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Abstract

Background: Matrix metalloproteinase-3 (MMP-3) contributes to extracellular matrix remodeling and has been implicated in breast
cancer invasion and metastatic progression. Previous broad-spectrum MMP inhibitors have been limited by inadequate target selectivity
and toxicity, highlighting the need for more precise protease-targeting strategies. We sought to identify an MMP-3-targeting nanobody
and determine whether inhibition of MMP-3 could suppress invasion in a triple-negative breast cancer (TNBC) cell model. Meth-
ods: A synthetic nanobody yeast surface display library was screened against the catalytic domain of human MMP-3 using magnetic-
activated cell sorting followed by fluorescence-activated cell sorting. Candidate nanobodies were characterized by competitive binding
and concentration-dependent affinity measurements. The lead nanobody, NbM3-15, was expressed in soluble form and evaluated in
fluorogenic MMP-3 inhibition assays. MMP3 expression was assessed across TNBC cell lines, and the functional contribution of MMP-
3 to the invasion of MDA-MB-436 cells was examined using shRNA-mediated knockdown and Matrigel Transwell assays. NbM3-15
was tested at concentrations of 100–400 nM for inhibition of MDA-MB-436 cell invasion. Results: Three rounds of fluorescence-
activated cell sorting enriched the MMP-3-binding population from 17.9% to 53.4%, and sequencing identified ten unique nanobody
clones. Competition with the engineered MMP-3 inhibitor TIMP-1-C4 reduced MMP-3 binding by all ten candidates, supporting en-
gagement of overlapping sites near the active-site region. NbM3-15 bound MMP-3 with an apparent dissociation constant of 1.26 nM. In
solution, NbM3-15 showed time-dependent inhibition, with near-complete suppression of MMP-3 activity after approximately 120 min,
and a Ki of 1.64 ± 0.1 nM. MDA-MB-436 cells exhibited the highestMMP3 transcript levels among the TNBC cell lines examined, and
MMP3 knockdown in this cell line significantly reduced invasion. NbM3-15 likewise suppressed invasion in a dose-dependent manner,
with significant inhibition at 200 and 400 nM. Conclusions: These findings establish a functional contribution of MMP-3 to invasion
in MDA-MB-436 cells, a model of TNBC, and identify NbM3-15 as a potent MMP-3-targeting nanobody with anti-invasive activity.
This study provides proof of principle for nanobody-based inhibition of MMP-3 and supports further selectivity, structural, and in vivo
evaluation of NbM3-15 as a protease-targeted therapeutic strategy.
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1. Introduction
Breast cancer remains one of the most frequently di-

agnosed malignancies worldwide and is a leading cause
of cancer-related mortality among women [1]. Despite
substantial advances in early detection and treatment, cer-
tain molecular subtypes continue to pose major therapeu-
tic challenges [2]. Triple-negative breast cancer (TNBC),
defined by the absence of estrogen receptor, progesterone
receptor, and HER2 expression, accounts for a particu-
larly aggressive subset of breast cancers characterized by
high rates of recurrence, early metastatic dissemination,
and limited targeted treatment options [3]. In contrast to
hormone receptor-positive or HER2-amplified disease, tar-
geted treatment options for TNBC remain limited, making
the identification of new mechanisms that drive tumor pro-
gression and invasion especially important [4]. Because
metastatic spread remains the principal cause of death in pa-

tients with breast cancer, understanding and therapeutically
targeting the molecular determinants of tumor invasion is a
priority in TNBC research [5].

Tumor invasion is a complex and multistep process
that depends not only on intrinsic properties of cancer cells
but also on dynamic interactions with the extracellular ma-
trix (ECM) and surrounding stromal microenvironment [6].
To invade adjacent tissues and eventually metastasize, can-
cer cells must overcome structural barriers imposed by the
ECM and basement membrane [7]. This process is facili-
tated in part by proteolytic enzymes that remodel the tumor
microenvironment and enable cell migration [8]. Among
these, matrix metalloproteinases (MMPs) have long been
recognized as key mediators of cancer progression because
of their ability to degrade ECM components, process bioac-
tive molecules, and modulate signaling pathways linked to
invasion, angiogenesis, and metastasis [9,10,11]. Dysregu-
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lated MMP activity has been reported in many tumor types,
including breast cancer, where it contributes to aggressive
behavior and poor clinical outcome [12,13].

Within the MMP family, matrix metalloproteinase-3
(MMP-3), also known as stromelysin-1, has attracted at-
tention because of its broad substrate repertoire and its
multifunctional role in tumor-associated tissue remodeling
[14]. MMP-3 can degrade a variety of ECM proteins and
can also activate other proteases, thereby amplifying prote-
olytic cascades within the tumor microenvironment [15]. In
breast cancer, MMP-3 has been implicated in multiple pro-
cesses associated with tumor progression, including epithe-
lial transformation, invasion, epithelial–mesenchymal tran-
sition, and genomic instability [16,17,18,19,20,21]. Be-
yond its matrix-remodeling activity, MMP-3 may promote
malignant behavior by disrupting cell–cell and cell–matrix
interactions and by generating a microenvironment that
supports tumor initiation and invasion [12,22,23]. MMP-
3 may contribute to breast cancer progression not only
through direct extracellular matrix remodeling but also
by activating other tumor-promoting proteases. MMP-3
has been shown to activate proMMP-9 through sequential
cleavage, generating a proteolytically active form of MMP-
9 [24]. This mechanistic connection is particularly rel-
evant to basal-like TNBC, as our previous work demon-
strated that tumor-cell-produced MMP-9 promotes inva-
sion in vitro and pulmonary metastasis in an orthotopic
xenograft model of basal-like TNBC [25]. These observa-
tions suggest that MMP-3 is not merely a passive marker
of tumor progression, but rather an active contributor to the
invasive phenotype, making it an attractive candidate for
therapeutic intervention.

Although MMPs have long been considered promis-
ing targets for cancer therapy, efforts to translate MMP in-
hibitors into the clinic have historically met with limited
success [26]. Early generations of small-molecule MMP
inhibitors were designed to broadly target the catalytic ac-
tivity of multiple family members, but these agents fre-
quently failed in clinical trials because of insufficient se-
lectivity, dose-limiting toxicities, and the complex context-
dependent roles of individual MMPs in tumor biology
[27,28]. Broad-spectrum inhibition can disrupt not only
tumor-promoting proteases but also MMPs with homeo-
static or even protective functions, thereby limiting thera-
peutic benefit [29]. These failures underscored a critical
lesson for the field, namely that successful therapeutic tar-
geting of MMPs is likely to require highly selective ap-
proaches that discriminate among closely related proteases
and preserve beneficial proteolytic functions while block-
ing disease-promoting activity [30,31,32]. Thus, rather
than abandoningMMPs as targets altogether, current strate-
gies increasingly emphasize precision targeting of individ-
ual proteases with defined pathological roles.

