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ABSTRACT

Triple-negative breast cancer (TNBC) remains one of the most challenging breast cancer subtypes to treat due to the lack of well-
defined molecular targets. Cluster of differentiation 13 (CD13), a cell surface aminopeptidase, is highly expressed in various tumors
and play critical roles in promoting angiogenesis, aberrant proliferation, invasion, and metastasis. In this study, we investigated
CD13 as a potential therapeutic target in TNBC cell lines to enable targeted therapy. Accordingly, we employed a protein
cage nanoparticle, AaLS/TRAIL/aCD13Nb, which simultaneously displays CD13-binding nanobodies (aCD13Nb) and tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) via the SpyCatcher/SpyTag protein ligation system. This dual-ligand
nanoparticle exhibited enhanced and specific binding to CD13-overexpressing TNBC cell lines, including HCC1937, MDA-MB-
468, and BT-549 cells. aCD13Nb-mediated tight binding facilitated sustained interaction of TRAIL with death receptors, resulting
in robust activation of apoptotic signaling cascades and significantly enhanced therapeutic efficacy in CD13-overexpressing TNBC
cell lines. Moreover, systemic administration of AaLS/TRAIL/aCD13Nb via intravenous injection markedly suppressed tumor
growth in an HCC1937 xenograft mouse model, without evidence of systemic toxicity. These findings validate CD13 as a promising
therapeutic target in TNBC and underscore the potential of dual-ligand protein cage nanoparticles as an effective platform for
targeted cancer therapy.

1 | Introduction improved treatment outcomes by enhancing treatment specificity

and reducing off-target effects [3, 4]. However, triple negative

Breast cancer is the most frequently diagnosed malignancy in
women and remains a leading cause of cancer-related mortal-
ity worldwide [1]. Immunohistochemically, breast cancers are
primarily classified based on the predominant expression of
estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) [2]. The development
of targeted therapies against these receptors has significantly

breast cancer (TNBC), a subtype defined by the lack of ER,
PR, and HER?2, is associated with an aggressive clinical course
and poorer prognosis compared to other breast cancer subtypes
[5, 6]. Owing to the absence of targetable receptors, traditional
chemotherapy has remained the mainstay of TNBC treatment for
many years. However, the effectiveness of chemotherapy in TNBC
is still limited by systemic toxicity and the frequent development
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of chemoresistance [7, 8]. Consequently, there is an urgent need
to develop more effective and specific targeted therapies for
TNBC that minimize adverse effects while improving clinical
outcomes.

In recent years, extensive efforts to identify targetable receptors
in TNBC have revealed several promising candidates, including
epidermal growth factor receptor (EGFR), vascular endothelial
growth factor (VEGF), and cluster of differentiation 13 (CD13)
[9-12]. CD13, also known as aminopeptidase N (APN) or ala-
nine aminopeptidase (AAP), is a transmembrane glycoprotein
with protease activity [13, 14]. CD13 was initially character-
ized as a hematopoietic biomarker predominantly expressed
on myeloid lineage cells, particularly in the context of acute
myeloid leukemia (AML) [15-17]. It is also overexpressed in
various solid tumors, including colon, prostate, liver, and breast
cancers, where it serves as a valuable biomarker for diagnosis,
prognosis, and potential therapeutic targeting [18, 19]. CD13
is known to play important roles in promoting angiogenesis,
abnormal proliferation, invasion and metastasis [19]. A previous
study reported a significant increase in CD13 activity in patients
with breast cancer, highlighting its potential as a viable targetable
antigen, particularly in TNBC [20].

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), a member of the TNF superfamily, is a protein
capable of inducing apoptosis when it binds to the specific
receptors, death receptor 4 and 5 (DR4 and DR5) [21, 22].
Upon binding of TRAIL to death receptors, the death inducing
signaling complex (DISC) is formed, leading to the activation
of caspase-8, which subsequently triggers the activation of
downstream effector caspases, including caspase-7, caspase-9,
and caspase-3 [23]. Since cancer cells tend to overexpress DR4
and DR5 compared to normal cells, TRAIL is considered an
effective cancer cell-specific apoptosis-inducing ligand [21, 24].
Despite its potent ability to induce cancer cell death, the in vivo
application of soluble TRAIL faces several challenges, including
short circulation half-life, low binding affinity to DR4/DR5 on
cancer cell surfaces, and limited tumor-specific accumulation
[22]. To overcome these challenges, we previously co-displayed
TRAIL molecules and various tumor-targeting ligands on Aquifex
aeolicus lumazine synthase (AaLS) protein cage nanoparticles
using the SpyCather/SpyTag (SC/ST) protein ligation system
[25-27]. The resulting dual-ligand-displaying protein cage
nanoparticles effectively induced robust apoptotic cancer cell
death both in vitro and in vivo. In particular, AaLS protein
cage nanoparticles co-displaying TRAIL molecules and CD13-
targeting nanobodies selectively bound to CD13-overexpressing
AML cells, inducing robust apoptotic cell death. This targeted
therapeutic strategy yielded a significant reduction in systemic
AML burden in vivo and resulted in a marked extension of overall
survival within the murine model [26]. The self-assembling AaLS
protein cage nanoparticle consists of 60 subunits [28] and offers
robust biostability, bioavailability, and versatility for functional
modification [25-27, 29-33]. The SC/ST protein ligation system
is derived from a split form of immunoglobulin-like collagen
adhesion domain (CnaB2) from Streptococcus pyogenes [34].
The SC protein and ST peptide spontaneously form a covalent
isopeptide bond, enabling stable and irreversible conjugation
[34, 35]. Each component can be genetically fused to a diverse

