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Endothelial—-mesenchymal transition (EndoMT)
of vascular endothelial cells has recently been considered as a
key player in the early progression of a variety of vascular and
nonvascular diseases, including atherosclerosis, cancer, and
organ fibrosis. However, current strategies attempting to
identify pharmacological inhibitors to block the regulatory
pathways of EndoMT suffer from poor selectivity, unwanted
side effects, and a heterogeneous response from endothelial
cells with different origins. Furthermore, EndoMT inhibitors
focus on preventing EndoMT, leaving the endothelial cells that
have already undergone EndoMT unresolved. Here, we report
the design of a simple but powerful nanoparticle system (i.e., N-
cadherin targeted melanin nanoparticles) to convert cytokine-

MNPs@NcadAb mediated R-EndoMT
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activated, mesenchymal-like endothelial cells back to their original endothelial phenotype. We term this process “Reversed
EndoMT” (R-EndoMT). R-EndoMT allows the impaired endothelial barriers to recover their quiescence and intactness, with
significantly reduced leukocyte and cancer cell adhesion and transmigration, which could potentially stop atheromatous
plaque formation and cancer metastasis in the early stages. R-EndoMT is achieved on different endothelial cell types
originating from arteries, veins, and capillaries, independent of activating cytokines. We reveal that N-cadherin targeted
melanin nanoparticles reverse EndoMT by downregulating an N-cadherin dependent RhoA activation pathway. Overall, this
approach offers a different prospect to treat multiple EndoMT-associated diseases by designing nanoparticles to reverse the

phenotypical transition of endothelial cells.

Reversed endothelial—mesenchymal transition (R-EndoMT), N-cadherin, Melanin nanoparticles, Atherosclerosis,

Cancer metastasis

Endothelial—-mesenchymal transition (EndoMT) is a newly
recognized cell trans-differentiation program in which
endothelial cells lose their original phenotype and acquire a
mesenchymal phenotype.' It is a special form of epithelial—
mesenchymal transition (EMT) that hinges on the phenotyp-
ical plasticity of endothelial cells.” In this process, endothelial
cells undergo both morphological and molecular changes,
including transformation from cuboidal to spindle shape,
loosened cell—cell junctions, reduced expression of endothelial
markers (e.g, vascular endothelial cadherin and platelet
endothelial cell adhesion molecule-1), and upregulation of

© 2024 American Chemical Society
8229

WACS Publications

mesenchymal markers (e.g, N-cadherin, a-smooth muscle
actin, and virnentin).3 Along with these changes, endothelial-
derived mesenchymal cells acquire enhanced cell mobility,
invasiveness, and contractility, all of which are typical features
of mesenchymal, fibroblast-like cells.” EndoMT was initially
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Figure 1. Schematic illustration of “Reversed EndoMT” (R-EndoMT) in endothelial cells mediated by nanoparticles. N-cadherin targeted
melanin nanoparticles are designed to target and modulate the endothelial cell plasticity via driving the reversal of cytokine induced
EndoMT. We term this process “Reversed EndoMT” (R-EndoMT), switching the mesenchymal phenotype back to the endothelial
phenotype. Such phenotypical changes in endothelial cells lead to recovered quiescence and intactness of endothelial barriers, with
significantly reduced leukocyte and cancer cell adhesion and transmigration, which could potentially stop or slow atheromatous plaque

formation and cancer metastasis in early stages.

discovered as a fundamental mechanism for embryonic
development when forming a mesenchymal heart cushion.
Recently, a substantial body of evidence has demonstrated that
EndoMT can be reactivated postnatally under certain
pathological conditions in adulthood, leading to the initiation
and progression of multiple vascular and nonvascular diseases
such as atherosclerosis and cancer.”® Importantly, a strong
correlation has been established between the extent of
EndoMT and the severity of these diseases, underscoring the
clinical relevance of the EndoMT process.”™*

During the onset of atherosclerosis, quiescent endothelial
cells can be activated by several biochemical and biomechan-
ical stimuli, such as inflammation or abnormal shear stress, to
undergo the EndoMT process.”” The activated endothelial
cells then become motile with enhanced paracellular
permeability, facilitating the recruitment, infiltration, and
accumulation of the endothelial cell-derived mesenchymal
cells, blood lipids, and inflammation-related immune cells to
the intima of the artery, the hallmarks of early atheromatous
plaque formation.'”"" The plaque-associated mesenchymal
cells can produce extracellular matrix and metalloproteases,
facilitating plaque build-up and instability, further advancing
the progression of atherosclerosis.'” Interestingly, mounting
evidence indicates that EndoMT plays a similar role in cancer
progression: During metastasis, cancer cells from primary
tumors secrete cytokines and growth factors into blood
circulation to trigger the EndoMT of endothelial cells at the
remote site of extravasation (mainly in the small capillaries)
prior to the arrival of metastatic cancer cells."> This
“preconditioning” of distant microvasculature leads to
increased endothelial permeability, thus opening intercellular
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gaps for circulating cancer cells to transmigrate into
surrounding tissues, a critical step to establish micrometastasis
and secondary tumors.'* Recently, endothelial-derived mesen-
chymal cells have also been determined to be an important
source for cancer-associated fibroblasts, shaping the tumor
microenvironment and facilitating tumor progression.' >
Based on these aspects of EndoMT, it has been increasingly
appreciated that targeting EndoMT holds enormous ther-
apeutic potential and provides a promising approach for
treating these diseases.

Currently, the majority of efforts targeting EndoMT focus
on identification of pharmacological inhibitors to block the
regulatory pathways of EndoMT, especially inhibiting cytokine
mediated pathways that cause EndoMT. As the best-studied
EndoMT inducer, the canonical cytokine, transforming growth
factor beta (TGF-f3) signaling, has been a main target to inhibit
owing to its tight link to the development of atherosclerosis
and metastatic cancer.”'”'® However, therapeutic inhibition of
TGEF-f signaling has been unsuccessful in clinical trials owing
to numerous side effects and complications since this family of
proteins exert pleiotropic effects on a broad spectrum of crucial
cellular functions and regulatory pathways.”'”*° Another
reason for the failed clinical trials lies in the heterogeneous
response to the EndoMT inhibitors from different organotypic
endothelial cells originating from arteries, veins, and
capillaries.”’ Apart from TGF-f signaling, it is well
documented that sustained exposure to pro-inflammatory
cytokines such as interleukin-1 beta (IL-1f), tumor necrosis
factor alpha (TNF-a), and interferon gamma (IFN-y) can
induce EndoMT in endothelial cells, thus contributing to the
development of atherosclerosis, which is generally considered
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Figure 2. Functionalization and characterization of melanin nanoparticles (MNPs). (A) Schematic illustration of the extraction of natural
MNPs from cuttlefish ink and surface functionalization of MNPs with N-cadherin antibody. (B) Transmission electron microscope images of
bare and N-cadherin antibody functionalized MNPs. (C) Statistical analysis of nanoparticle size distribution based on the transmission
electron microscope images. (D) Hydrodynamic size and (E) zeta potential of bare MNPs, MNP@BSA, MNP@PA/BSA, and MNP@PA/
BSA@NcadAb in H,0. (F) SEM-EDX spectrum of MNP@PA/BSA@NcadAb showing the presence of sulfur because of the disulfide bonds
in immunoglobulins. (G) UV—vis absorbance spectrum of MNP@PA/BSA@NcadAb (40 pg/mL) when dispersed in H,0, PBS buffer, and
serum-containing cell culture medium. (H) Hydrodynamic size of MNP@PA/BSA@NcadAb measured during 7 days of dispersion in the

three different media. Data represent mean + SD, n = S.

** Consequently,
attenuation of inflammation has recently become an attractive
strategy in the development of antiatherosclerotic thera-
pies.zs’26 Among existing clinical trials, an IL-1/ neutralizing
antibody (i.e, CANTOS trial) has shown some promise to
inhibit inflammation-induced EndoMT and slow the develop-
ment of atherosclerosis.”” However, suppressing systemic
inflammation has its limitations, especially for patients with
chronic diseases, considering that inflammation is essential for
the host defense against invading pathogens and infections.””**
In summary, existing strategies aiming to block the cytokine

- . 22—
as a chronic inflammatory disease.
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regulatory pathways of EndoMT suffer from poor selectivity,
unwanted side effects, and a heterogeneous response from
endothelial cells with different origins. Notably, EndoMT
inhibitors focus on preventing EndoMT, leaving the
endothelial cells that have already undergone EndoMT
unresolved.