Nanobodies (VHH) offer a compelling platform for
achieving this level of selectivity [33,34]. Derived from the

variable domains of heavy-chain-only antibodies, nanobod-
ies are small, stable, and highly engineerable binding
molecules that can recognize epitopes that may be less ac-
cessible to conventional antibodies or difficult to target with
small molecules [35,36]. Their compact size, robust bio-
physical properties, and capacity for high specificity make
them attractive tools for both therapeutic development and
mechanistic studies [37]. In the context of protease tar-
geting, nanobodies may provide important advantages by
enabling selective recognition of structural features unique
to a given enzyme, as demonstrated by the identification
of selective binders for individual MMPs using nanobod-
ies and related antibody scaffolds [38,39,40]. As a result,
nanobody-based inhibitors represent a promising strategy
for revisiting protease targeting in cancer through a more
precise and biologically informed framework [41].

Given the known contribution of MMP-driven prote-
olysis to tumor invasion and the longstanding challenge of
achieving selectiveMMP inhibition, targetingMMP-3 with
a nanobody may represent a novel approach for limiting in-
vasive behavior in TNBC. By combining biochemical as-
sessment of enzymatic inhibition with functional evaluation
in cancer cell invasion models, such an approach can help
determine whether targeting of MMP-3 translates into bio-
logically meaningful anti-invasive effects.

In the present study, we employed a synthetic
nanobody library to identify nanobody candidates target-
ing MMP-3 and assessed their inhibitory activity using an
enzymatic kinetic assay with a fluorogenic substrate. To
further determine whether MMP-3 contributes functionally
to the invasive phenotype in MDA-MB-436 cells, we per-
formed knockdown experiments and evaluated the effect of
reducedMMP3 expression on tumor cell invasion. We then
tested whether nanobody-mediated inhibition of MMP-3
could suppress invasion in transwell invasion assays in a
TNBC model. Collectively, these experiments were de-
signed to establish MMP-3 as a functionally relevant driver
of invasion and to evaluate nanobody-based inhibition as a
feasible strategy to block this phenotype.

2. Materials and Methods
2.1 Cell Culture

TNBC cell lines MDA-MB-231(ATCC, HTB-26),
BT-549 (ATCC,HTB-122), HCC1937 (ATCC, CRL-2336),
MDA-MB-436 (ATCC, HTB-130), as well as SUM159
and SUM149 (both generous gift from Dr. Stephen P.
Ethier, Medical University of South Carolina), were propa-
gated from laboratory seed stocks and distribution stocks.
Cell line identity was validated by short tandem repeat
(STR) genotyping using the PowerPlex® 16 HS System
(Promega) and tested negative for mycoplasma. MDA-
MB-231 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). HCC1937 and BT-549 cells were
maintained in RPMI 1640 supplemented with 10% FBS

2

https://www.imrpress.com


and 0.023 IU/mL insulin. MDA-MB-436, SUM159, and
SUM149 cells were maintained in DMEM/F12 supple-
mented with 10% FBS and 2.5 µg/mL insulin. All cell lines
were cultured at 37 °C in a humidified atmosphere contain-
ing 5% CO2 and were routinely monitored for appropriate
morphology and growth characteristics.

2.2 Nanobody Library
A previously established synthetic nanobody yeast

display library was utilized for nanobody selection, as de-
scribed by McMahon and colleagues [42]. The library was
expressed in the protease-deficient Saccharomyces cere-
visiae strain BJ5465 and employs a yeast surface display
system in which nanobodies are covalently tethered to
the cell wall via a glycosylphosphatidylinositol (GPI) an-
chor through a flexible linker, rather than the conventional
Aga2p fusion. The nanobody repertoire is based on a con-
sensus VHH framework with diversified complementarity-
determining regions (CDRs), enabling high sequence di-
versity and efficient in vitro selection of antigen-specific
binders. Yeast transformants were maintained in selec-
tive synthetic dropout medium lacking tryptophan (SD-
Trp) supplemented with 2% (w/v) dextrose for growth, and
nanobody expression was induced by transferring cells to
galactose-containing induction medium (SG-Trp) supple-
mented with 2% (w/v) galactose, as previously described
[43].

2.3 MMP Expression, Purification, and Biotinylation
The catalytic domain of proMMP-3 lacking the C-

terminal hemopexin region (proMMP-3cd) was recombi-
nantly expressed in Escherichia coli using a pET3a expres-
sion system [44]. Following expression, the protein was
isolated from inclusion bodies under denaturing conditions
using a buffer containing 8 M urea, 20 mM Tris-HCl (pH
8.6), 20 mMDTT, and 50 μMZnCl2. The denatured protein
was subsequently purified by anion-exchange chromatog-
raphy on a Q-Sepharose column equilibrated in the same
buffer and eluted with a linear NaCl gradient up to 0.5 M.
Fractions containing proMMP-3cd were pooled, adjusted
to an absorbance of approximately 0.3 at 280 nm, and re-
folded through stepwise dialysis against a buffer composed
of 50 mM Tris-HCl (pH 7.5), 10 mM CaCl2, and 150 mM
NaCl. The refolded zymogen was then activated by incu-
bation with 1 mM 4-aminophenylmercuric acetate at 37 °C
overnight. The concentration of active MMP-3cd was de-
termined by titration against a reference TIMP-1 stock [44].
For downstream applications, the active MMP-3cd was
biotinylated using an NHS-PEG4-biotin reagent (Thermo
Fisher Scientific) at a 1:10 molar ratio (protein:biotin) for
30 min at room temperature. Excess biotin was removed
using desalting spin columns, and the extent of labeling
was evaluated using a 4′-hydroxyazobenzene-2-carboxylic
acid (HABA) assay according to themanufacturer’s instruc-
tions.

2.4 Library Screening and Flow Cytometry Analysis

For the first round of magnetic-activated cell sort-
ing (MACS), approximately 1 × 1010 Saccharomyces cere-
visiae cells displaying the synthetic nanobody library were
subjected to selection against biotinylated MMP-3cd [45].
An initial negative selection step was performed by in-
cubating the yeast library with 50 μL of streptavidin-
coated magnetic beads (Invitrogen, Thermo Fisher Scien-
tific, Waltham, MA, USA) at 4 × 105 beads/μL, corre-
sponding to 2 × 107 total beads, to deplete nonspecific bead
binders. The unbound yeast population was then incubated
with 100 nM of biotinylated MMP-3cd pre-immobilized on
streptavidin-coated magnetic beads at 4 °C with rotation for
2 h. Following incubation, bead-bound yeast cells were iso-
lated using magnetic separation, extensively washed with
ice-cold PBSA to remove non-binders, and subsequently
resuspended in media for recovery and expansion prior to
further rounds of selection.