array of proteins while preserving the structural integrity and
biological activity of the fusion partners [36-40].

In this study, we proposed a novel targeted therapeutic
approach for TNBC using AaLS protein cage nanoparticles
co-displaying TRAIL molecules and CD13-targeting nanobodies
(AaLS/TRAIL/aCDI3Nb) (Figure 1A). The expression levels
of CD13 in various TNBC cell lines were initially evaluated by
flow cytometry. The selective binding of AaLS/TRAIL/aCD13Nb
to these TNBC cell lines was subsequently assessed in vitro
using both flow cytometry and confocal microscopy. The in
vitro cytotoxic efficacy of AaLS/TRAIL/aCD13Nb against various
TNBC cell lines, in relation to their CD13 expression levels, was
further evaluated using cell viability assay. In addition, activation
of the TRAIL-mediated apoptotic pathway was assessed to
elucidate the mechanism of action. Finally, a TNBC xenograft
mouse model was established and used to evaluate the in
vivo therapeutic potential of CDI3-targeted, TRAIL-mediated
treatment strategies in TNBC (Figure 1A). Overall, this work
highlights the therapeutic potential of protein cage nanoparticles
capable of co-displaying cancer-specific and pro-apoptotic
ligands on a single platform, offering a promising strategy for the
targeted treatment of TNBC.

2 | Results and Discussion

2.1 | Surface Expression Levels of CD13 and Death
Receptors in TNBCs

As TNBCs lack well-defined targetable surface molecules, the
identification of novel molecular targets is crucial for developing
effective targeted therapies. Recent studies have highlighted CD13
as a potential candidate due to its emerging role in tumor progres-
sion and therapeutic resistance, as well as its overexpression in
certain malignancies, including various breast cancer cells [41].
To initially investigate which TNBC cell lines express CD13, we
conducted flow cytometry analysis using various breast cancer
cell lines, including HCC1937, MDA-MB-468, BT549, MDA-MB-
231, and MCF7 cells. High surface CD13 expression was observed
in basal-like TNBC cell lines (HCC1937 and MDA-MB-468 cells)
[42, 43] and in the mesenchymal-like TNBC cell line (BT549 cell)
[44, 45] (Figure 1B,C). In contrast, another mesenchymal TNBC
cell line (MDA-MB-231 cells) [44, 45] and the non-TNBC cell line
(MCF7 cell) showed no detectable CD13 expression (Figure 1B,C).

Apoptosis is a regulated, non-inflammatory form of cell death,
and TRAIL-based therapies selectively induce apoptosis in cancer
cells while exhibiting minimal off-target effects on normal cells
[21]. Since TRAIL molecules bind to death receptors (DRs) and
subsequently induce apoptosis, we further measured the surface
expression levels of death receptors in the tested cells (Figure 1B).
Death receptor 5 (DR5) was highly expressed in MDA-MB-231
and MCF7 cells, moderately expressed in HCC1937 cells, and
expressed at low levels in MDA-MB-468 and BT549 cells. In
contrast, DR4 was barely expressed in all cell lines, except MDA-
MB-231 cells. These findings suggest that the use of CD13-binding
molecules for targeting, combined with TRAIL molecules as
apoptosis-inducing ligands, could be a promising strategy for
treating TNBCs, which lack readily targetable surface molecules.
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FIGURE 1 | Receptor expression levels of TNBC cells. (A) Schematic illustration of the protein cage nanoparticle-based targeted therapy for CD13-

overexpressing TNBC cells (B) Flow cytometric analysis of HCC1937, MDA-MB-468, BT549, MDA-MB-231, and MCF?7 cells treated with anti-CD13
antibody, anti-DR4 antibody, or anti-DR5 antibody. (C) Summary of CD13 surface expression levels in each cell line presented in tabular format.

