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Bioinspired lipoproteins-mediated photothermia
remodels tumor stroma to improve cancer cell
accessibility of second nanoparticles

Tao Tan'?2, Haiyan Hu'3, Hong Wang', Jie Li', Zhiwan Wang', Jing Wang'?3, Siling Wang?, Zhiwen Zhang® "* &
Yaping Li"3

The tumor stromal microenvironments (TSM) including stromal cells and extracellular matrix
(ECM) form an abominable barrier hampering nanoparticles accessibility to cancer cells,
significantly compromising their antitumor effects. Herein, we report a bioinspired lipoprotein
(bLP) that can induce efficient photothermia to remodel TSM and improve second bLP
accessibility to cancer cells for antitumor therapy. The multiple stromal cells and ECM
components in TSM are remarkably disrupted by bLP-mediated photothermal effects, which
cause a 4.27-fold enhancement of second bLP accumulation in tumor, deep penetration in
whole tumor mass and 27.0-fold increase of accessibility to cancer cells. Of note, this bLP-
mediated TSM-remodeling to enhance cancer cell accessibility (TECA) strategy produces an
eminent suppression of tumor growth and results in a 97.4% inhibition of lung metastasis,
which is superior to the counterpart liposomes. The bLP-mediated TECA strategy provides
deeper insights into enhancing nanoparticle accessibility to cancer cells for antitumor
therapy.
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anosystems can preferentially deliver various therapeutic
agents to tumors for cancer therapy!=3. To date, several
nanosystems of doxorubicin (Doxil, Caelyx, and Myocet),
irinotecan (Onivyde), paclitaxel (Abraxane), and vincristine
(Margqibo) have been approved for clinical cancer indications, and
many other nanosystems are undergoing clinical trials*. However,
these nanosystems have shown only moderate therapeutic bene-
fits in clinic®, which are presumably due to their poor accessibility
to cancer cells in tumor®’. Nanosized particles can be passively
accumulated at tumor sites based on the leakiness of tumor
vasculature, but only a small fractions (often less than 5%) can
reach the tumor sites in most cases®. Worse still, the rapid
proliferation of cancer cells forces blood vessel apart and makes
them distant (usually > 100 um) from tumor vasculature’. Most
nanoparticles only diffuse more than one or two cell layers away
from the blood vessels, and are poorly accessed to the cancer cells
in tumor, thereby compromising their therapeutic efficacy®1?,
With improved understanding of tumor biology, cancer cells
are co-evolved with stromal cells including cancer-associated
fibroblasts (CAF) or tumor-associated macrophages (TAM) to
promote their progression and metastasis!!~14. CAF and TAM
are the most abundant stroma cells in tumor tissues. CAF can
produce a large variety of extracellular matrix (ECM) compo-
nents, including collagen, fibronectin, and hyaluronan, etc.!31>.
By contrast, TAM are believed to shape the tumor stroma by
producing proteolytic enzymes and matrix-associated proteins,
and are also pivotal constructors of tumor collagenous matrix
through regulation of CAF!®. These stroma cells and multiple
ECM components form the tumor stromal microenvironments
(TSM) barriers!3-1>. Nanoparticles that have reached the tumor
sites are dominantly hijacked by CAF and TAM, and their

Cancer cells

Remodeling TSM
e N
‘OO 5:?70

iy
Reducing TAM and CAF o %4y 057
Disruption of ECM 5 0@,

Enhance
cancer cell )

70
7 ‘6

accessibility & &

Soe

SRS

K ° D-bLP

° M-bLP

©. Cancer cells
@ csc

@ TAM

~=~ CAF

Suppress tumor relapse
and metastasis

Fig. 1 Schematic illustration of D-bLP-mediated photothermal remodeling of
tumor stroma to enhance second M-bLP accessibility to cancer cells. a D-
bLP-mediated photothermal effects cause drastic elimination of stromal
cells (e.g., CAF and TAM) and ECM components (e.g., collagen |,
fibronectin). b D-bLP-mediated TSM remodeling enhances the
accumulation and penetration of second M-bLP in tumor, promotes their
extravasation from tumor vasculature and accessibility to cancer cells, thus
resulting in efficient suppression of tumor relapse and metastasis. CSC
cancer stem cells

permeation in tumor mass is greatly impeded by the dense net-
work of the ECM17-20 Conceivably, remodeling the TSM barriers
can be a substantial strategy to promote nanoparticles accessi-
bility to cancer cells for anticancer therapy.