In this study, we design a simple but powerful nanoparticle-
based approach to target and modulate endothelial cell
plasticity via driving the reversal of EndoMT (R-EndoMT,
i.e, switching the mesenchymal phenotype back to the
endothelial phenotype, Figure 1). This approach represents a
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Figure 3. Endothelial cell compatibility and targeting ability of MNP@NcadAb. (A) XTT and LDH assays evaluating the viability and
membrane damage of HUVEC and HDMVEC after incubation with different concentrations of MNP@NcadAb for 12 h. Data represent
mean + SD, n = 5. (B) Immunofluorescence staining of N-cadherin (green) on untreated (normal) HUVEC, IL-1§ treated HUVEC,
untreated (normal) HDMVEC, and TGF-f treated HDMVEC. Scale bars: 20 um. (C) Statistical analysis of N-cadherin expression using the
immunofluorescence images. Data represent mean + SD, n = 10. (D) Fluorescence tracking and statistical analysis of cellular uptake of
FITC-tagged MNP@NcadAb and MNP@BSA by normal and cytokine-activated HUVEC and HDMVEC. Scale bars: 20 pm. Total
fluorescence intensity of individual cells is used to quantify the uptake of nanoparticles by cells. Data represent mean + SD, n = 10. (E)
Fluorescence colocalization (yellow) of FITC-tagged MNP@NcadAb (green) with lysosome (red) in IL-1§ treated HUVEC and TGF-f
treated HDMVEC. Scale bars: 20 gm. Statistical significance is determined by one-way ANOVA with Tukey’s post hoc test. ***¥p < 0.0001.

significant deviation from existing approaches, which primarily
focus on the inhibition of EndoMT. R-EndoMT here is
achieved by targeting N-cadherin, a transmembrane marker
specific to the endothelial-derived mesenchymal cells,””*’
using N-cadherin antibody functionalized melanin nano-
particles. Of particular significance, we hypothesize that the
N-cadherin targeted melanin nanoparticles serve a dual
purpose: to specifically target the activated endothelium with
overexpressed surface N-cadherin rather than normal endo-
thelium and, furthermore, to modulate the downstream
signaling of N-cadherin to reverse EndoMT. We demonstrate
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that this approach can be applied to reverse EndoMT (induced
by IL-1f, TGF-$, and cancer cell-derived medium) in a wide
range of vascular endothelial cells obtained from arteries, veins,
and capillaries. This leads to a recovered endothelial barrier
along with significantly reduced leukocyte and cancer cell
trans-endothelial migration, which could potentially slow or
stop atheromatous plaque formation and cancer cell extrava-
sation in early stages (Figure 1). Finally, we reveal the
molecular mechanism of R-EndoMT mediated by our
nanoparticle system. Given the increasingly recognized
implications of EndoMT in a variety of vascular and
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nonvascular diseases including atherosclerosis, cancer, and
organ fibrosis, our approach highlights a promising alternative
to hinder the progression of these EndoMT-associated
diseases.

RESULTS

Functionalization and Characterization of Natural
Melanin Nanoparticles (MNPs). We selected natural MNPs
over their synthetic analog (i.e., polydopamine NPs) in this
work owing to their natural abundance, high surface area/
volume ratio, good dispersibility, excellent cell and blood
compatibility, well-understood surface chemistry, and facile
surface functionalization.”’~>* The natural MNPs were
extracted from food-grade cuttlefish ink using a sequential
centrifugation method. To functionalize the MNPs with N-
cadherin antibody, MNPs were premodified with a layer of
protein A (PA) and bovine serum albumin (BSA) via a well-
defined Michael addition and/or Schiff-base reaction between
the -NH, moiety of PA/BSA and the o-quinones of melanin in
a slightly alkaline medium (Figure 2A).>* Here, PA serves as a
linker to further graft N-cadherin antibody through its high
affinity to the Fc region of immunoglobulin, while BSA acts as
a spacer to adjust antibody density, as well as to resist
nonspecific binding on the nanoparticle surface.”>* This
design offers an optimal orientation of antibody on the
nanoparticle surface with the antigen-binding Fab regions
facing outward, and meanwhile, it avoids the crowding effect of
Fab domains from adjacent antibodies.”” Transmission
electron microscope imaging showed an increased diameter
of MNPs (from ~128 to ~136 nm) and a rougher nanoparticle
surface after functionalization with the N-cadherin antibody
(Figure 2B,C). The two-step surface functionalization was also
verified through a gradually increased hydrodynamic diameter
(Figure 2D) and zeta potential (Figure 2E) of MNPs in H,O:
Bare MNPs (179.3 nm, —22.7 mV), MNP@PA/BSA (190.9
nm, —18.6 mV), and MNP@PA/BSA@NcadAb (206.6 nm,
—13.1 mV). The attachment of the antibody on the MNPs was
further affirmed by scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM/EDX) as the presence of
sulfur was only found following the second step of
functionalization owing to the disulfide bonds in immunoglo-
bulins (Figures 2F, S1). Finally, the excellent colloidal stability
of as-prepared N-cadherin antibody functionalized MNPs (i.e.,
MNP@PA/BSA@NcadAb, MNP@NcadAb in short) was
evidenced by the unchanged absorbance spectrum and
consistent hydrodynamic size when dispersed in three different
media (including H,O, PBS buffer, and serum-containing cell
culture medium, Figure 2GH) for 7 days, suggesting their
potential dispersibility and stability in the blood circulation.

Endothelial Cell Compatibility and Targeting Ability
of MNP@NcadAb. To investigate the effect of MNP@
NcadAb on endothelial cells, we carefully chose two well-
established primary cell lines, human umbilical vein endothelial
cells (HUVEC) and human dermal microvascular endothelial
cells (HDMVEC), as the models to represent macrovascular
and microvascular endothelium, respectively. HUVEC, a
typical macrovascular barrier, has been utilized as a classic
endothelial model to study the development and treatment of
atherosclerosis,”® whereas HDMVEC, originating from capil-
lary vessels, is suitable for evaluating cancer metastasis in the
microvascular network.*”

Endothelial cell compatibility of MNP@NcadAb was
evaluated by two routinely used cytotoxicity assays including
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an XTT-based viability assay that measures cellular metabolic
activity and an LDH-based cytotoxicity assay that quantifies
leaked cytoplasmic LDH enzyme as an indicator of plasma
membrane damage (Figure 3A). Assay results showed that
MNP@NcadAb (as high as 400 yug/mL) had negligible effects
on the metabolic activity and membrane integrity of both
endothelial cell lines after 12 h of nanoparticle—cell co-
incubation, suggesting the favorable endothelial cell compat-
ibility of MNP@NcadAb. The assay results also defined the
noncytotoxic range of MNP@NcadAb concentration used in
the subsequent experiments. To examine the targeting ability
of MNP@NcadAb to the activated endothelial cells instead of
normal, quiescent endothelial cells, HUVEC were treated with
IL-1p, a pro-inflammatory cytokine that triggers EndoMT and
advances the development of atherosclerosis,*® while the
HDMVEC were activated by TGF-f, a well-known EndoMT
inducer and contributor to cancer metastasis.'” Immunofluor-
escence staining of N-cadherin indicated that both IL-1/ and
TGF-f treatments resulted in considerably higher expression
of membrane N-cadherin (i.e., a typical mesenchymal marker)
on the activated endothelial cells, in comparison to the normal,
quiescent (inactivated) endothelial cells (Figures 3B,C, S2 and
S3). The N-cadherin here appeared to show a diffused
distribution on the cell surface, consistent with previous
reports.”"** As expected, we then observed nearly 7 times
higher uptake of fluorescence tagged MNP@NcadAb (100 ug/
mL, after 12 h incubation with cells) by the activated HUVEC
and HDMVEC (G4), as compared with their normal,
quiescent counterparts (G1) (Figure 3D). The targeting
specificity of MNP@NcadAb was also strengthened by two
control groups (Figure 3D, G2 and G3): In comparison to the
highest uptake groups (i.e, MNP@NcadAb with activated
HUVEC and HDMVEC), ~2—3 times lower uptake of
nonspecific MNP@BSA was shown on both activated cell
lines (G2), and ~2—3 times lower uptake of MNP@NcadAb
was observed on N-cadherin antibody pretreated, activated
HUVEC and HDMVEC (namely, a competition or blocking
assay, G3). Reproducible data on cellular uptake are shown in
Figures S4 and SS. The internalization of MNP@NcadAb by
activated endothelial cells was further revealed by a near-
perfect overlap (yellow color) between the fluorescence tagged
MNP@NcadAb (green color) and the Lysotracker (red color),
suggesting that most MNP@NcadAb were cell-internalized
and located within the lysosomes of endothelial cells (Figure
3E). Together, these results demonstrate the excellent
endothelial cell compatibility of MNP@NcadAb, along with
their specific targeting to activated endothelial cells with high
expression of surface N-cadherin.