2.2 | Construction of CD13-Targeting and
TRAIL-Displaying AaLS Protein Cage Nanoparticles
(AaLS/TRAIL/aCD13Nb)

For the treatment of CD13-overexpressing TNBCs, we utilized a
previously constructed CD13-binding nanobody (aCD13Nb) [17,
26] as a targeting ligand and TRAIL as an apoptosis-inducing
ligand. SpyCatcher (SC) was further genetically fused to aCD13Nb
and TRAIL to create aCD13Nb-SC and SC-TRAIL, respectively. To
display multiple TRAIL molecules and/or aCD13Nb, we prepared
the previously established SpyTag (ST)-fused Aquifex aeolicus
lumazine synthase protein cage nanoparticle (AaLS-ST) [30]. All
recombinant proteins were overexpressed in Escherichia coli (E.
coli) and purified in a single step using immobilized metal affinity
chromatography (IMAC) with high purity (> 98 %) (Figure 2A,
lane 2-4). Using purified proteins, TRAIL-displaying AaLS
(AaLS/TRAIL), aCD13Nb-displaying AaLS (AaLS/aCD13Nb),

and dual ligand-displaying AaLS (AaLS/TRAIL/aCD13Nb) vari-
ants were constructed using the SC/ST protein ligation system.
Using a SC/ST post-translational protein-ligation system, we were
able to control the amount of TRAIL and aCD13Nb on the
AaLS-ST by modulating the input molar ratios of SC-TRAIL
and aCD13Nb-SC onto the AaLS-ST subunit. To determine and
control the relative amounts of displayed ligands on a AaLS
protein cage nanoparticle, we conducted band intensity analyses
of SDS-PAGE of individual proteins and ligated forms using the
NIH Image J, which is one commonly used analytical technique
to determine relative band intensities of multiple components in
the SDS-PAGE [24]. Because each AaLS protein cage nanoparticle
consists of 60 identical subunits, each AaLS-ST subunit is ligated
to a single SC-fused protein (SC-TRAIL or aCD13Nb-SC), and the
ratios among these subunits directly correspond to the number
of ligands per particle, we were able to accurately determine
both the final ligand composition and the number of each ligand
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FIGURE 2 | Characterization of AaLS variants. (A) SDS-PAGE result of purified AaLS-ST, SC-TRAIL, and aCD13Nb-SC, and ligated AaLS variants.
(B) Size exclusion chromatographic elution profiles of AaLS-ST, AaLS/TRAIL, AaLS/aCD13Nb, and AaLS/TRAIL/aCD13Nb. (C) DLS analysis and (D)
Zeta-potentials of AaLS-ST, AaLS/TRAIL, AaLS/aCD13Nb, and AaLS/TRAIL/aCD13Nb (n = 3).

per particle. The covalent isopeptide bond formation between
AaLS-ST subunits and SC-TRAIL or aCD13Nb-SC was confirmed
by SDS-PAGE analysis (Figure 2A). AaLS-ST was mixed with
each ligand (SC-TRAIL or aCD13Nb-SC) at a 2:1 molar ratio,
resulting in complexes that displayed approximately 30 ligands
per AaLS particle on average (Figure 2A, lane 5 & 6). When
AaLS-ST was mixed with SC-TRAIL and aCDI13Nb-SC at a 2:1:1
molar ratio, the resulting constructs simultaneously incorporated
approximately 30 TRAIL molecules and 30 aCD13Nb molecules
per AaLS particle on average (Figure 2A, lane 7). Size exclusion
chromatography (SEC) was performed to monitor the elution
profiles of the AaLS variants. AaLS/TRAIL/aCD13Nb eluted
first, followed by AaLS/TRAIL, AaLS/aCDI13Nb and AaLS-ST,
demonstrating an increase in nanoparticle size upon ligand
display (Figure 2B). The hydrodynamic diameters of AaLS-ST,
AaLS/TRAIL, AaLS/aCD13Nb and AaLS/TRAIL/aCD13Nb were
also measured using dynamic light scattering (DLS). Consistent
with the SEC data, size increases were observed as 30.15, 38.76,
36.1, and 47.16 nm, respectively (Figure 2C). However, ligand
display did not significantly alter the surface charges of the
nanoparticles (Figure 2D). Taken together, these data confirm
that the AaLS variants were successfully constructed while
maintaining their protein cage architecture.

