest antitumor activity in vivo
compared with Nb-TriTE. In contrast, Nb-TriTE elicits
robust therapeutic responses both in vitro and in vivo.
These outcomes highlight the advantage of incorporating
PD-1 blockade to reinvigorate T cell function, thereby
generating stronger antitumor immunity and establishing
a more efficient immunological bridge between T cells
and CAFs. In patient-derived xenograft models, Nb-
TriTE demonstrated superior tumor control compared
with Nb-BIiTE, accompanied by enhanced infiltration of
CD3+CD8+ T cells into tumor tissue and the spleen.
Immune checkpoint blockade not only reverses T cell
exhaustion but also influences additional immune
populations, including dendritic cells. Preliminary safety
evaluations confirmed that Nb-TriTE exhibits a
favorable toxicity profile.

Beyond the Nb-TriTE and Nb-BiTE platforms,
combining Nb-based approaches with other modalities—
such as CAR-T cell therapy, oncolytic viruses [56],
vaccines [57], and additional immune checkpoint
inhibitors—holds considerable promise for optimizing
cancer immunotherapy outcomes.

Although encouraging tumor regression was achieved in
subcutaneous and orthotopic NOD/SCID models, further
translational studies are warranted to facilitate clinical
advancement. Future optimization may include
extending the circulating half-life of Nb-TriTE by fusing
it to an albumin-binding Nb, thereby enabling less
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frequent dosing and improved patient compliance.
Although Nbs generally display low immunogenicity,
standard humanization procedures should be applied to
support clinical development. Additional preclinical
evaluation in immunocompetent huCD3¢ humanized
mouse models could provide valuable insights into
factors influencing therapeutic efficacy. Furthermore,
single-cell RNA sequencing would provide greater
resolution into the transcriptional programs activated
following Nb-TriTE administration. At present, the
detailed contribution of Nb-TriTE to specific T cell
effector pathways remains incompletely characterized,
necessitating continued mechanistic investigations in
vivo.

Conclusion

This study introduces a novel Nb-TriTE platform that
integrates T cell engager technology with immune
checkpoint blockade to effectively counteract tumor-
induced immunosuppression. The results establish Nb-
TriTE as a safe and potent therapeutic approach capable
of generating targeted, antigen-specific T cell responses
that restrain tumor progression. The modular and
adaptable nature of this Nb-TriTE platform enables broad
applicability and straightforward customization for
diverse tumor types. Consequently, Nb-TriTE constitutes
a valuable addition to the expanding repertoire of T cell
engager-based immunotherapies, with significant
implications for both fundamental immunology research
and clinical oncology.
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