MNP@NcadAb Restores the Barrier Function of
Cytokine-Activated Endothelium. The major function of
vascular endothelial cells is to serve as a door keeper to restrict
the transport of molecules and cells across this barrier layer.
However, previous studies indicate that elevated cytokine
levels (such as IL-1 and TGF-f) in blood circulation in
response to certain pathological conditions can disrupt
endothelial integrity and enhance endothelial permeability via
triggering of the EndoMT process. The enhanced endothelial
permeability then opens the paracellular route for trans-
endothelial migration of immune and tumor cells to the
underlying tissues, which is a crucial, early step for the
development of atherosclerosis and cancer metastasis.”'* Thus,
how to “close” the paracellular openings and find ways to
recover the intactness and barrier function of vascular
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Figure 4. MNP@NcadAb restores the barrier function of cytokine activated endothelium. (A, B) Cofluorescence staining of VE-cadherin
(green) and F-actin (red) on (A) HUVEC and (B) HDMVEC monolayers in different treatment groups. The cytokine induced intercellular
gaps are marked by white triangles. White dashed lines are used to profile the actin stress fibers along the cell body. Scale bars: 20 pm. (C,
D) Statistical analysis of gap area and profiles of actin stress fibers along the white dashed lines on (C) HUVEC and (D) HDMVEC
monolayers. Data represent mean + SD, n = 5. (E) Schematic illustration of endothelial permeability assay based on the transport of FITC-
dextran across endothelial monolayers. (F, G) Statistical analysis of FITC-dextran transport across (F) HUVEC and (G) HDMVEC
monolayers in different treatment groups. Data represent mean + SD, n = S. Statistical significance is determined by one-way ANOVA with
Tukey’s post hoc test. ¥¥%¥p < 0.0001.

endothelium will be the key to slow the progression of these Since MNP@NcadAb has shown specific targeting to IL-1/3
diseases. and TGF-f activated endothelial cells, we next assessed the
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effect of MNP@NcadAb on the barrier function of activated
endothelial monolayers. Through cofluorescence staining of an
endothelial cell junction protein, VE-cadherin, and cytoskeletal
F-actin (Figures 4A,B and S6—S11), it was clear to see that the
untreated HUVEC and HDMVEC possessed an intact
monolayer with continuous cell—cell adhesion and circum-
ferential actin filaments lining the cell boundaries, both of
which are typical features of normal, quiescent endothelial
monolayers.”> Here, the circumferential actin filaments along
the cell boundary are known to be anchored by the
transmembrane VE-cadherin, and they cooperate to stabilize
the endothelial cell—cell contacts and barrier integrity.*"** IL-
1/ treated HUVEC and TGF-f} treated HDMVEC monolayers
manifested dramatic morphological changes, including dis-
continuous cell—cell adhesion, the appearance of intercellular
gaps (marked by white triangles), and the increase of actin
stress fibers along the cell body (cross-profiled by white dashed
lines), indicating that IL-1 and TGF-f activation changed the
endothelial morphology and impaired the endothelial integrity.
Noticeably, the VE-cadherin amount significantly reduced
around the gaps, suggesting that the disruption in cell—cell
junctions could cause the formation of intercellular gaps. The
actin stress fibers here are regarded as contractile, motile
cytoskeletal structures that give rise to increased intracellular
tension and cell mobility, also contributing to the disruption of
endothelial integrity and barrier function.**”*’ Importantly,
after treatment of the IL-1/ activated HUVEC and the TGF-f
activated HDMVEC monolayers with 100 pg/mL MNP@
NcadAb for 12 h, both impaired endothelial layers were able to
recover their original intactness and morphology without
perceptible intercellular gaps and actin stress fibers. These
visual examinations were supported by analyzing the
intercellular gap areas and actin stress fiber numbers in three
different groups (Figure 4C,D), among which the cytokine
treated groups possessed the highest gap areas (~3%) and the
most actin stress fibers, while the MNP@NcadAb treated
groups and untreated groups both displayed significantly lower
gap areas (~0.1—0.5%) and almost no actin stress fibers. To
quantitatively validate the endothelial impairing effect of
cytokines and recovering effect of MNP@NcadAb, we
performed an endothelial permeability assay using FITC-
dextran transport to measure the permeability of endothelial
layers in different groups (Figure 4E). Through this assay, the
concentration effect of cytokine activation and nanoparticle
treatment on endothelial permeability can be systematically
established (Figures S12 and S13). Consistent with the trends
seen in gap area analysis, the cytokine treatments (S ng/mL IL-
1§, 10 ng/mL TGF-f, 12 h) resulted in an ~3-fold increase in
the transport of FITC-dextran across the endothelial barriers,
whereas further treatment of the impaired endothelial layers
with MNP@NcadAb (100 ug/mL for 12 h) recovered the
endothelial barriers and brought them back to their original
permeability (Figure 4F,G). The permeability after recovery
could be maintained for at least 72 h under normal culture
conditions (Figure S14). Here, we also noted no impairing
effect of MNP@NcadAb on the normal, quiescent endothelial
monolayers (Figures S15 and S21), which is in line with the
minimal cellular uptake of nanoparticles by these cells as
demonstrated earlier. Likewise, due to the lower cellular uptake
of nonspecific MNP@BSA by cytokine-activated endothelial
cells and MNP@NcadAb by cytokine-activated endothelial
cells pretreated with an endocytosis inhibitor (methyl-3-
cyclodextrin), the impaired endothelial monolayers cannot be
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reversed/healed (Figure S16). Therefore, these results suggest
the importance of the endocytosis of MNP@NcadAb.

To further ascertain the recovery effect of MNP@NcadAb,
two control experiments were employed using N-cadherin
antibody functionalized gold nanorods and free N-cadherin
antibody, with antibody amounts equivalent to the MNP@
NcadAb (calculated in Supporting Information), to treat
cytokine-activated endothelial cells (Figures S17, S18, and
S21). Normal culture medium served as a negative control
(Figures S19 and S21). The monolayer morphology and
permeability assay results showed that N-cadherin antibody
functionalized gold nanorods had a similar endothelial
recovery effect with the MNP@NcadAb treatment, whereas
free N-cadherin antibody just manifested a modest recovery
effect on the impaired monolayers, which could be attributed
to the multivalency effect of antibodies on the nanoparticle
surface. As expected, the normal culture medium had almost
no recovery effect on the impaired monolayers, suggesting that
these monolayers, once activated by cytokines, cannot “heal”
by themselves in the given period of time (12 h). Furthermore,
we demonstrated that MNP@NcadAb treatment was able to
restore the morphology and barrier function of activated
endothelial layers in the presence of cytokines (Figures S20
and S21), which suggested the robustness of this approach in
treating extreme harsh conditions (i.e., when the sustained
endothelial exposure to elevated cytokines was present).
Collectively, these data provide compelling evidence that
MNP@NcadAb treatment can restore the morphology and
barrier function of cytokine-activated, integrity-impaired
endothelium.

MNP@NcadAb Reverses EndoMT at the Cellular and
Molecular Levels. As we observed the morphological change
of endothelial monolayers in response to the cytokine
activation and MNP@NcadAb treatment, we next questioned
whether these changes on the monolayers can be attributed to
the EndoMT program of individual endothelial cells, given the
important roles of cytokine activation and N-cadherin
expression in endothelial cell phenotypical plasticity.