The photothermal effects that are generated upon near-
infrared (NIR) light irradiation exhibit unique advantages in
cancer treatments*!=23. Apart from their effects in damaging
cancer cells and increasing vascular permeability in tumors?2>,
the multifaceted impacts on TSM have been scarcely understood.
Lipoproteins, especially the high-density lipoproteins (HDL), are
endogenous nanostructured particles composed of diverse pro-
teins (e.g., apolipoprotein Al, ApoAl) and lipids (e.g., phos-
pholipids and cholesterol esters), potentiating them ideal
nanoplatform to deliver various imaging or therapeutic agents to
tumor20-36, Accordingly, we here design a bioinspired lipoprotein
(bLP) nanosystem that, respectively, loads photothermal agent of
DiOCy5(7) (DiR) (termed as D-bLP) and anticancer drug of
mertansine (termed as M-bLP), aiming at remodeling TSM bar-
riers with D-bLP-mediated photothermia and augmenting the
accessibility of second-wave M-bLP to cancer cells in tumor for
efficient suppression of tumor relapse and metastasis (Fig. 1).

In this bLP-based TSM remodeling to enhance the cancer cells
accessibility (TECA) strategy, the lipophilic DiR is used as an
imaging and photothermal agent, while the cytotoxic mertansine
is intended as a therapeutic agent for antitumor therapy?!-37-38,
The tumor targeting behavior of D-bLP and counterpart liposo-
mal formulations are investigated in a metastatic 4T1 breast
cancer model. The impact of D-bLP-mediated photothermia on
stromal cells (e.g., CAF and TAM) and major ECM components
(e.g., collagen I and fibronectin) are illustrated. The merit of D-
bLP-mediated TSM remodeling on tumor accumulation, pene-
tration, and cancer cell accessibility of second-wave M-bLP are
underscored. The therapeutic efficacy is evaluated in two breast
cancer models to validate the effectiveness on tumor relapse and
metastasis.

Results

Characterization of D-bLP and M-bLP. Inspired by the com-
ponents and biological properties of HDL, bLP were fabricated with
synthetic phospholipids of 1,2-dimyristoyl-sn-glycero-3-phosphati-
dylcholine (DMPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanola-
mine (DOPE), and ApoAl-mimetic peptides (sequence:
PVLDLFRELLNELLEALKQKLK). The lipophilic DiR and mer-
tansine were, respectively, loaded to prepare the D-bLP (0.5
mgmL~!) and M-bLP (0.05mgmL~!) for further measurements.
The morphologies were visualized under field-emission transmis-
sion electronic microscopy (FE-TEM). In the typical FE-TEM
images, nanosized spherical particles were readily visualized, but
discoidal nanoparticles were rarely detectable (Fig. 2a, b; Supple-
mentary Fig. 1), suggesting that both D-bLP and M-bLP could
presumably be spherical nanoparticles. Statistical image analysis
showed that the mean diameter was 23.6 + 4.8 nm for D-bLP and
264 +52nm for M-bLP. The exact compositions of DiR, mer-
tansine, phospholipids, and/or peptides/proteins in D-bLP and M-
bLP were measured in comparison with natural mature HDL from
human plasma (Supplementary Table 1). By analyzing the particle
size, morphology, and compositions of these formulations with
natural mature HDL, the nanosystems of D-bLP and M-bLP could
be termed as bioinspired lipoproteins. The difference between bLP
and natural mature HDL in particle size and zeta potential values
could be ascribed to the involved ingredients of synthetic phos-
pholipids, active therapeutic agents, and mimetic peptides. Con-
sidering the efficient tumor targeting ability of the bLP
system3036:3940 D_bLP and M-bLP could be preferentially accu-
mulated at tumor sites to exert the therapeutic efficacy.