2.3 | Selective Binding of AaLS/TRAIL/aCD13Nb
to CD13-Overexpressing TNBC Cell Lines

To examine the target-specific binding of ligand-displaying AaLS
variants, the variants were labeled with fluorescein-5-maleimide
(F5M) [30] and then incubated with the cells. Flow cytom-

etry analysis revealed that aCDI13Nb-displaying AaLS variants
(AaLS/aCD13Nb and AaLS/TRAIL/aCD13Nb) strongly bound to
the CD13-overexpressing TNBC cell lines, including HCC1937,
MDA-MB-468 and BT549 cells (Figure 3A). In contrast, they
did not bind to the CD13-negative TNBC cell line MDA-MB-
231 or non-TNBC cell line MCF7 (Figure 3A), demonstrating
their target-specific binding. A slight increase in fluorescent
signal was observed in HCC1937, MDA-MB-231, and MCF7 cells
treated with AaLS/TRAIL (Figure 3A), probably due to the higher
surface expression of DR5 on these cells compared to MDA-MB-
468 and BT549 cells (Figure 1B). Furthermore, laser scanning
confocal microscopy imaging was performed on HCC1937 cells
following treatment with AaLS variants. AaLS/aCDI13Nb and
AaLS/TRAIL/aCD13Nb exhibited strong membrane surface bind-
ing to HCC1937 cells (Figure 3B), consistent with the flow
cytometry data (Figure 3A). In contrast, binding of AaLS/TRAIL
was not detected in the confocal images, likely due to the weak
binding affinity of TRAIL for DRs. These results imply that
the aCD13Nb component of AaLS/TRAIL/aCDI13Nb specifically
targets CDI13 on the surface of TNBC cells, highlighting its
potential as a promising strategy for targeted therapy against
CD13-overexpressing TNBCs.

2.4 | Enhanced Apoptotic Cell Death of
CD13-Overexpressing TNBC Cell Lines With
AaLS/TRAIL/aCD13Nb

Given the urgent need for targeted therapies in TNBCs, we
aimed to investigate the potential of CD13-targeted therapy by
evaluating the therapeutic efficacy of AaLS/TRAIL/aCD13Nb.
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FIGURE 3 | aCD13Nb-mediated selective binding of AaLS variants to various breast cancer cell lines. (A) Flow cytometric analysis of HCC1937,
MDA-MB-468, BT549, MDA-MB-231, and MCF-7 cells treated with fAaLS-ST, fAaLS/aCD13Nb, fAaLS/TRAIL, or fAaLS/TRAIL/aCD13Nb. (B)
Fluorescent microscopic images of HCC1937 cells treated with fAaLS-ST, fAaLS/aCD13Nb, fAaLS/TRAIL, or fAaLS/TRAIL/aCDI3Nb. Scale bar = 30 ym.

CD13-overexpressing TNBC cell lines (HCC1937, MDA-MB-468,
and BT549 cells), CD13-negative TNBC cells (MDA-MB-231), and
CD13-negative non-TNBC cells (MCF7) were treated with AaLS-
ST, AaLS/aCD13Nb, AaLS/TRAIL, or AaLS/TRAIL/aCD13Nb
for 24 h, and cell viability was assessed using the CCK-
8 assay (Figure 4A). CDI3-targeted therapy demonstrated
significant promise, as AaLS/TRAIL/aCDI3Nb exhibited
enhanced cytotoxicity in HCC1937, MDA-MB-468, and BT549
cells compared to AaLS/TRAIL. Notably, HCC1937 cells showed
resistance to high concentrations (100 nM) of AaLS/TRAIL,
but this resistance was substantially overcome by the presence
of aCDI13Nb, highlighting its essential role in enhancing
TRAIL-mediated apoptosis. In contrast, in CD13-negative TNBC
MDA-MB-231 cells, AaLS/TRAIL and AaLS/TRAIL/aCD13Nb
showed nearly identical cytotoxicity (Figure 4A). The non-
TNBC MCF7 cells which are known to highly resistant to
TRAIL, showed no cytotoxicity with both AaLS/TRAIL and
AaLS/TRAIL/aCD13Nb (Figure 4A). Despite high CD13/DR5
expression and superior binding of the AaLS/TRAIL/aCDI13Nb
complex, BT549 cell viability plateaus at approximately 40%.
This may reflect impairment of the downstream apoptotic
cascade due to anti-apoptotic mechanisms acting on TRAIL-
mediated signaling [46-48]. To further investigate whether the
enhanced cytotoxicity of AaLS/TRAIL/aCD13Nb against CD13-