Therefore, to better characterize the phenotypical changes of
individual endothelial cells, we utilized atomic force micros-
copy (AFM) to image single cells in different experimental
groups. Specifically, AFM nanomechanical mode was per-
formed to investigate the morphology and mechanical
properties of live cells in a liquid environment (Figure SA).
During nanomechanical scanning, a spherical tip probes the
cell surface with an applied force and a force—indentation
curve is collected, and then the local Young’s modulus is
calculated from this curve using the Hertz model.””' The
generated modulus map of a single cell offers a simple, vivid
way to resolve the actin filaments residing in the dorsal layer of
the cell since these actin structures are the main contributors
to the cell rigidity.””~>* As depicted in Figures SC,D and S22—
S27, the topography and modulus channels showed excellent
correlations in terms of cell topography and the locations of
dorsal actin. In particular, both channels exhibited well-
grooved patterns with appreciable colocalization between the
topography and modulus, suggesting the presence of actin
filaments underneath the plasma membrane. The untreated
HUVEC and HDMVEC displayed a round, cobblestone-like
cell shape featuring a flat, thin membrane and underlying
circumferential actin belts surrounding the entire cell boundary
(marked by red arrows). In contrast, IL-15 activated HUVEC
and TGF-f activated HDMVEC changed to a spindle-like
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Figure 6. Protein markers of endothelial phenotypical transition, endothelial adhesion, and trans-endothelial migration (TEM) of leukocytes
and cancer cells. (A) Western blotting analysis of endothelial and mesenchymal protein markers of HUVEC and HDMVEC in different
treatment groups. G1: Untreated, normal endothelial cells. G2: Cytokine activated endothelial cells. G3: Cytokine activated endothelial cells
followed by MNP@NcadAb treatment. GAPDH serves as a house-keeping marker. Data represent mean + SD, n = 3. (B) Schematic
illustration of elevated protein markers due to the cytokine activation and MNP@NcadAb treatment. (C) Working principles of endothelial
adhesion and TEM assays of leukocytes and cancer cells. (D) Endothelial adhesion and TEM of leukocytes (HL-60 and THP-1) on/across
HUVEC monolayers in different treatment groups and their statistical analysis. (E) Endothelial adhesion and TEM of cancer cells (MDA-
MB-231 and PC3-M) on/across HDMVEC monolayers in different treatment groups and their statistical analysis. Scale bars: 100 gm. Data
represent mean + SD, n = 8. Statistical significance is determined by one-way ANOVA with Tukey’s post hoc test. ****p < 0.0001, **¥p <
0.001, **p < 0.01, and *p < 0.05.
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morphology with dorsal actin stress fibers parallelly running
along the cell body (pointed out by green arrows). Here, these
morphological changes are in good agreement with the typical
characteristics of endothelial phenotype (i.e., cobblestone-like
cell shape, rich in circumferential actin belts) and mesen-
chymal phenotype (i.e., spindle-like cell shape, rich in actin
stress fibers) of endothelial cells,* suggesting the occurrence of
endothelial-mesenchymal transition of HUVEC and
HDMVEC in response to the cytokine activation. Importantly,
the MNP@NcadAb treatment was able to convert the
mesenchymal-like HUVEC and HDMVEC back to their
original morphology, as evident from the disappearance of
dorsal stress fibers and spindle cell shape, accompanied by the
reappearance of circumferential actin belts and circular cell
shape. These visual observations on AFM images were further
reinforced by analyzing the average Young’s modulus and
aspect ratio of individual cells (Figure SG,H). Among the three
experimental groups, the cytokine-activated endothelial cells
showed the highest aspect ratio (~2—2.5) in cell shape and the
highest average Young’s modulus on the cellular central region
(~20—60 kPa) owing to the presence of dorsal stress fibers,
whereas both untreated and MNP@NcadAb treated groups
displayed a lower aspect ratio of ~1—1.2 and an average
Young’s modulus of ~8—20 kPa due to the lack of dorsal stress
fibers.

To further validate the phenotypical change of individual
endothelial cells, a super-resolution imaging technique, direct
stochastic optical reconstruction microscopy (dSTORM), was
performed to image the actin filaments within single cells.
Compared to the conventional epifluorescence illumination,
dSTORM here operates in a total internal reflection
illumination mode to excite a thin layer (~0.2 pm) above
the imaging substrate and rejects background fluorescence
(Figure SB). Thus, dSTORM complements the AFM,
resolving the ventral actin filaments inaccessible to the AFM
by imaging fluorescence from actin-binding fluorophores near
the coverslip surface. During the dSTORM imaging, the
individual fluorophores were stochastically activated and
localized in each image frame; the final super-resolution
images were reconstructed by stacking thousands of image
frames with the activated fluorophores and their local-
izations.>>™>” As shown in Figures SE,F and S28-S33, the
dSTORM images in three experimental groups showed results
consistent with the AFM images, among which the cytokine-
activated endothelial cells displayed the most ventral stress
fibers parallel with the cellular long axis, whereas the other two
groups exhibited similar circumferential actin belts and a lack
of ventral stress fibers. The high spatial resolution of dSTORM
images also allowed for the statistical analysis of stress fiber
numbers and actin orientations (Figure SI—K), which further
substantiated the phenotypical transition of endothelial cells in
different experimental groups. These imaging data suggest that
cytokine activation causes EndoMT in individual endothelial
cells and, more importantly, the MNP@NcadAb treatment can
reverse the activated, mesenchymal-like endothelial cells back
to their initial endothelial phenotype.

Apart from the cellular level investigation, we also examined
the effect of MNP@NcadAb on cytokine-activated endothelial
cells at the molecular level. Western blotting was utilized to
analyze a panel of endothelial and mesenchymal protein
markers in endothelial cells, including platelet endothelial cell
adhesion molecule-1 (CD31), VE-cadherin, and cytokeratin as
endothelial markers and intercellular adhesion molecule-1
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(ICAM-1), N-cadherin, alpha-smooth muscle actin (a-SMA),
and vimentin as mesenchymal makers (Figure 6A). Herein,
besides the common protein markers shared by macrovascular
and microvascular endothelial cells, ICAM-1 is a typical
mesenchymal marker for macrovascular endothelial cells
(HUVEC) in response to inflammatory cytokines (e.g, IL-
15),>" whereas vimentin serves as a mesenchymal maker for
microvascular endothelial cells (HDMVEC) in response to
TGF-$°* Our immunoblotting and its semiquantitative
analysis showed that cytokine activation resulted in the
downregulation of endothelial markers, including CD31, VE-
cadherin, and cytokeratin, in both cell lines, along with the
upregulation of mesenchymal markers, including ICAM-1 in
HUVEC, vimentin in HDMVEC, and N-cadherin and a-SMA
in both cell lines, suggesting that cytokine activation induced
EndoMT in both endothelial cells at the molecular level.
Importantly, after treatment of the activated endothelial cells
with MNP@NcadAb, all protein markers we tested here
returned to their original levels prior to the cytokine activation,
indicating the reversal of EndoMT in both endothelial cells at
the molecular level (Figure 6A,B). These results are in line
with our prior observations on endothelial monolayers, where
the upregulation of VE-cadherin induced by MNP@NcadAb
treatment re-established the endothelial cell—cell adhesion and
barrier function and the downregulation of contractile
cytoskeletal proteins including a-SMA and vimentin reduced
the intracellular tension, also contributing to the recovery of
endothelial intactness. Together, these single-cell imaging and
immunoblotting data demonstrate that MNP@NcadAb treat-
ment is able to reverse cytokine-activated EndoMT in
endothelial cells, observable at both cellular and molecular
levels, and these phenotypical changes in individual cells
promote the recovery of the endothelial monolayer and the
restoration of its barrier function.

R-EndoMT Attenuates Endothelial Adhesion and
Trans-Endothelial Migration of Leukocytes and Cancer
Cells. It has been documented that macrovascular endothelial
cells activated by inflammatory cytokines (e.g., IL-1f)
overexpress cell adhesion molecules including ICAM-1 and
VCAM-1, facilitating the recruitment and adhesion of
inflammatory-related leukocytes such as monocytes and
neutrophils onto endothelial cells.® In the context of cancer
metastasis within microvasculature, endothelial cells in
response to TGF-f activation upregulate surface N-cadherin,
which promotes N-cadherin mediated homophilic adhesion
between endothelial cells and N-cadherin-expressing cancer
cells."” Following the initial adhesion, adhered leukocytes or
cancer cells can exploit the enhanced endothelial permeability
to cross the compromised endothelial barriers, which initiates
atherosclerotic plaque formation and cancer metastasis.'”'”
With these considerations along with our monolayer and
immunoblotting data, we would expect that MNP@NcadAb
mediated R-EndoMT would not only attenuate the endothelial
adhesion of leukocytes and cancer cells by downregulating the
key adhesion molecules (i.e,, ICAM-1, N-cadherin) but also
recover the compromised endothelial barriers by closing the
intercellular gaps; both factors would hinder the trans-
endothelial migration of leukocytes and cancer cells to the
underlying tissues.