2 | (2019)10:3322 | https://doi.org/10.1038/s41467-019-11235-4 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11235-4

ARTICLE

c 100 & €60 4 . water

] ‘{Lﬁ_——ﬁiﬁﬁ_h‘-i | — DR
< —— D-bLP I
o~ 804 50 H
O \©°
£ :\T —=#— PBS (pH 7.4) L
€ 1 1—=— Serum |
L2 1
O 60+ 40
z

40 L—— —— 30 +—SF————————————

0 5 10 15 20 25 0 50 100 150 200 250 300
d 100 4
= E\I 1 s f .
2 o \\I,_’——-! Water Free DiR D-bLP
f
g 80
§ —=— PBS (pH7.4)
2 2 1—*— serum
g = 604
[+
©
[}
=

40 “—— T U 1
0 5 10 15 20 25 24.0 53.1

Fig. 2 Preparation and characterization of D-bLP and M-bLP. a Typical TEM images of D-bLP, scale bar, 20 nm. b Typical TEM images of M-bLP, scale bar,
20 nm. ¢ Stability of D-bLP in PBS (pH 7.4) and whole FBS, which was characterized by percentage of DiR remained in the D-bLP system (n = 3). d Stability
of M-bLP in PBS (pH 7.4) and whole FBS, which was characterized by percentage of mertansine remained in the M-bLP system (n=3). e Temperature
changes of water, free DiR, and D-bLP upon their exposure to 808 -nm laser for 5 min (n = 3). f Typical thermal images of water, free DiR, and D-bLP upon

808 -nm laser irradiation. The data are means + SD

The lipophilic DiR was loaded in D-bLP with a drug loading
(DL) capacity of 4.44 £ 0.21% (w/w), and encapsulation efficiency
(EE) of 95.64 + 1.51%. Meanwhile, mertansine was incorporated
in M-bLP with the DL capacity of 0.464 + 0.004% (w/w) and EE
value of 95.61+2.67%. These results suggested the high
encapsulation of DiR and mertansine in these bLP. Then, we
investigated the stability of D-bLP and M-bLP in phosphate
buffered solution (PBS, pH 7.4) and whole fetal bovine serum
(FBS). Following a 24 h of incubation, both DiR and mertansine
were slowly released from the D-bLP or M-bLP in these two
media. After 24 h of incubation, more than 88% DiR remained in
D-bLP, and over 86% mertansine was incorporated in M-bLP
(Fig. 2¢, d). By contrast, over 90% DiR and mertansine were
entrapped in the counterpart formulations of DiR-loaded
liposomes (D-Lipo) and mertansine-loaded liposomes (M-Lipo)
after 24 h incubation in PBS or FBS (Supplementary Fig. 2). These
results suggested the good stability of these nanosystems in the
mimicked physiological fluids, and confirmed their feasibility for
in vivo delivery.

In addition, the heat-generating ability of D-bLP was
determined upon their exposure to an 808 -nm laser at
2.0W-cm~2 for 5min. In Fig. 2e, f, the temperature could be
increased to 52.5+1.2°C in D-bLP versus 43.9+1.4°C in free
DiR. By contrast, the temperature of counterpart D-Lipo could
be elevated to 51.4 + 1.2 °C, which was comparable with that of
D-bLP (Supplementary Fig. 3). These measurements suggested
the efficient photothermal effects of D-bLP and D-Lipo.

In vivo tumor targeting behavior of D-bLP. The tumor accu-
mulation of D-bLP and their internalization by various cells at
tumor sites were investigated in a metastatic 4T1 cells induced
tumor model, which were developed by injecting 4T1 cells to the
fourth mammary pad of nude mice. In Fig. 3a, the fluorescence
signals from D-bLP, D-Lipo, and DiR-labeled M-bLP (DM-bLP)
could be obviously detected at tumor sites at various time
points, which were maximized at 12 -h post injection. In tumor

(Fig. 3b, c), the fluorescence intensity from D-bLP and DM-bLP
was significantly higher than that from D-Lipo (p<0.05)
(Fig. 3¢). The intratumoral distribution of these nanosystems was
determined by photoacoustic imaging (green signals in Fig. 3d).
Both D-bLP and DM-bLP could deeply penetrate the tumor mass,
while D-Lipo was mainly located in the outer regions of tumor.
Therefore, D-bLP and DM-bLP displayed similar in vivo dis-
tribution profiles, which exhibited superior tumor accumulation
and penetration capacity versus the counterpart D-Lipo. The
opening in the tumor ECM is generally <40 nm, and increasing
data have confirmed the efficient penetration capacity of small-
sized nanoparticles in solid tumors!%-21,39:41:42 The small particle
size of D-bLP and DM-bLP (< 30 nm) may be a crucial con-
tributor to the superior tumor-penetrating capacity. In addition,
the ApoAl mimic peptides in bLP may provide an opportunity to
simulate the nanostructure and biological properties of HDL to
enhance the tumor targeting ability30-33,