overexpressing TNBC cells results from TRAIL/DR-mediated and
caspase-dependent apoptosis pathways, we examined caspase-
dependent apoptotic signaling in HCC1937 and MDA-MB-468
cells treated with 1 nM AaLS variants for 4 h. This representative
concentration was selected because AaLS/TRAIL/aCDI3Nb
induced strong cytotoxicity, whereas AaLS/TRAIL did not, in
both HCC1937 and MDA-MB-468 cells (Figure 4A). Western blot
analysis revealed significant cleavage of key apoptotic signaling
markers, including caspase-8, caspase-9, caspase-3, and PARP, in
AaLS/TRAIL/aCD13Nb-treated cells (Figure 4B; Figure S1A). In
contrast, AaLS/TRAIL treatment induced only slight activation
of caspase-9, caspase-3, and PARP in HCC1937 cells (Figure 4B),
and a slight activation of PARP in MDA-MB-468 cells (Figure
S1A). Neither AaLS-ST nor AaLS/aCD13Nb triggered detectable
apoptotic signaling, which aligns well with the cytotoxicity
assay results showing that neither variant affected cell viability
(Figure 4A; Figure S1A). Furthermore, treatment of HCC1937
cells with ICs, concentrations of AaLS/TRAIL (100 nM) and
AaLS/TRAIL/aCD13NbD (0.75 nM) resulted in a similar cleavage
pattern of apoptotic signaling markers (Figure S1B). These results
indicate that the enhanced cytotoxicity of AaLS/TRAIL/aCD13Nb
is mediated by amplified TRAIL-induced apoptotic cell
death through strong aCD13Nb-mediated nanoparticle
binding.
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FIGURE 4 | Cytotoxic effects of AaLS variants in breast cancer cell lines. (A) In vitro dose-dependent cytotoxicity of AaLS-ST, AaLS/aCDI3Nb,

AaLS/TRAIL, or AaLS/TRAIL/aCD13Nb in HCC1937, MDA-MB-468, BT549, MDA-MB-231 and MCF7 cells, as determined using a CCK-8 assay. All data
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To determine whether the co-display of aCD13Nb and TRAIL
on the same nanoparticle is essential for enhancing therapeutic
efficacy in CDI13-overexpressing TNBC cells, we assessed
the cytotoxicity of a simple mixture of AaLS/TRAIL and
AaLS/aCDI13Nb in HCC1937 cells and compared it with that of
AaLS/TRAIL and AaLS/TRAIL/aCD13Nb. A simple mixture
of AaLS/TRAIL and AaLS/aCD13Nb showed cytotoxicity
nearly identical to that of AaLS/TRAIL alone, whereas
AaLS/TRAIL/aCD13Nb exhibited significantly —enhanced
cell-killing activity (Figure 4C). Furthermore, pre-treatment
with an excess amount of AaLS/aCD13Nb (50 nM) prior to
AaLS/TRAIL/aCD13Nb significantly reduced cytotoxicity
compared to treatment with AaLS/TRAIL/aCDI3Nb alone
(Figure 4D). These results suggest that pre-bound AaLS/aCD13Nb
on CDI13 molecules at the TNBC cell surface likely inhibits the
tight binding of AaLS/TRAIL/aCDI13Nb to TNBC cells, thereby
competing for CD13 and hindering efficient interactions between
TRAIL and DRs, ultimately blocking TRAIL-mediated apoptosis.
Collectively, these results highlight the therapeutic potential
of CD13-targeted therapy for TNBC, demonstrating that the
enhanced cytotoxicity of AaLS/TRAIL/aCD13Nb is primarily
driven by the specific and strong interaction between aCDI3Nb
and CDI13. This interaction facilitates sustained and consistent

TRAIL/DR engagement, ultimately promoting robust apoptosis
in CD13-overexpressing TNBC cells.

2.5 | Outstanding Therapeutic Efficacy of
AaLS/TRAIL/aCD13Nb Against TNBC HCC1937
Tumors In Vivo

To evaluate the therapeutic potential of CD13-targeted therapy
in CDI3-overexpressing TNBC cells in vivo, an HCCI1937
tumor-xenografted mouse model was established. When
the HCCI1937 tumors reached approximately 100 mm?, the
mice were intravenously injected with PBS, AaLS/TRAIL,
AaLS/aCD13Nb,  AaLS/TRAIL/aCD13Nb, or SC-TRAIL
every 3 or 4 days. Compared to the PBS-treated group,
treatment with AaLS/TRAIL/aCDI3Nb resulted in significant
inhibition of tumor growth (Figure 5A; Figure S2). In contrast,
AaLS/TRAIL exhibited only modest tumor suppression relative
to AaLS/TRAIL/aCD13Nb. Although AaLS/aCD13Nb bound
well to HCC1937 cells (Figure 3), it did not reduce tumor growth
compared to the PBS-treated group, likely due to its inability
to induce apoptosis (Figure 5A). On day 32, HCC1937 tumors
and major organs were excised from sacrificed mice for further
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FIGURE 5 | Invivo antitumor activity of AaLS variants in an HCC1937 xenograft model. (A) Tumor growth curves of HCC1937 tumor xenografted
mice treated with PBS, AaLS/TRAIL, AaLS/TRAIL/aCD13Nb, AaLS/aCD13Nb, or SC-TRAIL. The data are averages + standard deviation (SD); n = 4 per
group; p-value is adjusted for multiple comparisons; *p < 0.05. (B) Representative images of excised tumors from mice treated with PBS, AaLS/TRAIL,
AaLS/TRAIL/aCD13Nb, AaLS/aCD13Nb or SC-TRAIL. (C) Tumor weights of excised tumors from each treatment group. (D) Representative H&E and
TUNEL staining images of tumor sections collected from treated mice. Scale bar = 500 um (H&E) and 200 um (TUNEL).