Following magnetic enrichment, yeast cells display-
ing nanobodies were expanded in selective medium at 30
°C with shaking (250 rpm) for 16–20 h until reaching an
OD600 of approximately 2–5. For fluorescence-activated
cell sorting (FACS), at least 5 × 107 cells were used per
round to maintain adequate library coverage. Cells were
harvested by centrifugation (3000 ×g, 5 min, 4 °C) and re-
suspended in induction medium consisting of tryptophan
dropout medium supplemented with 6.7 g/L yeast nitro-
gen base, 3.8 g/L –Trp dropout supplement, 20 g/L galac-
tose, and 10 mL/L penicillin–streptomycin. Induction was
carried out at 17 °C with shaking (250 rpm) for 18–24 h
to promote nanobody surface expression. Induced cells
were washed with ice-cold PBSA buffer (PBS containing
1% bovine serum albumin) and incubated with biotinylated
MMP-3cd for 1 h at room temperature. Following anti-
gen incubation, cells were labeled with a mouse anti-HA
antibody (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA) (1:100 dilution) for 30 min on ice to assess
nanobody expression, followed by staining with goat anti-
mouse IgG–Alexa Fluor 488 (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) and streptavidin–Alexa
Fluor 647 (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA) (both at 1:100 dilution) for 30 min on ice. Af-
ter washing, cells were resuspended in PBSA and analyzed
or sorted by flow cytometry. Unstained yeast cells were
included as negative controls to establish background fluo-
rescence and guide flow cytometry gating. Nanobody sur-
face expression was detected in the Alexa Fluor 488 chan-
nel using anti-HA labeling, whereas binding of biotinylated
MMP-3cd was detected in the Alexa Fluor 647 channel us-
ing streptavidin–Alexa Fluor 647. Gates were established
relative to the background fluorescence of the unstained
yeast controls to identify populations exhibiting nanobody
surface expression and MMP-3cd binding. The percent-
age of events within the indicated gated population was de-
termined for each sample. For enrichment of high-affinity
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binders, three rounds of FACS were performed using pro-
gressively decreasing concentrations of biotinylated MMP-
3cd (250 nM, 100 nM, and 25 nM) using Bigfoot spec-
tral cell sorter (Thermo Fisher Scientific, Waltham, MA,
USA). Sorted populations recovered in media and cultured
overnight at 30 °C prior to subsequent rounds of induction
and selection.

For comparisons of individual nanobody clones, in-
duced yeast cells were incubated with 100 nM biotiny-
lated MMP-3cd for 1 h at room temperature and stained
as described above. For the TIMP-1-C4 (a potent engi-
neered inhibitor of MMP-3 [46]) competition experiment,
100 nM biotinylated MMP-3cd was preincubated with 200
nM TIMP-1-C4 for 1 h at room temperature and stained
as described above. Control samples were treated with the
same concentration of MMP-3cd in the absence of TIMP-
1-C4. For concentration-dependent binding analysis, yeast-
displayedNbM3-15was incubated with biotinylatedMMP-
3cd over a concentration range of 0.001–200 nM for 1 h
at room temperature. Background-subtracted MMP-3cd-
binding signals were normalized to nanobody surface ex-
pression and plotted against the total MMP-3cd concen-
tration. The data were fitted by nonlinear regression us-
ing a one-site specific-binding model in GraphPad Prism
11 to determine the apparent equilibrium dissociation con-
stant. Data were collected for a minimum of 10,000 events
per sample, and fluorescence signals were analyzed using
FlowJo software v10.10.0 (BDLife Sciences, Ashland, OR,
USA). Binding was quantified as the geometric mean fluo-
rescence intensity (gMFI) of the MMP-3cd signal (Alexa
Fluor 647), normalized to nanobody surface expression
(Alexa Fluor 488, anti-HA). Experiments were performed
in biological triplicates, and results are presented as mean
± standard deviation. Statistical significance was assessed
using one-way ANOVA with appropriate post hoc testing.

2.5 DNA Sequencing

Plasmid DNA was extracted from individual yeast
clones using a yeast miniprep kit according to the manufac-
turer’s instructions (Zymo Research). The recovered plas-
mids were subsequently transformed into electrocompetent
Escherichia coli cells. Plasmid DNA from bacterial cul-
tures was then purified using a standard plasmid miniprep
system (Promega). Purified samples were submitted for
Sanger sequencing, and resulting sequences were analyzed
using SnapGene software (GSL Biotech).

2.6 Nanobody Expression and Purification

Recombinant NbM3-15, expressed from the pET26b
expression construct with a C-terminal His-tag, was trans-
formed into Escherichia coli BL21 (DE3) cells and plated
on LB agar supplemented with kanamycin, followed by
overnight incubation [42]. A single colony was used to in-
oculate LB medium for overnight growth, which was sub-
sequently used to seed 2 L of Terrific Broth (TB) supple-

mented with 4% glycerol and kanamycin at a ratio of 10
mL starter culture per liter. Cultures were grown at 37 °C
until reaching an OD600 of 1.5–2.0 (approximately 4 h), af-
ter which the temperature was reduced to 17 °C and cul-
tures were allowed to equilibrate for 1 h prior to induction
with 200 µM IPTG for overnight expression. Cells were
harvested by centrifugation. For lysis, cell pellets were re-
suspended in 50 mL SET buffer (200 mM Tris, pH 8.0,
500 mM sucrose, 500 µM EDTA) per liter of initial cul-
ture volume. Following complete resuspension, two vol-
umes of cold H2O, 5 mM MgCl2, and benzonase nuclease
(Sigma-Aldrich, St. Louis, MO, USA) were added, and the
mixture was stirred at room temperature for 1 h. Lysates
were clarified by centrifugation, and the resulting super-
natant was supplemented with 100 mM NaCl and stirred
at room temperature for an additional 15 min. The clari-
fied supernatant was filtered through a glass microfiber fil-
ter and applied toNi-NTA resin (Cytiva, Marlborough,MA,
USA) pre-equilibrated with wash buffer using an automated
fast protein liquid chromatography (FPLC) system (ÄKTA
pure, Cytiva). The resin was washed sequentially with 10
column volumes (CV) of wash buffer 1 (20 mM HEPES,
pH 7.5, 500 mM NaCl, 20 mM imidazole) and 10 CV of
wash buffer 2 (20 mM HEPES, pH 7.5, 100 mM NaCl, 20
mM imidazole). Bound NbM3-15 was subsequently eluted
with 10–20 CV of elution buffer containing 20mMHEPES,
pH 7.5, 100 mM NaCl, and 200 mM imidazole. Protein-
containing fractions were pooled and concentrated using
a 10-kDa molecular-weight-cutoff centrifugal concentrator
(Amicon). The purified nanobody was subsequently buffer
exchanged by overnight dialysis into 20 mM HEPES, pH
7.5, 150 mM NaCl, and 10% glycerol. Protein concen-
tration was determined using absorbance at 280 nm using
the calculated extinction coefficient, and protein purity was
assessed by SDS-PAGE. Purified NbM3-15 was aliquoted
and stored at –80 °C until further use.