Compelling evidence has revealed the preferential accumula-
tion of nanoparticles in tumor after intravenous dosing®+1%:43,
We then investigated the uptake of bLP by various cells in tumor
using laser confocal scanning microscopy (LCSM) (Fig. 3e-g).
In tumor biopsy, versatile cells of TAM, CAF, endothelial cells
(EC), cancer cells, and immune cells are heterogeneously
distributed!-1344-46 The captured images showed that 4T1-
GFP cells, TAM, CAF, and EC accounted for the vast majority of
the cells in tumor (Supplementary Fig. 4). To detect the cellular
uptake of bLP in tumor, CAF, TAM, and EC were, respectively,
labeled with specific antibodies for the measurements. In the
captured images, CAF were denoted as a-smooth muscle actin (a-
SMA)-positive (green signals), but CD31-negative (white signals)
cells (a-SMAT/CD317) (yellow arrows). Meanwhile, EC were
depicted as CD31-positive cells with white signals (white arrows),
and TAM were marked with specific antibody of F4/80 (green
signals). In contrast to the D-Lipo group, the red fluorescence
signals of D-bLP and DM-bLP were largely co-located with the
specific signals of CAF, EC, and TAM (Fig. 3e-f; Supplementary
Figs. 5, 6), suggesting the extensive uptake by these cells.
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Fig. 3 The in vivo tumor targeting and internalization by various cells at tumor sites of the 4T1 breast cancer model. a Specific accumulation of free DiR,
D-Lipo, D-bLP, and DM-bLP at tumor sites (red arrows) by in vivo imaging system. b The ex vivo imaging of each group in major organs. ¢ Quantified
distribution of each group in major organs (n = 3). The data are means = SD, *p < 0.05 (two-tailed Student's t test). d Intratumoral distribution of various
nanosystems measured by photoacoustic imaging (green signals in the captured images). e Internalization of various nanosystems by CAF at tumor sites.
CAF was denoted as cells of a-SMA-positive (green signals) without co-localizing with CD31 (white signals) to avoid the interference of EC. Yellow arrows,
CAF; white arrows, EC. f Internalization of various nanosystems by TAM at tumor sites. Green signals, TAM; yellow arrows, co-localization of nanosystems
with TAM. g Internalization of various nanosystems by 4T1-GFP cancer cells at tumor sites. Green signals, 4T1-GFP cancer cells, yellow circle arc, 4T1-GFP

cancer cells regions, scale bar, 25um

Next, we measured the accessibility of various nanosystems to
cancer cells in tumor. The 4T1 cells with stable expression of
green fluorescence protein (4T1-GFP) was used to develop the
tumor models. The red signals of D-bLP and DM-bLP (red
arrows) were mainly located nearby, but inaccessible to the 4T1-
GFP cell regions in tumor (green signals) (Fig. 3g; Supplementary
Fig. 7). Despite the significantly enhanced tumor accumulation

and penetration of bLP versus counterpart D-Lipo, bLP were
largely internalized by stromal cells and poorly accessed to cancer
cells in tumor, which came into a great limit to exerting the
therapeutic effects. On the other side, the flexible permeation of
D-bLP in tumor and their extensive uptake by stromal cells
provided an opportunity to remodel the TSM barriers for
antitumor therapy.
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Fig. 4 Efficient remodeling of TSM by D-bLP-mediated photothermal effects. At 12 -h post injection of D-bLP, one tumor was exposed to 808 -nm laser at
2.5W cm~2 for 5 min, and the other one was not irradiated. These tumor tissues were collected at 4 h after laser irradiation for further measurements
(a-e). a Variation of CAF and TAM populations in tumor with and without laser irradiation, scale bar, 100 um. CAF were characterized by a-SMAT/CD31~
cells, which was denoted as cells with green signals, excluding red signals; TAM were presented as cells with green signals (F4/80). b Expression of

collagen | and fibronectin in tumor with and without laser irradiation (green signals), scale bar, 100 um. ¢ Proportion of 4T1-GFP cancer cells (green signals)
in tumor with and without laser irradiation, scale bar, 500 um. d Histological examinations of tumors with and without laser irradiation by hematoxylin and
eosin (H&E) staining, scale bar, 100 um. Black arrow, karyopyknosis; red arrow, hemorrhage. e The quantified results of CAF, TAM, collagen |, fibronectin,
and 4T1-GFP cancer cells in tumor with and without laser irradiation (n = 3). f Quantified variations of CAF, TAM, collagen |, fibronectin, and 4T1-GFP
cancer cells in the D-bLP + laser-treated group at different time points after laser irradiation (n = 3). The data are means + SD, *p < 0.05, **p < 0.01, n.s. not

significant (ANOVA and two-tailed Student's t test)