analysis. The images and measured tumor weights from each
group (Figure 5B,C) showed that the AaLS/TRAIL/aCD13Nb
treatment group had the smallest tumor size and weight,
consistent with the tumor volume measurement (Figure 5A).
Additionally, histopathological staining of the excised tumors
was performed to confirm that tumor growth inhibition
resulted from TRAIL-mediated apoptosis. Hematoxylin and
eosin (H&E) staining revealed significant nuclear dissociation
in the AaLS/TRAIL/aCD13Nb-treated group compared to
the PBS- or AaLS/aCDI13Nb-treated groups (Figure 5D). The
AaLS/TRAIL- and SC-TRAIL-treated groups also exhibited
nuclear dissociation, although to a lesser extent. Terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) staining showed a similar trend in apoptosis. Among
all groups, AaLS/TRAIL/aCDI3Nb treatment resulted in the
largest area of TUNEL-positive cells, indicating potent apoptosis-
mediated tumor suppression. A moderate TUNEL-positive area
was observed in the AaLS/TRAIL-treated group, while the
SC-TRAIL-treated group exhibited the smallest (Figure 5D).

Collectively, these results demonstrate the superior therapeutic
efficacy of AaLS/TRAIL/aCD13Nb.

To evaluate the in vivo safety of the current approach, we
monitored mouse body weights, assessed tissue damage in major
organs, and evaluated organ function. No significant fluctua-
tions in total body mass were recorded across any treatment
groups, suggesting a favorable safety profile (Figure 6A). H&E
staining of major organs, including the heart, kidney, liver, lung
and spleen, showed no significant pathological damage in any
treatment group (Figure 6B). Furthermore, the levels of aspartate
aminotransferase (AST) activity, alanine transaminase (ALT)
activity, and creatinine were not altered following treatment
with AaLS/TRAIL/aCDI3Nb, clearly indicating that liver and
kidney functions remained normal in the mice (Figure 6C). Taken
together, the therapeutic efficacy of CD13-targeted TRAIL deliv-
ery using protein cage nanoparticles against CD13-overexpressing
TNBC was clearly demonstrated in vivo, successfully inducing
apoptotic cell death in tumor cells without causing significant
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toxicity in major organs. These findings underscore the potential
of CDI3 as a promising surface marker for TNBC diagnosis and
treatment, as well as the potential to expand the current approach
to treat other cancers that may not have specific biomarkers but
potentially express CD13 on their surface.

3 | Conclusions

TNBC is a recalcitrant breast cancer subset characterized by a
deficient expression of key surface biomarkers, including ER,
PR, and HER2, which limits the effectiveness of conventional
targeted therapies. To address this challenge, we investigated
CD13 as a potential surface biomarker for TNBC. Flow cytometry
analysis showed that CD13 was highly expressed in several TNBC
cell lines, including HCC1937, MDA-MB-468, and BT549 cells,
but was low or absent in MDA-MB-231 cells and in the non-
TNBC MCF-7 cells. To selectively target and induce apoptosis
in CD13-overexpressing TNBC cells, we employed a previously
designed dual ligand-displaying protein cage nanoparticle which
co-displays both aCD13Nb and TRAIL molecules using the SC/ST
protein ligation system. This strategy allowed for the stable and
simultaneous presentation of both ligands on the surface of the
AaLS protein cage nanoparticles, resulting in the formation of
AaLS/TRAIL/aCD13Nb.

AaLS/TRAIL/aCD13Nb exhibited selective binding to CDI13-
overexpressing TNBC cell lines, confirming aCDI13Nb-mediated
target specificity. While the cytotoxicity of AaLS/TRAIL varied
across cell lines, AaLS/TRAIL/aCDI13Nb showed markedly
enhanced cytotoxicity in CDI3-overexpressing TNBC cells.

Mechanistically, AaLS/TRAIL/aCD13Nb strongly activated death
receptor signaling, leading to subsequent caspase activation,
PARP cleavage, and apoptotic cell death. However, pretreatment
of HCC1937 cells with AaLS/aCD13Nb attenuated the cytotoxic
effects of AaLS/TRAIL/aCD13Nb, and a simple mixture of
AaLS/TRAIL and AaLS/aCDI13Nb exhibited cytotoxicity nearly
identical to that of AaLS/TRAIL alone, confirming the CD13-
dependence of AaLS/TRAIL/aCDI3Nb’s therapeutic activity.
This enhanced cytotoxicity was attributed to the tight binding of
aCD13Nb to CD13, which facilitated sustained TRAIL-mediated
apoptosis.