Therefore, we subsequently evaluated the effect of MNP@
NcadAb on the endothelial adhesion and trans-endothelial
migration (TEM) of leukocytes and cancer cells using two
well-established endothelial cell assays, as illustrated in Figure
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Western blotting analysis of total pl120 catenin, anti-N-cadherin antibody immunoprecipitated (IP) p120 catenin, and its tyrosine
phosphorylation (pp120), RhoA activation, and transcription factors Snail and Slug in (C) HUVEC and (D) HDMVEC in different
treatment groups. G1: Untreated, normal endothelial cells. G2: Cytokine activated endothelial cells. G3: Cytokine activated endothelial cells
followed by MNP@NcadAb treatment. GAPDH serves as a house-keeping marker. Data represent mean + SD, n = 3. Statistical significance
is determined by one-way ANOVA with Tukey’s post hoc test. *¥*p < 0.001.
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6C. As shown in the adhesion assays, the adhesion of two
inflammatory-related leukocytes including a human promyelo-
cytic leukemia cell line (differentiated HL-60) and a human
monocytic leukemia cell line (THP-1) to the IL-18 activated
HUVEC significantly increased (~4-fold) compared to that on
untreated, quiescent HUVEC (Figure 6D). Likewise, the
adhesion of two N-cadherin-expressing cancer cells, including a
human breast cancer cell line (MDA-MB-231) and a prostate
cancer cell line (PC3-M) to the TGF-f activated HDMVEC
also increased (~1.5—2-fold) compared to that on untreated,
quiescent HDMVEC (Figure 6E). Notably, MNP@NcadAb
treatment on both activated endothelial cells was able to
reduce the endothelial adhesion of leukocytes and cancer cells
to their original levels on the untreated, quiescent endothelial
cells (Figures 6D,E and S34—S37). The adhesion results are in
accordance with our immunoblotting data for ICAM-1 and N-
cadherin in each treatment group. The same trends were also
observed in the TEM assays, among which cytokine-activated
endothelial cells allowed the highest TEM of leukocytes and
cancer cells, and MNP@NcadAb treatment on activated
endothelial cells was able to decrease the TEM of leukocytes
and cancer cells to levels comparable to untreated, quiescent
endothelial cells (Figures 6D,E and S38—S41). Here, it should
be noted that the decrease in leukocytes and cancer cells
observed in TEM assays not only results from the reduced
endothelial adhesion but also is attributable to the recovered
endothelial barriers with minimal intercellular gaps. This
notion is supported by calculating the percentage of trans-
migrated cells within the adhered cells (Figure S42). The
cytokine-activated groups allowed ~40—50% of adhered
leukocytes and ~70—80% of adhered cancer cells to trans-
migrate across their respective endothelial barriers, whereas
untreated and MNP@NcadAb treated groups permitted only
~20% of adhered leukocytes and ~30—40% of adhered cancer
cells to transmigrate, owing to the significantly reduced
intercellular gaps. Together, the adhesion and TEM assays
confirm that MNP@NcadAb mediated R-EndoMT attenuates
the endothelial adhesion and trans-endothelial migration of
leukocytes and cancer cells, which could potentially prevent
plaque and micrometastasis formation at the very early stages
of atherosclerosis and cancer.

In addition to the trans-endothelial migration of leukocytes
and cancer cells, we also assessed the migration ability of
endothelial cells themselves (Figure S43). Previous studies
suggested that endothelial-derived mesenchymal cells possess
high mobility and invasiveness, which promotes their
migration to underlying tissues, serving as a source of
plaque-associated fibroblast-like cells and cancer-associated
fibroblasts.”*” Our migration assays showed that both
cytokine-activated endothelial cells manifested the highest
migration among the three treatment groups, in line with their
mesenchymal phenotype, whereas the other two groups
displayed only modest migration, suggesting that MNP@
NcadAb mediated R-EndoMT reduces the migration ability of
cytokine-activated endothelial cells. Therefore, the MNP@
NcadAb mediated R-EndoMT demonstrated here could also
slow the progression of atherosclerosis and cancer by depleting
their respective endothelial-derived fibroblast sources.

The results discussed thus far show the recovery effect of
MNP@NcadAb treatment on IL-15 activated HUVEC (as a
macrovascular model) and TGF-$ activated HDMVEC (as a
microvascular model). Considering that EndoMT in the
context of atherosclerosis involves arterial (rather than venous)
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endothelial cells and considering the complexity of tumor
microenvironments (i.e., multiple cytokines from cancer cells
that could cause EndoMT),"”® we further extended our
experiments to IL-1f activated human coronary artery
endothelial cells (HCAEC) and cancer-cell conditioned
medium activated HUVEC. This enabled us to evaluate the
effect of MNP@NcadAb treatment on the whole spectrum of
endothelial cells from capillaries, veins, and arteries activated
by a diverse range of cytokines, as summarized in Figure 7A. As
shown in Figures S44—S4S5, the monolayer morphology and
permeability data, together with adhesion and TEM assay
results, demonstrate that MNP@NcadAb treatment is also able
to restore these endothelial barriers and attenuate the
endothelial adhesion and trans-endothelial migration of
leukocytes and cancer cells, suggesting the broad applicability
of this approach in treating various types of endothelial cells,
regardless of which cytokines are present.

Molecular Mechanism of MNP@NcadAb Mediated R-
EndoMT. Our collective data suggest that MNP@NcadAb
treatment reverses cytokine activated EndoMT in a broad
range of endothelial cell types, and the recovered endothelial
barriers attenuate the adhesion and transmigration of
leukocytes and cancer cells, which could potentially slow the
progression of atherosclerotic plaque formation and cancer
metastasis. However, to fully translate MNP@NcadAb
mediated R-EndoMT to treat various EndoMT-related
diseases, understanding the underlying mechanism of R-
EndoMT and the applicability of the mechanism in different
cell types is of paramount importance. Thus, we finally turned
our attention to the molecular mechanism of how MNP@
NcadAb reversed EndoMT in activated endothelial cells.
Previous studies suggested a major role of N-cadherin
mediated signaling in the activation of RhoA,*"*> a2 member
of Rho family GTPases that positively regulates stress fiber
formation and EMT-favoring transcription factors such as Snail
and Slug in cancer cells during the EMT process.*”*”%* The N-
cadherin dependent RhoA activation was proposed to occur
through the following mechanism (Figure 7B, left): Membrane
N-cadherin recruits p120 catenin to form the N-cadherin/p120
membrane complex, which frees up RhoA from its inactive
GDP bound state with p120, allowing local RhoA activation to
RhoA—GTP near the plasma membrane. When not bound to
N-cadherin, p120 catenin acts as a Rho inhibitor by directly
binding to RhoA-GDP and suppresses RhoA activation.”*®*
Events like tyrosine phosphorylation of p120 causes a closer
binding of p120 to N-cadherin, thus reducing the affinity of N-
cadherin-associated p120 to RhoA-GDP and releasing the
RhoA-GDP available for further activation.’ However,
whether the N-cadherin in the activated endothelial cells is
adopting a role similar to that in cancer cells remains to be
verified. It is also unknown if endothelial cells from different
origins (i.e., microvascular vs macrovascular) would exert a
common or different mechanism for R-EndoMT. In view of
these considerations, we formed our mechanistic hypothesis
for the MNP@NcadAb mediated R-EndoMT (Figure 7B,
right): The uptake of MNP@NcadAb by activated endothelial
cells would deplete the membrane of N-cadherin, which would
hinder the N-cadherin recruitment of the RhoA inhibitor,
p120. As a result, the RhoA activation would be downregulated
along with its downstream EndoMT-related effectors, thus
leading to R-EndoMT.

To test this hypothesis, we first examined the overall protein
levels of p120 catenin by the immunoblotting of p120 in total
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cell lysates. We noticed no significant difference in the overall
levels of p120 catenin among different experimental groups in
both cell lines (Figure 7C,D). Given that the interaction of
membrane N-cadherin and p120 serves a key role in the RhoA
activation, the total cell lysates were immunoprecipitated using
anti-N-cadherin antibody and probed for p120 catenin and its
tyrosine phosphorylation (ppl20) using Western blots.
Interestingly, the immunoprecipitated p120 catenin and its
tyrosine phosphorylation displayed a similar trend as N-
cadherin levels (Figure 6A) among different groups in both cell
lines: The cytokine-activated groups exhibited the highest
levels of p120 catenin and its tyrosine phosphorylation, while
untreated and MNP@NcadAD treated groups showed similar,
lower levels of p120 catenin and its tyrosine phosphorylation
(Figure 7C,D). Since N-cadherin primarily presents in the cell
membrane rather than the cytosol, these results confirmed the
molecular interaction between N-cadherin and tyrosine
phosphorylated p120 catenin on the cell membrane, and this
membrane complex was expected to promote the RhoA
activation near the plasma membrane. Hence, we next
quantified the RhoA activation levels among different groups
by measuring RhoA—GTP using an active RhoA pull-down
assay. Consistent with the trends observed in the membrane
N-cadherin and the trends of immunoprecipitated p120
catenin and its tyrosine phosphorylation levels, cytokine-
activated groups in both cell lines also showed the highest
RhoA—GTP levels, whereas the other two groups only
possessed comparable, basal levels of RhoA activation (Figure
7C,D). Essentially, these data establish a strong correlation
among membrane N-cadherin, tyrosine phosphorylated p120
catenin, and RhoA activation. As a membrane anchor for RhoA
activation, N-cadherin governs the downstream pathway for
RhoA activation, whereas the endocytosis of MNP@NcadAb
by activated endothelial cells could deplete the membrane N-
cadherin to the lysosomal degradation pathway (demonstrated
via fluorescence colocalization images), thereby leading to the
downregulation of RhoA activation. Based on these analyses,
we further validated the downstream effectors of RhoA
activation. Our previous studies on cancer EMT demonstrated
that the downregulation of RhoA activation could lower its
downstream EMT-favoring transcription factors (Snail and
Slug proteins), which led to the restored epithelial phenotype
of cancer cells.””*° Considering that EndoMT and EMT may
share common transcription factors, we evaluated the levels of
Snail and Slug transcription factors in both endothelial cells
using Western blots. The results showed that Snail and Slug
both followed a similar trend as RhoA activation, among which
the cytokine-activated groups possessed the highest levels of
Snail and Slug, whereas MNP@NcadAb treatment managed to
reduce their amounts to basal levels (Figure 7C,D). As with
EMT in cancer cells, the downregulation of Snail and Slug
transcription factors could drive the phenotypical transition of
endothelial-derived mesenchymal-like cells to return to their
original endothelial phenotype. Taken together, these molec-
ular-level studies dissect the N-cadherin dependent EndoMT
mechanism of endothelial cells in response to cytokine
activation and, more importantly, the N-cadherin dependent
R-EndoMT mechanism induced by MNP@NcadAb treatment
in both macrovascular and microvascular endothelial cells.
That is by targeting and downregulating N-cadherin on
activated, mesenchymal-like endothelial cells, MNP@NcadAb
treatment downregulates the key proteins of the N-cadherin
pathway, especially RhoA—GTP and its downstream effectors,
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including EndoMT-favoring transcription factors and stress
fiber formation. The downregulation of EndoMT-favoring
transcription factors (Snail and Slug) and stress fibers finally
leads to R-EndoMT and recovered endothelial barriers (Figure
7B).