TSM remodeling by D-bLP-mediated photothermal effects.
The stromal cells (e.g, CAF and TAM) and multiple ECM
components (e.g., collagen, fibronectin) are the major ingredients
of TSM!>#4, The hyperthermia induced by laser irradiation could
cause massive cell damages and significant denaturation of mul-
tiple ECM components?>47-30, To elucidate the impact of D-
bLP-mediated photothermia on TSM barriers, we developed a
two-tumor model with one tumor mass in the left side and
another one in the right side in a same mouse. At 12-h post
injection of D-bLP, one tumor mass was irradiated with an 808 -
nm laser, and the other one was not irradiated. The tumor model
without D-bLP injection was performed in the same procedure.
At 4.0 -h post irradiation, the signals of CAF (green signals of a-
SMA, excluding red signals of CD31) and TAM (green signals of
F4/80) could be readily observed in control, control + laser and
D-bLP-treated tumors (Fig. 4a). However, in D-bLP 4 laser-
treated tumor, these signals were remarkably weakened, and the
mean optical density (MOD) value was drastically decreased by
95.4% for a-SMA, 81.9% for CD31, and 81.3% for F4/80 in

comparison with the untreated control tumors (Fig. 4a, e).
Likewise, the ECM components of collagen I and fibronectin were
severely downregulated in the D-bLP + laser group, but rarely
impacted in other three groups (Fig. 4b). The expression of col-
lagen I and fibronectin in D-bLP +laser tumor was notably
reduced by 93.7% and 84.3% versus untreated control tumors
(Fig. 4e).

With the prolongation of time, the expression of CD31, F4/80,
and collagen I in D-bLP-treated tumor was rarely changed and
remained at a low level within 12h (Fig. 4f; Supplementary
Figs. 8, 9, 10). However, the signals of a-SMA and fibronectin in
D-bLP + laser-treated tumor changed from declining to rising
with time, and were, respectively, recovered to about 50% at 6.0 -h
and 12.0 -h post irradiation (Fig. 4f; Supplementary Figs. 8, 11).
Compared with the control tumor, the MOD values of 4T1-GFP
signals in D-bLP + laser group were not significantly reduced at
4 -h post irradiation, but drastically decreased to 6.0% at 12h
after irradiation (Fig. 4c-f; Supplementary Fig. 12). Histological
examinations of these tumor tissues showed the cells in D-bLP +
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laser tumor became loosely packed with extensive karyopyknosis,
hemorrhage (red arrow), and necrosis when compared with other
control tumors (Fig. 4d; Supplementary Fig. 13). Thus, the D-
bLP-mediated photothermia produced a remarkable reduction of
CAF and TAM proportions, and caused drastic denaturation of
collagen I and fibronectin in tumor. The massive disruption of
TSM barriers could be ascribed to the flexible permeation of D-
bLP in tumor, their extensive internalization by various stromal
cells and efficient photothermal effects.

Impact on tumor accumulation and penetration of M-bLP. To
understand the impact of D-bLP-mediated TSM remodeling on
tumor accumulation and penetration of second nanoparticles, M-
bLP was labeled with DiIC18(3) (Dil) (Dil/M-bLP) for the
measurements, which would not interfere with the fluorescence
signals of D-bLP. In the two-tumor model at 12 -h post injection
of D-bLP or D-Lipo, one tumor mass was irradiated at 808 -nm
laser for 5 min, and the other one was not irradiated as a control,
and then, respectively, injected with second Dil/M-bLP or Dil-
labeled M-Lipo (Dil/M-Lipo) (Fig. 5a; Supplementary Fig. 14).
The ex vivo imaging results indicated that the second Dil/M-bLP
had better to be injected immediately after the laser irradiation
(0h) (Supplementary Fig. 15). In the D-bLP-treated group, the
fluorescence signals of second Dil/M-bLP were largely detected
with strong intensity in laser-irradiated tumor, which was 4.27-
fold higher than that in untreated tumor (Fig. 5a-d). However, in
D-Lipo-treated group, the fluorescence intensity of second Dil/
M-Lipo was only slightly enhanced in laser-irradiated tumor
(Fig. 5¢, d). Thereby, D-bLP-mediated TSM remodeling caused
notable improvement of second Dil/M-bLP accumulation in
tumor, which was superior to the counterpart liposomal
formulations.