2.7 MMP Inhibition Studies

To evaluate the time dependence of inhibition, recom-
binant MMP-3cd (1 nM) was incubated with NbM3-15 (40
nM) in TNCB buffer (50 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 5 mM CaCl2, and 0.05% Brij) at 37 °C for 0, 15,
30, 45, 60, 90, 120, 150, or 180 min. At each preincuba-
tion time point, enzymatic activity was initiated by addi-
tion of the fluorogenic peptide substrate Mca-Pro-Leu-Gly-
Leu-Dap(Dnp)-Ala-Arg-NH2 (final concentration, 10 μM;
AnaSpec, Inc.). Fluorescence was monitored at 1-min in-
tervals using excitation and emission wavelengths of 340
and 400 nm, respectively. Initial reaction rates were deter-
mined from the linear portion of the fluorescence-versus-
time curves and expressed as percent residual MMP-3cd
activity relative to the activity measured at the 0-min prein-
cubation time point. Based on the time-course experiment,
a 2-h preincubation period was used for equilibrium inhi-
bition measurements. Recombinant MMP-3cd (1 nM) was
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preincubated with NbM3-15 over a concentration range of
0–80 nM (0, 3, 5, 10, 15, 20, 30, 40, 60, and 80 nM) in
TNCBbuffer at 37 °C for 2 h. Enzymatic reactionswere ini-
tiated by addition of fluorogenic peptide substrate to a final
concentration of 10 μM, and fluorescence was recorded at
1-min intervals using excitation and emission wavelengths
of 340 and 400 nm, respectively. Initial velocities were cal-
culated from the linear phase of substrate cleavage and plot-
ted as a function of total NbM3-15 concentration. Equilib-
rium inhibition constants (Ki) were determined by nonlin-
ear regression using the Morrison tight-binding inhibition
model, accounting for total enzyme and inhibitor concen-
trations and correcting for substrate concentration using an
experimentally determined Km of 6.70 μM for MMP-3cd,
as previously described [47]. Data were fitted using Graph-
Pad Prism 11 (GraphPad Software, Boston, MA, USA). Re-
ported values represent the mean ± standard deviation from
three independent experiments.

2.8 RNA Isolation and Quantitative Real-Time PCR

Human triple-negative breast cancer cell lines MDA-
MB-231, BT-549, HCC1937, MDA-MB-436, SUM159,
and SUM149 were used for comparative analysis ofMMP3
expression. Cells were propagated from laboratory seed
stocks and distribution stocks that were validated by short
tandem repeat genotyping through Genetica DNA Labora-
tories, Burlington, NC. MDA-MB-231 cells were grown
in Dulbecco’s modified Eagle’s media (DMEM) with 10%
FBS. HCC1937 and BT-549 cells were grown in RPMI
1640 media supplemented with 10% FBS and 0.023 IU/mL
insulin. MDA-MB-436, SUM159 and SUM149 cells were
maintained in DMEM/F12 supplemented with 10% FBS
and 2.5 µg/mL insulin. All cell lines were maintained at
37 °C in a humidified incubator containing 5% CO2 and
were routinely monitored for appropriate morphology and
growth characteristics.

For gene expression analysis, total RNAwas extracted
from cultured cells using TRIzol reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions.
Complementary DNA (cDNA) was synthesized from pu-
rified RNA using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems) according to the manu-
facturer’s protocol. Quantitative real-time PCR (qRT-PCR)
was performed using TaqMan Gene Expression Assays
(Applied Biosystems) on a QuantStudio 7 Flex Real-Time
PCR System (Applied Biosystems). MMP3 transcript lev-
els were quantified using the human MMP3 TaqMan assay
Hs00968305_m1, with GAPDH (Hs99999905_m1) serv-
ing as the endogenous reference control. Reactions were
performed according to the manufacturer’s recommended
cycling conditions. Data were analyzed using QuantStudio
7 Flex software version 1.7.2, and relative gene expression
was calculated with GAPDH used for normalization. The
software was used to calculate relative quantification (RQ)
using the 2–ΔΔCt method based on mean Ct values, with un-

certainty propagated in ΔCt space; RQ values are plotted
as instrument-derived mean RQ ± error. For the qRT-PCR
comparison ofMMP3 expression between NT andMMP3-
KD cells, statistical significance was assessed using an un-
paired t test in GraphPad Prism 11 (GraphPad Software,
Boston, MA, USA).

2.9 Lentiviral shRNA Knockdowns

Short hairpin RNA (shRNA) targeting humanMMP3,
NM_002422.x-1512s1c1 (MMP3-KD), was obtained from
the MISSION TRC-Hs shRNA library (Sigma-Aldrich,
St. Louis, MO, USA). A non-targeting shRNA sequence
with no known homology to human genes was used as
the negative control (NT). Lentiviral particles were gener-
ated in HEK293FT cells according to the manufacturer’s
recommended protocol, and virus-containing conditioned
medium was collected for transduction. MDA-MB-436
cells were seeded at a density of 1 × 106 cells per 10-cm
culture dish and allowed to adhere for 24 h. Cells were
then exposed to 2 mL of lentiviral supernatant in complete
DMEM/F12 medium supplemented with 10% fetal bovine
serum, 2.5 µg/mL insulin, and 10 µg/mL polybrene. Af-
ter 24 h of transduction, the virus-containing medium was
removed and replaced with fresh complete medium con-
taining 1 µg/mL puromycin. Cells were maintained under
puromycin selection for 72 h, after which the pooled sur-
viving cell populations were harvested. Knockdown effi-
ciency was assessed by qRT-PCR, and the selected popula-
tions were subsequently used for Matrigel transwell inva-
sion assays.