In a HCC1937 tumor xenograft mouse model, treatment with
AaLS/TRAIL/aCD13Nb significantly suppressed tumor growth
without inducing significant side effects. Collectively, our study
validates CD13 as a viable therapeutic target in a subset of
TNBCs and showed potential of AaLS/TRAIL/aCD13Nb as a safe
and effective targeted treatment strategy for CD13-overexpressing
TNBCs.

4 | Materials and Methods
4.1 | Purification of Proteins

The genes encoding AaLS-ST subunit with an R108C point
mutation and SC-TRAIL in the pETduet-1 vector, as well as
aCDI3Nb-SC in the pET30b vector, were previously constructed
and used in this study without modification [25, 26]. Recombinant
proteins were overexpressed as previously described [24, 25] and
purified using an immobilized metal affinity chromatography
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(IMAC) [30]. Following chromatographic purification, purified
protein fractions were equilibrated into a phosphate-buffered
saline (PBS) environment via dialysis, ensuring compatibility
with subsequent in vitro and in vivo assays.

4.2 | Cell Lines

Human breast cancer cell lines, HCC1937, MDA-MB-468, BT549,
MDA-MB-231, and MCF-7 cells, were purchased from ATCC and
cultured under 37°C and 5% CO, condition. HCC1937, BT549,
and MCF-7 were maintained in RPMI-1640 medium (Gibco),
while MDA-MB-468 and MDA-MB-231 cells were propagated in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco). All basal
media were supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (FBS; Gibco) and 1% (v/v) antibiotic-antimycotic
solution (Gibco).

4.3 | Flow Cytometry Analysis of Membrane
Protein Levels in Human Breast Cancer Cell Lines

To evaluate cell surface expression of CD13 in human breast
cancer cell lines, 5 X 10° cells of HCC1937, MDA-MB-468, BT549,
MDA-MB-231, or MCF-7 cells were rinced twice with ice-cold PBS
and subsequently treated with either an isotype control or anti-
CD13 antibody (14-0138-82, Invitrogen) in a blocking matrix of
3% BSA in PBS. Following a 30-min incubation at 4°C, excess
primary antibody was removed via three successive PBS washes.
The cells were then treated with an Alexa Fluor-conjugated
anti-mouse IgG secondary antibody (A-11001, Invitrogen) in
blocking buffer for 30 min at 4°C, protected from light. The
cells were then washed three more times with ice-cold PBS,
and CD13 surface expression was analyzed using flow cytometry
(BD LSR fortessa). To evaluate cell surface expression of DR4
and DR5 in human breast cancer cell lines, 5 X 10° cells of
HCC1937, MDA-MB-468, BT549, MDA-MB-231, or MCF-7 cells
were rinsed twice with ice-cold PBS and treated with either
an isotype control, PE-conjugated anti-DR4 antibody (12-6644-
42, Invitrogen), or PE-conjugated anti-DR5 antibody (12-9908-41,
Invitrogen) in blocking buffer for 30 min at 4°C, protected from
light. The cells were rinsed three times with ice-cold PBS to
thoroughly remove non-specific antibodies. Subsequently, DR4
and DRS5 surface expression was analyzed using flow cytometry.

4.4 | Binding Assay of AaLS Variants to TNBC Cell
Lines

Fluorescently labeled AaLS-ST (fAaLS-ST) was prepared by
conjugating the cysteine residue at position 108 of the AaLS-
ST subunits with fluoresceine-5-maleimide (F5M, Thermo Fisher
Scientific) via thiol-maleimide Michael addition [49]. Unreacted
free F5M molecules were removed by dialysis. Subsequently,
SC-TRAIL, aCD13Nb-SC, or both were ligated to fAaLS-ST
via the SC/ST ligation system to generate fAaLS/aCDI3Nb,
fAaLS/TRAIL, or fAaLS/TRAIL/aCD13Nb. 5 x 10° cells of
HCC1937, MDA-MB-468, BT549, MDA-MB-231, or MCF-7 cells
were rinsed twice with ice-cold PBS and incubated with fAaLS-
ST, fAaLS/aCD13Nb, fAaLS/TRAIL or fAaLS/TRAIL/aCD13Nb
for 30 min at 4°C, protected from light. The cells were rinsed

three times with ice-cold PBS to completely remove the non-
specific samples. Subsequently, cellular fluorescence intensities
were acquired using a flow cytometer.