Then, the impact of D-bLP-mediated TSM remodeling on
tumor penetration of second Dil/M-bLP was measured using
LCSM. In Fig. 5e, the red fluorescence signals of Dil/M-bLP in
laser-treated tumor mass were widely visualized in the whole
tumor mass with stronger intensity versus the untreated tumor.
However, in D-Lipo-treated groups, the signals of second Dil/M-
Lipo were mainly restricted in the exterior regions of tumor mass
with mild penetration in laser-irradiated tumor (Fig. 5e; Supple-
mentary Fig. 16). These results confirmed the merit of D-bLP-
mediated TSM remodeling on enhancing tumor penetration of
second-wave M-bLP, which was more efficient than the counter-
part liposomal formulations. The stromal cells and the ECM
components constitute of the crucial TSM barriers that hamper
nanoparticles permeation in tumor mass!»>2. The CAF and TAM
in tumor were remarkably eliminated by D-bLP-mediated
photothermia, but poorly impacted by D-Lipo-mediated photo-
thermal treatments (Supplementary Figs. 17, 18). The massive
disruption of TSM barriers by D-bLP-mediated photothermia
would clear up the intratumoral delivery obstacles and facilitate
the permeation of second Dil/M-bLP in tumor mass. In addition,
the small particle size and bioinspired properties of second M-
bLP were necessary for the enhanced accumulation and
permeation in tumor.

Impact on M-bLP extravasation from tumor vasculature. The
nanoparticles extravasation from tumor vessels is an essential
prerequisite for their accessibility to cancer cells in tumor!29, To
elucidate the effect of TSM remodeling on nanoparticles extra-
vasation from tumor vasculature, the tumor models were treated
as described above, and the blood vessels were labeled with
fluorescein isothiocyante (FITC)-dextran for visualizing under
LCSM. In untreated tumor, the fluorescence signals of Dil/M-bLP
were mainly trapped within the vessel lumen or in the matrix

close to the tumor vessels (Fig. 6a). Surprisingly in laser-
irradiated tumor, the red signals from Dil/M-bLP could be
extensively detected in distal regions from tumor vasculatures.
The extravasation of Dil/M-bLP from tumor vessels was also
validated in the transversal profiles (Fig. 6b). The calculated
results indicated that Dil/M-bLP could diffuse only 50 um away
from the tumor vessels in untreated control tumor, but efficiently
permeate through over 200 um from tumor vessels with high
fluorescence intensity in laser-irradiated tumor (Fig. 6¢). These
results confirmed the validity of D-bLP-mediated TSM-
remolding on enhancing second M-bLP extravasation from
tumor vasculature into the distal matrix, thereby holding great
potential to facilitating their accessibility to cancer cells.

Impact on M-bLP accessibility to cancer cells. To determine the
impact of D-bLP-mediated TSM remodeling on M-bLP accessi-
bility to cancer cells, the 4T1- and 4T1-GFP-induced two-tumor
model were used for the measurements. The CAF and TAM in
tumors were specifically labeled for visualization under LCSM
(Fig. 7a, b). In the D-bLP treated group, the signals of Dil/M-bLP
were largely co-localized with that of CAF and TAM in untreated
control tumor (yellow arrows), but barely merged with them in
laser-irradiated tumor (Fig. 7). By contrast, in D-Lipo-treated
groups, the second Dil/M-Lipo was obviously co-localized with
these stromal cells in laser-irradiated and un-irradiated tumors
(Supplementary Figs. 17-19). The reduced internalization of
second Dil/M-bLP by stromal cells versus counterpart Dil/M-
Lipo could be ascribed to the remarkable elimination of TAM and
CAF by D-bLP-mediated photothermia, which would be bene-
ficial to promoting their accessibility to cancer cell fractions in
tumor.