2.10 Matrigel Transwell Invasion Assays

Invasion assays followed a protocol like that we have
described previously [47]. MDA-MB-436 cells were ob-
tained from validated laboratory stocks, with cell line
authentication confirmed by short tandem repeat (STR)
profiling (Genetica DNA Laboratories, Burlington, NC,
USA). Cells were maintained in Dulbecco’s Modified Ea-
gle Medium/Nutrient Mixture F-12 (DMEM/F12) supple-
mented with 10% FBS and 2.5 µg/mL insulin at 37 °C in a
humidified incubator containing 5% CO2. Cells were cul-
tured to approximately 80% confluence and replated at 2
× 106 cells per 100-mm dish 24 h before the invasion as-
say. For invasion assays, 24-well transwell inserts with
8.0-µm-pore membranes were coated with 50 µg Matrigel
basement membrane matrix (Corning, Corning, NY, USA)
diluted in 100 µL serum-free DMEM/F12 and incubated at
37 °C for 4 h. Residual coating solution was removed im-
mediately before cell seeding. On the day of the assay, 1 ×
105 cells were resuspended in serum-free DMEM/F12 con-
taining 0.1% bovine serum albumin (BSA) and added to
the upper chamber. The lower chamber contained 750 µL
of serum-free NIH/3T3-conditioned medium supplemented
with 50 µg/mL ascorbic acid as a chemoattractant. Each ex-
perimental condition was evaluated in triplicate wells.
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For assessment of the effect ofMMP3 knockdown on
invasion, MDA-MB-436 cells previously transduced with
either non-targeting shRNA (NT) or the MMP3-targeting
shRNA (MMP3-KD) were harvested following puromycin
selection and seeded into the upper chambers under iden-
tical assay conditions. No NbM3-15 was added in this ex-
periment. NT andMMP3-KD cells were allowed to invade
for 18 h at 37 °C and 5% CO2. For assessment of NbM3-
15-mediated inhibition of invasion, non-transduced MDA-
MB-436 cells were seeded into the upper chambers in the
presence of NbM3-15 at final concentrations of 0, 100, 200,
or 400 nM. NbM3-15 was added directly to the cell suspen-
sion in the upper chamber at the beginning of the assay and
remained present throughout the entire 18-h invasion pe-
riod. The untreated control received no NbM3-15. Follow-
ing incubation for 18 h at 37 °C and 5% CO2, non-invading
cells were removed from the upper surface of each mem-
brane by gentle swabbing. Cells that had invaded through
the Matrigel and reached the lower membrane surface were
fixed with methanol and stained with crystal violet. Im-
ages of stained membranes were acquired under identical
microscopy settings, and crystal-violet-positive invading
cells were quantified using INFINITY ANALYZE 6.5 soft-
ware (Lumenera Corporation, Ottawa, Ontario, Canada).
Both the MMP3 knockdown and NbM3-15 concentration-
response invasion experiments were performed indepen-
dently three times, with three technical replicate wells per
condition in each independent experiment. For inferential
statistical analysis, the three independently performed ex-
periments were considered the biological replicates (n = 3),
whereas replicate wells within each experiment were con-
sidered technical replicates. The data displayed are from
one representative experiment, and similar results were ob-
tained in all three independent experiments. Statistical anal-
yses were performed using GraphPad Prism 11 (GraphPad
Software, Boston, MA, USA). For the MMP3 knockdown
experiment, NT andMMP3-KD groups were compared us-
ing an unpaired t test. For the NbM3-15 concentration-
response experiment, differences among treatment groups
were analyzed using ordinary one-way ANOVA, with each
NbM3-15 concentration compared with the untreated (0
nM) control. Statistical significance was assessed using the
three independent biological experiments (n = 3).

3. Results
3.1 Identification of Nanobodies With Enhanced Binding
to MMP-3

To identify nanobody ligands targeting MMP-3cd,
we enriched a yeast surface-displayed library of synthetic
nanobodies for binders against purified human MMP-3cd
using magnetic cell sorting (MACS) (Fig. 1A). We subse-
quently performed a two-color fluorescence-activated cell
sorting (FACS)-based selection to isolate nanobodies that
specifically recognize the catalytic domain of target protein
(Fig. 1B). Following three rounds of FACS, a clear popu-

lation shift was observed, with the proportion of nanobody
variants exhibiting strong binding to MMP-3cd within the
sorting gate increased from 17.9% in the library popula-
tion after MACS to 53.4% in the final round of FACS
(Fig. 1C). These results demonstrate effective enrichment
of nanobody variants exhibiting increased binding toMMP-
3cd.

3.2 Isolation of Individual MMP-3cd-Binding Nanobody
Clones

From the enriched population, 24 randomly selected
clones were sequenced, revealing ten unique nanobody se-
quences. Alignment of these candidates demonstrated se-
quence diversity across the complementarity-determining
regions (CDRs), with particularly pronounced variation
in CDR3 (Fig. 2A). To investigate whether the selected
nanobodies recognize an epitope overlapping the MMP-3
active-site region, competitive binding experiments were
performed using TIMP-1-C4, a potent engineered inhibitor
of MMP-3 [46]. Binding of each yeast-displayed nanobody
to MMP-3cd was measured in the absence or presence of
TIMP-1-C4 and normalized to nanobody surface expres-
sion. Addition of TIMP-1-C4 significantly reduced MMP-
3cd binding for all ten nanobody candidates (Fig. 2B), indi-
cating competition for sterically overlapping binding sites
on the MMP-3 catalytic domain and supporting recognition
of epitopes at or near the active-site region. Based on its
strong MMP-3cd binding signal and competitive behavior
in the TIMP-1-C4 assay, NbM3-15 was selected for fur-
ther quantitative characterization. Binding of MMP-3cd
to yeast-displayed NbM3-15 was evaluated over a range
of antigen concentrations by flow cytometry. Represen-
tative plots at 0.1, 10, and 100 nM MMP-3cd showed a
progressive concentration-dependent shift toward the high-
binding/high-expression population as the MMP-3cd con-
centration increased (Fig. 3A). Quantitative analysis of the
concentration-dependent binding data by nonlinear regres-
sion using a one-site binding model yielded an apparent
equilibrium dissociation constant (Kd

app) of 1.26 nM for
NbM3-15 (Fig. 3B). These results demonstrate that NbM3-
15 binds MMP-3cd with low-nanomolar apparent affinity
and support its selection as the lead nanobody for subse-
quent biochemical and functional characterization.