4.5 | Fluorescence Microscopic Imaging

4 x 10° cells of HCC1937 were seeded on the microscope cover
glass in a 12-well plate overnight. The cells were fixed with 4%
paraformaldehyde (PFA) in PBS for 30 min at room temperature
and washed three times with PBS. The cells were then treated
with blocking buffer (5% BSA and 0.1% Triton X-100 in PBS), incu-
bated for 30 min at room temperature, and incubated with fAaLS-
ST, fAaLS/aCD13Nb, fAaLS/TRAIL or fAaLS/TRAIL/aCD13Nb
at room temperature for 30 min, protected from light. The cells
were rinsed three times with PBS to completely remove the
unbound samples. The nuclei were stained with DAPI and images
of the samples were obtained using an Olympus Fluoview FV100
fluorescent microscope (Olympus, UOBC).

4.6 | Cell Viability Test

7 x 10° cells of HCC1937, MDA-MB-468, BT549, MDA-MB-
231, or MCF-7 cells were seeded into each well of a 96 well
plate (Eppendorf) and incubated with AaLS-ST, AaLS/TRAIL,
AaLS/aCDI3Nb, or AaLS/TRAIL/aCDI3ND (starting concentra-
tion: 100 nM) via a two-fold serial dilution for 24 h in complete
growth medium. Cell viability was quantified using the Cell
Counting Kit-8 (CCK-8, Dojindo) colorimetric assay, following
the manufacturer’s established protocol.

4.7 | Western Blot

HCC1937 and MDA-MB-468 cells were rinsed twice in PBS
and subsequently lysed in IP lysis buffer (Thermo Fisher
Scientific) containing 1% protease and phosphatase inhibitors
cocktail (Thermo Fisher Scientific). The lysates were clarified
by centrifugation at 13 000 rpm for 15 min at 4°C, and protein
concentrations were determined using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific), following the manufac-
turer’s established protocol. Equal amounts of protein were mixed
with 5 x SDS-PAGE sample loading buffer (250 mM Tris-HCI, pH
6.8, 0.5 M DTT, 10% SDS, 50% Glycerol, 0.2% Bromophenol blue),
followed by boiling at 95°C for 5 min. Proteins were resolved by
SDS-PAGE and subsequently electroblotted onto an Immuno-Blot
polyvinylidene fluoride (PVDF) membrane (BIO-RAD). After
blocking non-specific binding with 5% BSA in Tris-buffered
saline with 0.1% Tween-20 (TBST) for 1 h at room temperature,
membranes were incubated overnight at 4°C with the following
primary antibodies: anti-caspase-8 (Cell Signaling Technology,
#9746), anti-caspase-3 (Cell Signaling Technology, #9662), anti-
caspase-9 (Cell Signaling Technology, #9237) anti-PARP (Cell
Signaling Technology, #9542), anti-G-actin (Thermo Fisher sci-
entific, MA1-140). The membranes were then washed three
times with TBST and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (Jackson ImmunoRe-
search) for 1 h at room temperature. Protein bands were visu-
alized using enhanced chemiluminescence (ECL) reagents (GE
healthcare).
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4.8 | InVivo Anti-Tumor Efficacy Test

All animal studies and procedures were approved by the guidance
of the Institutional Animal Care and Use Committee of the Ulsan
National Institute of Science and Technology (UNISTIACUC-
24-67). NOD-scid IL2Rgamma™! (NSG) mice (5-7-week-old;
Jackson Laboratory) were subcutaneously injected with 100 uL
of 3 x 10° HCC1937 cells to establish a tumor xenograft model.
Once the average tumor volume reached approximately 150 mm?,
mice were randomly distributed to different treatment groups (n
=4 per group) and received intravenous injections of either PBS,
AaLS/aCDI3Nb (11 mg/kg), SC-TRAIL (5 mg/kg), AaLS/TRAIL
(12 mg/kg), or AaLS/TRAIL/aCD13Nb (14 mg/kg) every 3 to 4 days
for a total of seven injections.

4.9 | InVivo Safety Assessment

To assess the hepatotoxic potential of the treatment, serum
concentrations of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were quantified 24 h after intravenous
injection of AaLS/TRAIL/aCD13Nb. Whole blood was harvested
via terminal cardiac puncture, and serum was subsequently
partitioned through centrifugation. AST and ALT activities were
quantified using the Aspartate Aminotransferase Activity Assay
Kit (Abcam) and Alanine Transaminase Activity Assay Kit
(Colorimetric/fluorometric, Abcam), respectively, following the
manufacturer’s instructions. To assess kidney function, serum
creatinine levels were quantified using the Creatinine Assay Kit
(Sigma-Aldrich), following the manufacturer’s protocol.

4.10 | Statistical Analysis

All data are presented as mean + standard deviation (SD) from
at least three independent experiments. Statistical analyses were
performed using student’s ¢-test or two-way analysis of variance
(ANOVA). p-values less than 0.05 were considered statistically
significant and are indicated as follows: p < 0.05 (*), p < 0.01 (**),
P < 0.001 (), p < 0.0001 (¥*+¥),
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