Importantly, in 4T1-GFP-induced tumor model, the co-
localization of second Dil/M-bLP in 4T1-GFP cells regions was
evidently observed in laser-irradiated tumor, but merely visua-
lized in untreated control tumor (Fig. 7d). In untreated control
tumor mass, the red signals of Dil/M-bLP were halted at about
20-50 um away from the 4T1-GFP cell regions in tumor and
rarely accessed the 4T1-GFP cancer cells (Fig. 7d, e). However, in
tumors with D-bLP-mediated photothermal treatments, the red
signals of Dil/M-bLP efficiently reached the 4T1-GFP cells
regions and maintain at a high intensity (Fig. 7d, e). The
quantified analysis showed that the mean fluorescence intensity of
Dil/M-bLP in 4T1-GFP cancer cell regions was 27.0-fold higher
than that in untreated control tumor (p <0.01) (Supplementary
Fig. 20). In addition, cancer stem-like cells (CSCs), the root of
cancer relapse and metastasis®>>4, were characterized by aldehyde
dehydrogenase-positive (ALDH™) cells. In laser-irradiated tumor
mass, Dil/M-bLP could be internalized by the ALDH+ CSCs
(Fig. 7¢). In the counterpart D-Lipo group, the second Dil/M-
Lipo was unable to reach the 4T1-GFP cells regions in tumor
(Supplementary Fig. 19). Therefore, the D-bLP-mediated TSM
remodeling could enhance the accessibility of second M-bLP to
cancer cells or even CSCs in tumor, which was superior to the
counterpart liposomal formulations.

In vitro therapeutic efficacy on metastatic 4T1 cells. The ther-
apeutic effects of D-bLP, M-bLP, and their synergistic combina-
tion were evaluated in metastatic 4T1 breast cancer cells. The
uptake of D-bLP by cancer cells (4T1), TAM (RAW 264.7), and
CAF were, respectively, determined in the single-cell phenotype
model and mixed-cell phenotype model. CAF were isolated from
4T1-induced tumor mass and characterized by a-SMA+/CD31~
cells (Supplementary Fig. 21). In the single-cell phenotype model,
D-bLP was extensively taken up by 4T1, RAW 264.7, and CAF
with strong intensity (Fig. 8a; Supplementary Fig. 22a), and the
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Fig. 5 Impact of D-bLP-mediated TSM remodeling on tumor accumulation and penetration of second Dil/M-bLP. a Schematic illustration of the treatments
in the two-tumor model, in which one tumor was irradiated at 12 h after injection D-bLP or D-Lipo, and the other one was not irradiated as a control, then
followed with the second injection of Dil/M-bLP or Dil/M-Lipo via tail vein. The measurements were performed at 4 -h post injection. b Distribution of
second Dil/M-bLP in a two-tumor model after D-bLP-mediated TSM remodeling. € The ex vivo imaging of Dil/M-bLP and Dil/M-Lipo in major organs from
a two-tumor model after TSM remodeling (n = 3). d The enhanced accumulation of second Dil/M-bLP or Dil/M-Lipo in tumor with laser irradiation (n =
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mean fluorescence intensity in TAM and CAF was higher than
that in 4T1 cells (p < 0.01) (Fig. 8c). Then, these cells were mixed
at 1:1:1 and co-incubated overnight to develop the mixed-cell
phenotype model. The ratio of 4T1 cancer cells, TAM, and CAF
were analyzed by flow cytometer to monitor the measurements
(Supplementary Fig. 23). D-bLP could be efficiently internalized
by each cell phenotype (Supplementary Fig. 22b), and the mean
fluorescence intensity in CAF and TAM was obviously higher

than that in 4T1 cancer cells (Fig. 8b, d) (p <0.01). Thus, D-bLP
could be preferentially taken by TAM and CAF versus 4T1 cancer
cells in these two models.