3.3 NbM3-15 Nanobody Demonstrates High MMP-3
Inhibition Potency

To extend our findings and quantitatively assess the
protease-inhibitory activity of the NbM3-15 nanobody in
solution, we cloned, expressed, and purified the soluble
protein using an E. coli expression system. We then eval-
uated inhibition of MMP-3cd activity using a fluorometric
enzyme assay that monitors reduced substrate cleavage in
the presence of increasing concentrations of the nanobody
(Fig. 4A). We next investigated the time dependence of
NbM3-15-mediated MMP-3 inhibition. MMP-3cd (1 nM)
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Fig. 1. Enrichment of MMP-3-binding nanobodies from a yeast surface display library. (A) Schematic overview of the nanobody
selection workflow. A naïve yeast-displayed synthetic nanobody library was incubated with biotinylated MMP-3cd, and antigen-binding
clones were enriched through magnetic-activated cell sorting (MACS), followed by iterative fluorescence-activated cell sorting (FACS)
and amplification. (B) Two-color staining strategy used to evaluate nanobody surface expression and MMP-3 binding. Nanobody
expression was detected through the HA tag, while MMP-3 binding was detected using fluorophore-conjugated streptavidin. (C) Rep-
resentative flow cytometry plots showing enrichment of MMP-3-binding clones after MACS and after the third FACS sort. The gated
binding population increased from 17.9% to 53.4%, indicating successful enrichment of MMP-3–reactive nanobody variants. MMP3,
matrix metalloproteinase-3.

was incubated with NbM3-15 (40 nM) for increasing time
intervals before addition of fluorogenic substrate. Enzy-
matic activity progressively decreased with longer incuba-
tion times, indicating time-dependent formation of the in-
hibitory nanobody-MMP-3 complex. Approximately 75%
activity remained after 45 min of incubation, whereas only
approximately 25% activity remained after 60 min. By
120 min, residual MMP-3 activity was nearly undetectable,
indicating near-complete inhibition under these conditions
(Fig. 4B). Based on these results, a 2 h preincubation pe-

riod was used for the subsequent concentration-dependent
inhibition assay to allow the MMP-3cd-NbM3-15 com-
plex to approach equilibrium before measurement of ini-
tial reaction rates and determination of (Ki) by Morrison
tight-binding analysis. Using this empirically defined 2 h
preincubation period, NbM3-15 produced a concentration-
dependent reduction in MMP-3cd activity (Fig. 4C). Fit-
ting the inhibition data toMorrison’s tight-binding equation
yielded a (Ki) value of 1.64 ± 0.1 nM, demonstrating po-
tent inhibition of MMP-3cd by NbM3-15. Notably, these
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Fig. 2. Sequence analysis of selected MMP-3-binding nanobodies and competitive binding with TIMP-1-C4. (A) Alignment
of the CDR1, CDR2, and CDR3 sequences of the ten unique nanobody clones identified following selection against MMP-3cd. (B)
Competitive binding analysis of yeast-displayed nanobody candidates to 100 nM biotinylated MMP-3cd in the absence or presence of
TIMP-1-C4. MMP-3cd binding was quantified as the ratio of the Alexa Fluor 647 binding signal to the Alexa Fluor 488 nanobody
expression signal. Addition of TIMP-1-C4 significantly reduced MMP-3cd binding for all ten nanobody candidates, consistent with
competition for sterically overlapping binding sites at or near the MMP-3 active-site region. Data are presented as mean ± SD from
triplicate measurements. ***p < 0.001, ****p < 0.0001.

solution-based results were consistent with the yeast sur-
face display findings, with NbM3-15 exhibiting inhibition
potency in the low-nanomolar range. Together, these re-
sults provide converging evidence from both solution as-
says and YSD that this nanobody binds tightly to MMP-3cd
and functions as a highly potent inhibitor.

3.4 MMP-3 Contributes to Invasion of Triple-Negative
Breast Cancer Cells

To determine whether MMP3 expression contributes
to malignant progression in TNBC, we first assessed
its expression across a panel of established TNBC cell
lines. Among these, the MDA-MB-436 cell line exhib-
ited markedly elevated MMP3 transcript levels compared
to all other lines examined (Fig. 5A), identifying it as
a suitable model for invasion assays. To investigate the

functional role of MMP-3, MDA-MB-436 cells were stably
transduced with either a non-targeting (NT) control vector
or a lentiviral shRNA construct targeting MMP3. Efficient
knockdown was confirmed by qRT-PCR (Fig. 5B). Func-
tional assessment using Matrigel transwell invasion assays
revealed that MMP3 gene silencing significantly reduced
the invasive capacity ofMDA-MB-436 cells (Fig. 5C), sup-
porting a role for MMP-3 in promoting tumor cell invasion.

3.5 Dose-Dependent Inhibition of TNBC Cell Invasion by
the NbM3-15 Nanobody

To determine whether the affinity of NbM3-15 toward
MMP-3 translates into suppression of cancer cell invasion,
Matrigel invasion assays were performed using MDA-MB-
436 cells. Cells were treated with increasing concentrations
(100–400 nM) of NbM3-15, and invading cells were quan-
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Fig. 3. Concentration-dependent binding of NbM3-15 toMMP-3cd. (A) Representative flow cytometry plots showing concentration-
dependent binding of biotinylated MMP-3cd to yeast-displayed NbM3-15 at 0.1, 10, and 100 nMMMP-3cd. The horizontal and vertical
gates were established relative to unstained yeast controls and distinguish nanobody expression-positive versus expression-negative
events and MMP-3cd binding-positive versus binding-negative events, respectively. The upper-right quadrant represents yeast cells pos-
itive for both NbM3-15 surface expression and MMP-3cd binding; the percentages shown in each quadrant indicate the proportion of
displayed events falling within the corresponding expression/binding population. Increasing MMP-3cd concentrations produced a pro-
gressive shift toward the high-binding/high-expression population. (B) Concentration-dependent binding ofMMP-3cd to yeast-displayed
NbM3-15. Binding signals were normalized to nanobody surface expression and analyzed by nonlinear regression using a one-site bind-
ing model, yielding an apparent dissociation constant (Kd

app) of 1.26 nM. Data are presented as mean ± SD from biological triplicates.

tified (Fig. 6). Treatment with nanobody inhibitor led to
a clear, dose-dependent reduction in invasion, confirming
functional activity. One-way ANOVA demonstrated highly
significant effects of NbM3-15 concentration, indicating
strong dose-dependent inhibition.

4. Discussion
In this study, we identified NbM3-15 as a potent

MMP-3-targeting nanobody and illustrated how MMP-
3 contributes functionally to invasion in an MMP3-high
TNBC model. The complementary effects of MMP3
knockdown and NbM3-15-mediated inhibition support the
feasibility of targetingMMP-3 to suppress the invasive phe-
notype.