DISCUSSION

Atherosclerosis and cancer are, at first glance, two distinct
diseases with quite different pathological mechanisms.
However, the concept of EndoMT established in recent
years has found a common ground between these diseases
owing to the implications of EndoMT during the early
development of atherosclerotic plaques and cancer metastases.
In both cases, elevated levels of cytokines in the blood cause
phenotypical changes in vascular endothelial cells (i.e.,
EndoMT) and thus disrupt the quiescence and intactness of
endothelial barriers. The endothelial cells after EndoMT are
typified by a high expression of cell adhesion molecules to
recruit immune cells or cancer cells, and enhanced endothelial
permeability further allows the attached immune or cancer
cells to cross the impaired endothelial barrier, initiating plaque
buildup or micrometastasis of cancer cells. Given these aspects
of EndoMT, there should be two logical ways to slow the
plaque buildup or micrometastasis of cancer cells: One
approach is to hinder the interactions between immune or
cancer cells with endothelial cells by blocking or down-
regulating the cell adhesion molecules, 26 whereas the other
approach is to “close” the intercellular gaps on the
endothelium to stop the trans-endothelial migration of
immune or cancer cells.”® In our work, N-cadherin targeted
MNPs are capable of reducing the adhesion between immune
or cancer cells and endothelial cells and recovering the
intactness of endothelial barriers by reversing EndoMT in
endothelial cells. The synergistic effect of MNP@NcadAb is
well aligned with the dual role of N-cadherin which not only
serves as a cell adhesion molecule and mesenchymal marker
but also acts as a transmembrane signaling molecule that
regulates EndoMT. Indeed, the potential of this work goes far
beyond atherosclerosis and cancer treatments considering the
importance of EndoMT in the development of organ fibrosis
and the prevalence of N-cadherin on various endothelial-
derived mesenchymal cells.**~"" As such, future work will
focus on validating this approach in the context of reversing
organ fibrosis. Apart from cytokine-induced EndoMT, another
interesting area to investigate will be the effect of melanin/
polydopamine NPs on reactive oxygen species (ROS) induced
EndoMT given the ROS scavenging property of melanin/
polydopamine NPs.””

The interaction of nanoparticles and endothelial cells has
been increasingly under scrutiny since the endothelium lies in
direct contact with nanoparticles in the blood circulation,
regardless of whether the nanoparticles are intentionally
injected for medical purposes or unintentionally introduced
due to undesired exposure. Under most circumstances, the
exposure of endothelial cells to nanoparticles can exert dose-
dependent detrimental effects on the endothelium and further
lead to other unwanted pathological outcomes. For instance,
an extensive body of research from Leong’s group highlighted
that nanoparticle-induced endothelial leakiness (i.e., abbre-
viated as NanoEL) can promote cancer cell intravasation and
extravasation due to the interaction of nanoparticles with
endothelial junction proteins, causing increased intercellular
gaps in the microvascular endothelial barriers that can be
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exploited by the migrating cancer cells.”””® Interestingly, a
recent work from the same group utilized NanoEL to increase
tumor accessibility of anticancer drugs, which turned NanoEL
to a beneficial effect.”* Other studies also indicated that
nanoparticles from air pollution and daily contact could
mediate atherosclerosis progression by disruptin§ the plasma
membrane of macrovascular endothelial cells.”>”® In contrast,
our work here shows that nanoparticles with a rational design
can have a recovery or “healing” effect on an already impaired
endothelium by reversing EndoMT of endothelial cells, which
represents a completely opposite direction to the existing
research. In addition, previous studies reported discrepancies
in the response of the endothelium to nanoparticles or
EndoMT inhibitors attributed to the structural and functional
heterogeneity of the endothelium from different origins,”"”’
whereas the nanoparticle system in our work shows universal
recovery effects on various organotypic endothelial cells from
varied origins (artery, vein, and small capillary), independent
of the activating cytokine involved, which implies that broad
applicability and effectiveness of this approach in treating
various vascular and nonvascular diseases may be possible.
From a practical point of view, this work suggests that it may
not be necessary to confine the antimetastatic or antiathero-
sclerotic therapy to targeting cancer or immune cells alone,”®
since the endothelium itself serves an ideal target for
nanoparticle-based therapy. The easy access of nanoparticles
to endothelial cells’”® and the simple but powerful design of
the nanoparticle system discussed here will be beneficial for the
translation of this approach to clinical practice.

CONCLUSIONS

In summary, we have demonstrated that N-cadherin antibody
functionalized melanin nanoparticles (i.e, MNP@NcadAb)
can target cytokine-activated, mesenchymal-like endothelial
cells and drive their phenotypical transition from the
mesenchymal phenotype back to the original endothelial
phenotype, leading to a reversed EndoMT process, termed R-
EndoMT. The MNP@NcadAb mediated R-EndoMT was
validated at both cellular and molecular levels. Such
phenotypical changes in endothelial cells led to recovered
quiescence and intactness of endothelial barriers with
significantly reduced leukocyte and cancer cell adhesion and
transmigration, which could potentially stop atheromatous
plaque formation and cancer metastasis in their early stages.
This approach was shown to be applicable to recover the
cytokine-compromised endothelial barriers from different
origins spanning arteries, veins, and capillaries, independent
of the activating cytokines involved. The underlying molecular
mechanism of R-EndoMT was based on the modulation of an
N-cadherin dependent RhoA activation pathway by MNP@
NcadAb. Considering the growing implications of EndoMT in
a variety of vascular and nonvascular diseases including
atherosclerosis, cancer, and organ fibrosis, we expect this
approach will provide an alternative solution to treat EndoMT-
associated diseases by recovering and reinforcing endothelial
barriers.

METHODS

Preparation and Surface Functionalization of MNPs. Cuttle-
fish ink was purchased from Amazon (Vendor: Marky’s Cuttlefish
Squid Ink from Spain). The MNPs were isolated from the cuttlefish
ink by a sequential centrifugation approach: First, S g of cuttlefish ink
was dispersed in 50 mL of deionized water with 1X TBS Tween-20
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(28360, Thermo Fisher Scientific) and stirred for 4 h. The suspension
was then centrifuged at 2000 rpm for S min to eliminate the largest
particles. Next, the supernatant was centrifugated for 5 min at 7000
rpm to eliminate medium-size particles. Finally, the supernatant was
centrifugated at 12000 rpm for 10 min to collect the desired MNPs,
and these MNPs were further washed 3 times (12000 rpm, S min each
time) in deionized water before surface functionalization. To prepare
MNP@PA/BSA, the isolated MNPs were added into 1 mg/mL
Protein A and BSA mixture (77673, Thermo Fisher Scientific and
A7030, Sigma-Aldrich, 1:1 in mass ratio) in Na,HPO,/NaH,PO,
buffer at pH 8.5 and shaken for 7 h and then washed using deionized
H,0 (12000 rpm, S min, 3 washes). To prepare MNP@PA/BSA@
NcadAb, the MNP@PA/BSA was dispersed in N-cadherin antibody
(131168, Cell Signaling Technology, 100 yug/mL in PBS at pH 7.2)
for 1 h at RT and then washed by PBS (12000 rpm, S min, 3 washes).
The protocol to prepare MNP@BSA was similar to that of MNP@
PA/BSA except for the use of 2 mg/mL BSA solution during the
surface coating.