MMPs contribute to cancer progression by remodel-
ing the extracellular matrix and regulating processes that
promote invasion and metastasis [48]. MMP-3 additionally
activates other proteases, amplifying proteolytic pathways
that can promote malignant progression [49]. Prior work
has linked MMP-3 to epithelial transformation, invasion,
and tumor progression, and our findings are consistent with
that broader view [16,20]. The reduction in invasion ob-
served following shRNA-mediatedMMP3 knockdown sup-
ports a functional contribution ofMMP-3 to invasion in this
TNBC model.

The present findings are also relevant to efforts
to overcome the historical limitations of broad-spectrum
MMP inhibitors, particularly insufficient selectivity and
off-target effects [50]. That lack of precision led to off-
target effects and toxicities, while also interfering with
MMPs that may play homeostatic or even protective roles
[28]. Protein-based inhibitors offer an alternative strat-
egy by exploiting larger interaction surfaces that may en-

able discrimination among closely related MMP family
members [51,52]. Within this framework, display-based
protein engineering platforms provide an especially valu-
able opportunity for the development of selective protease
inhibitors [53]. Such approaches allow high-throughput
screening of large libraries while preserving proper folding
and functional presentation of complex protein scaffolds
[54]. Tissue Inhibitors of Metalloproteinases (TIMP) engi-
neering studies showed that simultaneous diversification of
both N- and C-terminal interaction surfaces could improve
MMP recognition and reveal earlier underappreciated do-
main cooperativity [44,47,51]. In the case of MMPs, where
catalytic domains are highly conserved, such features are
especially important because meaningful selectivity likely
depends on recognizing fine structural features near the ac-
tive site or at surrounding surfaces that contribute to sub-
strate recognition and inhibitor binding. Our competition
data suggest that the selected nanobodies engage the active-
site region of MMP-3, and the strong inhibitory potency of
NbM3-15 indicates that this recognition is functionally rel-
evant; additional studies will be needed to define the selec-
tivity profile of NbM3-15.

The broader literature also supports the feasibility
of developing antibody-derived binders such as nanobod-
ies or scFvs against proteases with both high selectivity
and meaningful biological activity. Beyond metallopro-
teinases, nanobody engineering has yielded highly selec-
tive inhibitors of other cancer-associated proteases, includ-
ing trypsin-3, demonstrating that this scaffold can over-
come the selectivity challenges common to closely related
protease families [41]. Within the metalloproteinase field,
nanobody-based or related single-domain strategies have
already been described for several targets. For MMP-2,

9

https://www.imrpress.com


Fig. 4. Soluble NbM3-15 potently inhibits MMP-3 enzymatic activity. (A) Schematic of the fluorescence-based MMP-3 inhibition
assay. MMP-3 was preincubated with serial dilutions of NbM3-15, the FRET substrate was added to initiate the reaction, and fluores-
cence was monitored over time using a plate reader. (B) Time-dependent inhibition of MMP-3 (1 nM) by NbM3-15 (40 nM), showing
progressive reduction of enzymatic activity and near-complete inhibition by approximately 120 min. (C) Dose-response inhibition curve
showing reduced MMP-3 activity with increasing concentrations of NbM3-15. Fitting to the Morrison tight-binding inhibition model
yielded a Ki of 1.64 ± 0.1 nM. Data are presented as mean ± SD from three independent experiments (n = 3).

inhibitory and noninhibitory nanobodies were developed
as potential therapeutic and diagnostic tools [40], whereas
MMP-14-targeting nanobodies were generated as TNBC-
directed imaging probes [55]. Single-domain antibody ap-
proaches have also achieved selective active-site-directed
inhibition of MMP-10 [39], and nanobody-based inhibi-
tion has been reported for MMP-8, providing proof of
principle that small antibody fragments can directly inter-
fere with metalloproteinase activity [56]. In parallel, syn-
thetic antibody engineering and yeast surface display ap-
proaches have been successfully applied to additional met-
alloproteinase family members, including selective active-
site-directed binders against MMP-14 [38] and engineered
scFv variants targeting ADAM-17 [57], further underscor-
ing the adaptability of compact antibody scaffolds for se-
lective metalloproteinase recognition. Together, these stud-
ies show that antibody-derived small binding scaffolds can
provide the affinity, selectivity, and functional versatil-

ity needed to revisit protease targeting in cancer and re-
lated diseases. To the best of our knowledge, however,
the present study is the first to report an MMP-3-targeting
nanobody that demonstrates functional activity in both bio-
chemical inhibition assays and cell-based invasion models.

A notable strength of the present study is the conver-
gence of biochemical and functional evidence. Screening
and binding analyses identified nanobody candidates with
strong interaction with MMP-3, and soluble expression of
NbM3-15 confirmed that this translated into potent inhi-
bition in solution. Importantly, these enzymatic findings
were directly linked to biological consequences through in-
vasion assays in a relevant TNBC model. This is a crit-
ical point, because inhibition of purified protease activity
does not always predict functional activity in cell-based sys-
tems [58,59,60], where localization, substrate availability,
microenvironmental context, and interactions with endoge-
nous regulators can all shape outcomes. Here, the combina-
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Fig. 5. MMP3 knockdown suppresses invasion ofMDA-MB-436 triple-negative breast cancer cells. (A) qRT-PCR analysis ofMMP3
expression across a panel of triple-negative breast cancer cell lines, identifying MDA-MB-436 cells as a high-MMP3-expressing model.
This analysis was performed as a descriptive screen to identify an MMP3-high cell line for subsequent functional studies; no statistical
comparisons between cell lines were performed. (B) qRT-PCR confirmation of MMP3 knockdown in MDA-MB-436 cells transduced
with an shRNA construct targeting MMP3 compared with non-targeting control cells; error bars represent the instrument-derived RQ
error from technical replicate reactions. (C) Matrigel transwell invasion assay showing thatMMP3 knockdown significantly reduced the
invasive capacity of MDA-MB-436 cells. Data shown are from one representative experiment and are presented as mean ± SD of three
technical replicate wells. The invasion experiment was independently performed three times with similar results. Statistical analysis was
based on three independent biological experiments (n = 3). (**, p < 0.01; ****, p < 0.0001).

tion of elevated MMP3 expression in MDA-MB-436 cells,
reduced invasion following MMP3 knockdown, and dose-
dependent suppression of invasion by NbM3-15 provides
complementary genetic and pharmacological evidence con-
sistent with a functional contribution of MMP-3 to the ob-
served anti-invasive phenotype.

The identification of MDA-MB-436 cells as a rela-
tivelyMMP3-high TNBC model was also important for the

study design. TNBC is molecularly heterogeneous, and de-
pendence on individual proteases is unlikely to be uniform
across models. By first surveying expression across a panel
of TNBC cell lines and then selecting a model with elevated
MMP3 expression, we were better positioned to evaluate
whether this protease represents a functional vulnerability.
The knockdown experiments strengthened this interpreta-
tion by providing orthogonal genetic evidence that MMP-3
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Fig. 6. NbM3-15 suppresses MDA-MB-436 cell invasion in a dose-dependent manner. (A) Representative images of crystal violet–
stainedMDA-MB-436 cells that invaded throughMatrigel-coated transwell membranes following treatment with 0 (untreated), 100, 200,
or 400 nM NbM3-15. Scale bars = 100 µm. (B) Quantification of invading cells following treatment with the indicated concentrations
of NbM3-15. NbM3-15 reduced invasion in a dose-dependent manner, with significant inhibition at 200 and 400 nM compared with the
untreated control. Treatment with 100 nMNbM3-15 reduced invasion but did not reach statistical significance. Data shown are from one
representative experiment and are presented as mean ± SD of three technical replicate wells. The invasion experiment was independently
performed three times with similar results. Statistical analysis was based on three independent biological experiments (n = 3). ns, not
significant; **p < 0.01; ***p < 0.001.

contributes to the invasive phenotype. Thus, the nanobody
inhibition data do not stand alone, but are supported by a
corresponding loss-of-function genetic framework.

Importantly, MMP3 expression across TNBC cell
lines should not be interpreted as a direct predictor of in-
vasive capacity. Tumor invasion is multifactorial, and dif-
ferent TNBC models may rely on distinct proteolytic and
non-proteolytic mechanisms. Thus, highly invasive cells
with lowerMMP3 expression, such as MDA-MB-231, may
depend on MMP-3-independent pathways [61,62]. Our ex-
pression survey was used to identify anMMP3-high model
for functional evaluation, rather than to establish a correla-
tion betweenMMP3 expression and invasiveness. Accord-
ingly, our findings demonstrate a functional contribution of
MMP-3 to invasion in MDA-MB-436 cells, while studies
across additional TNBCmodels will help define the broader
relevance of MMP-3 targeting.

Another important next step will be structural char-
acterization of the nanobody-MMP-3 complex. Although
competition studies suggest active-site region engagement,
the precise molecular determinants of binding remain un-
known. High-resolution structural approaches, including
X-ray crystallography, could reveal whether NbM3-15 con-
tacts residues directly within the catalytic cleft, engages ad-
jacent loops or exosites, or stabilizes a conformation that
limits substrate access. Such information would be valu-
able not only for mechanistic understanding, but also for
future optimization of affinity, specificity, and biophysi-
cal properties. Given previous studies [47,63,64] showing
that variable exosite interactions and cooperative effects be-
tween spatially separated residues can contribute to TIMP-
MMP recognition and selectivity, structural analysis may
similarly reveal whether theMMP-3 nanobody exploits dis-
tinctive surfaces beyond the conserved catalytic core.
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From a translational perspective, the anti-invasive ac-
tivity of NbM3-15 suggests that NbM3-15-mediatedMMP-
3 inhibition may contribute to strategies aimed at limiting
tumor dissemination in TNBC. In a disease setting where
targeted options remain limited and metastatic progression
remains a major clinical challenge, approaches that inter-
fere with invasion are of considerable interest. Whether an
MMP-3 nanobody would ultimately function best as a di-
rect therapeutic, as part of a multispecific construct, or as
a targeting component within a larger delivery platform re-
mains to be determined. Nonetheless, the current findings
establish proof of principle that nanobody-mediated inhibi-
tion of MMP-3 can generate a measurable functional effect
in a biologically relevant cancer model. Recent advances in
precision-targeted therapies and immunotherapeutic strate-
gies further highlight the growing emphasis on identifying
actionable molecular vulnerabilities to improve treatment
options for TNBC [65].

5. Limitations
Some limitations should be considered. First, the in-

vasion assays were conducted using a simplified in vitro
Matrigel transwell system that cannot fully recapitulate the
structural and cellular complexity of the tumor microen-
vironment. Although MMP3 knockdown significantly re-
duced invasion, the effect was only partial, suggesting that
invasion of MDA-MB-436 cells is not exclusively depen-
dent on MMP-3 and may involve additional proteases or
other invasion-promoting pathways. Notably, treatment
with 400 nM NbM3-15 resulted in a greater reduction
in invasion than that observed following MMP3 knock-
down. However, these effects cannot be directly com-
pared because the degree of functional MMP-3 suppression
achieved by genetic knockdown and nanobody-mediated
inhibition may differ. In vivo, MMP-3 activity is likely
shaped by stromal interactions, extracellular matrix organi-
zation, cytokine signaling, and cooperation with other pro-
teases. Accordingly, studies in more physiologically rele-
vant models, including 3D culture systems, organoid-based
platforms, and in vivo xenografts, will be important for es-
tablishing the therapeutic relevance of NbM3-15.

Second, functional evaluation was focused on the
MMP3-high MDA-MB-436 model, supporting further in-
vestigation of MMP-3 targeting in TNBC but limiting the
generalizability of the present findings. Evaluation across
additional TNBC models with varying levels ofMMP3 ex-
pressionwill help determine the broader applicability of this
approach and identify biological contexts in which MMP-3
inhibition may be most effective. In addition, the cellular
effects of NbM3-15 were assessed using Matrigel transwell
invasion assays; complementary measurements of cell vi-
ability, proliferation, and Matrigel-independent migration
will help distinguish the cellular processes contributing
to the observed anti-invasive activity. Finally, broader
selectivity profiling against closely related and invasion-

associated metalloproteinases, including MMP-10, MMP-
2, and MMP-9, will be important. Because the transla-
tional potential of NbM3-15 depends not only on its potency
but also on its specificity, systematic assessment of cross-
reactivity will be necessary to establish how selectively it
distinguishes MMP-3 from other family members and to
guide its further development.

6. Conclusions
We identified NbM3-15 as a potent nanobody in-

hibitor of MMP-3 and showed that targeting MMP-3 sup-
presses invasion in an MMP3-high TNBC model. These
findings provide proof of principle for nanobody-mediated
inhibition of MMP-3 and support further characterization
of NbM3-15, including MMP-family selectivity profiling,
structural analysis, and evaluation in additional biological
models. More broadly, this study adds to growing evidence
that modern protein engineering platforms can revive pro-
tease targeting through approaches that emphasize speci-
ficity, mechanistic precision, and biologically meaningful
functional validation.
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