Characterization of MNPs. The morphology of bare MNPs and
N-cadherin antibody functionalized MNPs was characterized by a
JEOL JEM 2100 LaB4 of 200 kV. Zeta potential and hydrodynamic
size of MNPs were analyzed through a Zetasizer Nano ZS system
from Malvern Instruments. SEM/EDX (Helios 5 CX DualBeam) was
conducted to compare the chemical composition (e.g., the presence of
sulfur) of MNPs before and after antibody functionalization. The
absorbance spectra of MNPs in different media were collected by a
Shimadzu-1900 spectrophotometer.

Cell Culture. HUVEC (PCS-100-010), MDA-MB-231 (HTB-26),
PC3-3M (CRL-3471), THP-1 (TIB-202), HL-60 (CCL-240),
HCAEC (PCS-100-020), vascular cell basal medium (PCS-100-
030), endothelial cell growth kit-VEGF (PCS-100-041), DMEM: F-
12 medium (30-2006), RPMI-1640 medium (30-2001), trypsin-
EDTA (PCS-999-003), and trypsin neutralizing solution (PCS-999-
004) were purchased from ATCC. HDMVEC (CC-2505), EBM-2
basal medium (CC-3156), and an EGM-2 supplement kit (CC-4147)
were purchased from LONZA. HUVEC and HCAEC cells were
cultured using vascular cell basal medium supplemented with the
endothelial cell growth kit-VEGF. HDMVEC cells were cultured
using EBM-2 basal medium containing the EGM-2 supplement Kkit.
MDA-MB-231 cells were cultured by using DMEM with 10% FBS.
PC3-M cells were cultured by using RPMI-1640 with 10% FBS. THP-
1 cells were cultured using RPMI-1640 with 10% FBS and 0.05 mM
2-mercaptoethanol. HL-60 cells were cultured using RPMI-1640 with
10% FBS. Before adhesion and transmigration assays were performed,
HL-60 cells were differentiated to neutrophil-like cells by incubating
cells in RPMI-1640 containing 1.3% DMSO for 96 h.

Cytotoxicity Assays. The cytotoxicity of MNP@NcadAb was
measured by the XTT and LDH assays. In brief, HUVEC and
HDMVEC were seeded in 96-well plate (5000 cells per well) and
grown for 24 h in 100 yL of growth medium. The medium was then
changed to 100 uL of fresh medium with MNP@NcadAb (0, 10, 20,
50, 100, 200, and 400 pg/mL) to culture cells for another 12 h. Each
concentration group was performed in five wells/replicates. Next, the
XTT and LDH assays were performed following the instructions of
the XTT kit (X12223, Thermo Fisher Scientific) and LDH kit
(C20301, Thermo Fisher Scientific). Both assays were read out using
a BioTek Epoch 2 microplate reader.

Immunostaining of N-Cadherin. Normal HUVEC and
HDMVEC cells (as untreated groups) were seeded into a SO mm
glass bottom cell culture dish (5000 cells/ cmz) and cultured for 24 h.
For IL-1§ treated HUVEC and TGF-f treated HDMVEC, HUVEC
and HDMVEC cells were first cultured in a glass-bottom dish for 12 h
from the seeding density of 5000 cells/cm® Then IL-18 (S ng/mL,
201-LB, R&D System) or TGF- (10 ng/mL, PHG9204, Thermo
Fisher Scientific) was mixed into the medium, and the cells were
cultured for another 12 h. Then the cells were fixed with 4%
paraformaldehyde (PFA) (28908, Thermo Fisher Scientific) for 5 min
and blocked with BlockAid blocking solution (B10710, Thermo
Fisher Scientific) for 30 min at 37 °C. Next, the cells were incubated
with N-cadherin antibody (13116S, Cell Signaling Technology,
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Rabbit IgG, 1:1000 dilution in BlockAid solution) at 4 °C overnight
and then washed by Dulbecco’s phosphate-buffered saline (DPBS) (3
washes). Subsequently, anti-rabbit IgG Alexa Flour 488 (44128, Cell
Signaling Technology) was diluted in BlockAid solution (1:500),
added into the cells, incubated for 30 min, and washed with DPBS (3
washes). Finally, the cell nucleus was stained with 4’,6-diamidino-2-
phenylindole (DAPI). An Olympus IX71 inverted fluorescence
microscope with a 100X objective was applied for fluorescence
imaging. The quantitative analysis of cell surface N-cadherin was
conducted by quantifying the cell area and cell integrated fluorescence
intensity using Image]. Ten individual cells were analyzed in each
treatment group.

Cellular Uptake and Intracellular Localization of MNPs. For
tracking the cellular uptake of MNPs, MNP@NcadAb and MNP@
BSA were labeled with a similar amount of FITC-BSA (A9771, Sigma-
Aldrich). To label MNP@NcadAb, the surface functionalization
protocol was adjusted slightly, during which the Protein A and BSA
mixed solution used for the unlabeled version of MNP@NcadAb was
replaced by a Protein A and FITC-BSA mixed solution (1:1 mass
ratio). To label MNP@BSA, BSA solution was substituted by a BSA
and FITC-BSA mixed solution (1:1 mass ratio). Normal HUVEC and
HDMVEC cells were seeded into a S0 mm glass bottom dish (5000
cells/cm?) and cultured for 24 h. Afterward, the medium was replaced
by new medium with 100 pg/mL FITC-BSA labeled MNP@NcadAb.
After 12 h, the cells were washed 3 times with DPBS and fixed by 4%
PFA for S min. For the cytokine treated endothelial cells, the HUVEC
and HDMVEC cells were first cultured for 12 h. Then the medium of
HUVEC and HDMVEC cells was changed to fresh medium
containing IL-1f (S ng/mL) or TGF-f (10 ng/mL) to culture cells
for another 12 h. After IL-18 and TGF-f treatment, HUVEC and
HDMVEC were treated with fresh medium containing FITC-BSA
labeled MNP@BSA (100 pug/mL) or FITC-BSA labeled MNP@
NcadAb (100 pg/mL) for 12 h. For the free N-cadherin antibody +
MNP@NcadAb groups (ie., the blocking/competition assay), the
cytokine activated endothelial cells were first treated with fresh
medium containing N-cadherin antibody (10 ug/mL) for 30 min and
then cultured with 100 pg/mL FITC-BSA labeled MNPS@NcadAb
for 12 h. After 12 h of cell-nanoparticle co-incubation, the medium
containing MNPs was discarded, and cells were washed and subjected
to fixation for fluorescence imaging. Cell integrated fluorescence
intensity in Image] was used to quantify the cellular uptake of MNPs.
In each group, ten individual cells were analyzed. To investigate the
intracellular localization of MNP@NcadAb, the cells were stained
with LysoTracker (L7528, Thermo Fisher Scientific). An Olympus
IX71 inverted fluorescence microscope with a 100X objective was
applied for fluorescence imaging.

Fluorescence Imaging of VE-Cadherin and F-Actin. For the
untreated HUVEC and HDMVEC, cells were cultured for 60—80 h to
form an endothelial monolayer from the seeding density of 5000
cells/cm? in a 50 mm glass bottom dish. For the cytokine activated
groups, the HUVEC and HDMVEC monolayers were treated for 12 h
with IL-1/ (S ng/mL) and TGF-f (10 ng/mL), respectively. For the
MNP@NcadAb treated groups, IL-1f and TGF-f treated monolayers
were incubated with MNP@NcadAb (100 ug/mL) for another 12 h
before fixation and fluorescence staining. For the fluorescence
staining, the monolayer was fixed with 4% PFA for S min and
permeabilized with 0.1% Triton X-100 for another 5 min, followed by
washing with DPBS (3 washes). Next, the monolayer was blocked by
BlockAid blocking solution for 30 min at 37 °C and then incubated
with VE-cadherin antibody (2500S, Cell Signaling Technology,
Rabbit IgG, 1:200 dilution in BlockAid solution) at 4 °C overnight
and incubated with anti-rabbit IgG Alexa Flour 488 (1:500 dilution in
BlockAid solution) for another 1 h. The F-actin was labeled with
ActinRed (R37112, Thermo Fisher Scientific). The cell nuclei were
stained by DAPI. An Olympus IX71 inverted fluorescence microscope
with a 100X objective was applied for fluorescence imaging.

Endothelial Permeability Assay. HUVEC and HDMVEC
(10000—20000 cells in 100 uL of growth medium) were seeded
and cultured to 100% confluence monolayers on transwell inserts
(3470, Corning). Meanwhile, 600 uL of growth medium was added to
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the bottom chamber. For cytokine activation, the monolayers were
treated with 100 yL of fresh medium containing 5 ng/mL IL-1f
(HUVEC) or 10 ng/mL TGF-f (HDMVEC) for 12 h. The old
medium in the bottom chamber was changed to 600 uL of fresh
medium. For the MNP@NcadAb treated groups, the IL-1/8 and TGF-
B treated monolayers were further treated with MNP@NcadAb (100
pug/mL) for 12 h (100 uL of nanoparticle-containing medium in the
top chamber and 600 yL of fresh medium in the bottom chamber).
To measure the permeability of endothelial monolayers, the medium
in the top chamber was changed to 100 yL of new medium containing
FITC-dextran (1 mg/mL, FD-4, Sigma-Aldrich). The bottom
chamber medium was changed to 600 yL of new medium. After 30
min of co-incubation with the monolayers, the medium in the bottom
chamber was collected and analyzed by a microplate reader (Ex: 490
nm, Em: 520 nm) to measure the FITC-dextran amount that
transported across the endothelial monolayers. Each group was
performed in five independent inserts.

AFM Imaging of Single Live Cells. Single HUVEC and
HDMVEC cells were imaged by a BioScope Resolve AFM (Bruker)
using a nanomechanical imaging mode. For the untreated HUVEC
and HDMVEC cells, 20000—30000 cells were seeded and cultured
overnight in a 50 mm cell culture dish. On the second day, the old
medium was replaced with fresh growth medium prior to AFM
imaging. For the IL-1f activated HUVEC and TGF-f activated
HDMUVEC cells, the cells were activated in their monolayer states:
HUVEC and HDMVEC monolayers were first prepared in a 50 mm
dish and treated with S ng/mL IL-1§ (HUVEC) and 10 ng/mL TGF-
B (HDMVEC) for 12 h. For AFM imaging, the activated HUVEC and
HDMVEC cells were trypsinized, seeded, and cultured by using the
same protocol as with untreated cells. For the MNP@NcadAb treated
groups, after the endothelial monolayers were treated by IL-13 or
TGEF-p for 12 h, the medium was changed to fresh medium containing
100 pg/mL MNP@NcadAb to culture cells for another 12 h. Then
the endothelial cells were trypsinized, seeded, and cultured using the
same protocol as with untreated cells for AFM imaging. The detailed
AFM imaging protocol was published earlier by our group with minor
modifications.”””' PFQNM-LC-A-CAL cantilevers (spring constant:
~0.08 N/m, radius of tip: ~70 nm) and a 37 °C heating stage were
used for endothelial cell imaging. During the live cell imaging, a set of
parameters were optimized as follows: 300—500 nm oscillation
amplitude, S00—700 pN peak force set point, 0.25 kHz peak force
frequency, 0.12 Hz scanning frequency, and 256 X 256 pixels imaging
resolution. NanoScope Analysis software was applied to analyze the
AFM images and the average Young’s modulus of individual cells. The
Hertz model was used to fit indentation curves and to calculate
Young’s modulus. An area of 10 X 10 um?” in the central region of
cells was selected to analyze the average modulus. The selected central
region of cells was thicker than 2 ym, so the substrate effect can be
eliminated as the cells were indented for ~200 nm in depth (1/10 of
the cell height). The cell aspect ratio was generated from five
individual cells using the cell length divided by the cell width at the
midpoint of the cell length.

dSTORM Imaging of Endothelial Cells. The cell sample
preparation in different treatment groups for dSTORM imaging
remained the same as that for AFM imaging. The detailed dSSTORM
imaging protocol was published earlier by our group.so’51 In brief,
prior to dSTORM imaging, the cells were fixed with PFA for 5 min,
permeabilized with Triton X-100 in cytoskeleton buffer (detailed in
Table S1) for 10 min, blocked with 1% BSA for 30 min at RT,
incubated with Alexa Fluor 568 Phalloidin (1:400 dilution in PBS,
A12380 from Thermo Fisher Scientific) at 4 °C overnight, and finally
incubated with the imaging buffer (detailed in Table S2) during the
image collection process. An Olympus fluorescence microscope
(IX71) and a 100X TIRF objective were used to collect ASSTORM
images, and data were processed and analyzed through Thunder-
STORM in Image]. A total of five cells were used to analyze actin
orientation.

Adhesion Assay. HUVEC and HDMVEC cells were seeded in a
50 mm cell culture dish (5000 cells/cm?) and cultured until 100%
confluence monolayers were formed. For the cytokine activation, the
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monolayers were treated with S ng/mL IL-14 (HUVEC) and 10 ng/
mL TGF-f (HDMVEC) for 12 h. For the MNP@NcadAb treated
groups, the cytokine activated endothelial monolayers were further
treated with MNP@NcadAb (100 ug/mL) for another 12 h. To
conduct adhesion assays on HUVEC monolayers, 500,000—700,000
Cell Tracker Green (C702S, Thermo Fisher Scientific) labeled HL-60
or THP-1 cells were dropped onto HUVEC monolayers. To conduct
adhesion assays on HDMVEC monolayers, 800,000—1,000,000 Cell
Tracker Green labeled MDA-MB-231 or PC3-M cells were dropped
onto HDMVEC monolayers. After 1 h of waiting for cell attachment,
the medium was removed, and the dishes were washed with DPBS (3
washes) to remove unattached cells and further fixed with 4% PFA for
S min. An Olympus fluorescence microscope (IX71) and a 20X
objective were utilized to collect bright field and fluorescence images.
For each group, eight random areas from four different dishes were
imaged to count adhered cells.

Trans-Endothelial Migration (TEM) Assay. The transwell insert
was first coated with fibronectin (120 pg/mL, 33016015, Thermo
Fisher Scientific) for 1 h at RT, and then HUVEC and HDMVEC
cells were seeded in each insert (10000—20000 cells/insert) and
cultured overnight to reach 100% confluence. Then the HUVEC and
HDMVEC monolayers were treated with cytokines alone and
cytokines followed by MNP@NcadAb as described earlier. To
conduct a TEM assay of HL-60 across HUVEC, Cell Tracker
Green labeled HL-60 cells were seeded onto the top chamber of the
insert. After 1 h of cell attachment, the unattached HL-60 cells were
washed, and the old medium was replaced by 100 uL of fresh vascular
basal medium, and the bottom chamber medium was changed to 600
uL of endothelial growth medium supplemented with 0.1 uM
chemoattractant MLP (F3506, Sigma-Aldrich). After 12 h, the insert
(both top and bottom) was fixed with 4% PFA and the cells on the
top chamber were scratched off using a cotton swab. Then the bottom
surface of the insert was imaged using an Olympus fluorescence
microscope (IX71) with a 20X objective. To conduct TEM assays of
THP-1, MDA-MB-231, and PC3-M cells, a similar protocol was
adopted except for the use of 10% FBS as the chemoattractant in the
bottom chamber of the insert. For each group, eight random areas
from four different inserts were imaged to count transmigrated cells.

Western Blot. Endothelial and mesenchymal protein markers,
total p120, total RhoA, and transcription factors (Snail and Slug) were
extracted by RIPA Buffer (89900, Thermo Fisher Scientific).
Activated RhoA-GTP was isolated and detected by an Active Rho
Kit (16116, Thermo Fisher Scientific). p120 and pp120 (tyrosine
phosphorylated p120) were isolated using the N-cadherin antibody
and a co-immunoprecipitation kit (26149, Thermo Fisher Scientific).
For Western blots, proteins were separated on SDS-PAGE gels at 150
V for 60 min in 1X Tris/Glycine/SDS running buffer (1610772,
BioRad), and transferred to a nitrocellulose membrane using a Trans-
Blot Turbo Transfer System (1704150, BioRad). Then the membrane
was blocked with EveryBlot blocking buffer (12010020, BioRad),
incubated with primary antibody (dilution as recommended)
overnight at 4 °C, incubated with secondary antibody for 1 h at
RT, and finally imaged with a ChemiDoc Imaging System (BioRad).
All antibodies and relevant source information are listed in Table S3.

Statistical Analysis. Each experiment was conducted >3 times
independently or using >3 replicates. Quantitative results are
presented as mean + SD. Statistical analysis was performed using
GraphPad Prism (V9). Statistical significance among multiple groups
was determined by one-way ANOVA with Tukey’s post hoc test. The
p-values are described in figures and captions as *p < 0.05, **p < 0.01,
w5y < 0,001, *¥*5%p < 0.0001.
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