The bLP can be efficiently internalized by a variety of cancer
cells from murine or human3!-33, In the formulation of D-bLP
and M-bLP, ApoA-1 mimic peptide was an essential ingredient.
Notably, ApoAl was a major protein in natural HDL, which
could bind to the scavenger receptor class B type I (SR-BI) to
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promote their internalization by various cells*. Moreover, the
amino acid sequence of SR-BI shares 30% homology with that of
CD36%0. SR-BI was highly expressed in TAM and CAF versus
4T1 cancer cells, and CD36 was exceedingly expressed in TAM
over CAF and 4T1 cells (p <0.01) (Supplementary Fig. 24). When
cells were pretreated with specific antibodies against CD36, SR-BI
or their combinations, the uptake of D-bLP was barely changed in
4T1 cells (p>0.05), but greatly reduced in TAM (p<0.01)
(Supplementary Fig. 25). In CAF, the uptake of D-bLP was rarely
decreased in anti-CD36-treated group (p > 0.05), but significantly
reduced in cells treated with anti-SR-BI or their combinations.

Therefore, the preferential uptake of D-bLP in TAM or CAF over
4T1 cancer cells would be associated with the highly expressed
SR-BI and its synergistic effects with CD36.

Then, the inhibitory effects of D-bLP + laser, M-bLP, and their
combinations on the viability and migration activities of 4T1 cells
were investigated. The viability of 4T1 cells was mildly suppressed
by D-bLP + laser (10 ug-mL~! of DiR) or M-bLP (1.0 ug-mL~! of
mertansine) treatments, and significantly reduced by 61.7% in D-
bLP + laser/M-bLP (Supplementary Fig. 26). Then, the migration
of these residual cells were measured using a transwell-mediated
assay (Fig. 8e, f). Compared with the negative group, the
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Fig. 7 Impact of D-bLP-mediated TSM remodeling on second Dil/M-bLP accessibility to cancer cells in tumor. The uptake of Dil/M-bLP by various cells in
tumor with and without laser irradiation was visualized under LCSM, scale bar, 25 um. a CAF, which was denoted as a-SMA-positive (green signals) but
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migration of 4T1 cells was obviously reduced by 45.8% in laser
alone, 84.0% in D-bLP +laser and 96.4% in M-bLP-treated
group, and almost negligible in the D-bLP + laser/M-bLP group.
Even when cells were incubated at the concentration that had no
inhibition on cell viability (Supplementary Fig. 27), the migration
of 4T1 cells was efficiently inhibited by 93.1% in the D-bLP +
laser/M-bLP group, which was more effective than single
treatment of D-bLP + laser (51.0% at 0.1 pg-mL~! of DiR) or

M-bLP (60.7% at 0.01 pgmL~! of mertansine) (Supplementary
Figs. 28, 29). Thereby, the D-bLP + laser/M-bLP treatment
presented a remarkable suppression on cell migration.

CSCs have been proposed to account for the tumor metastasis
and relapse after therapy®>°°. The stemness of residual 4T1 cells
was characterized by ALDH-positive cells. The flow-cytometer
assays showed that the proportion of ALDHMigh cells was 5.77%
in negative control, but unexpectedly enriched to 13.48% in the
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D-bLP + laser group (10 ug-mL~! of DiR) and 16.22% in the M-
bLP group (1.0 ug-mL~! of mertansine). Interestingly, in the D-
bLP + laser/M-bLP group, the proportion of ALDHM8h cells was
reverted to 5.92%, which was comparable with that in negative
control, but less than that in single treatment of D-bLP + laser or
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M-bLP (Fig. 8g). Moreover, the self-renewal capacity of these
residual cells was characterized by sphere-forming assays.
Different from other groups, only small fragmentary spheres or
single cells were visualized in the D-bLP + laser/M-bLP group
(Fig. 8h). Thus, the D-bLP + laser/M-bLP treatment could abate
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Fig. 8 The in vitro therapeutic effects on the viability, migration, and stemness of 4T1 cancer cells. Cells were, respectively, treated with laser, D-bLP + laser
(10 uygmL~" of DiR), M-bLP (1.0 uygmL~" of mertansine), and their combination of D-bLP + laser/M-bLP. a Cellular uptake of D-bLP by 4T1 cells under
LCSM, scale bar, 50 um. b Cellular uptake of D-bLP by 4T1-GFP cancer cells in the mixed-cell model, scale bar, 50 um. ¢ Quantified cellular uptake by each
cell type in the single-cell model (n = 3). d Quantified cellular uptake by each cell type in thre mixed-cell model (n = 3). e Quantified anti-migration effects
of these treatments (n = 3). f Migration of 4T1 cells across the transwell membrane from each treatment, scale bar, 100 um. g Proportion of ALDHhigh
CSCs in 4T1 cells after these treatments. h Tumorsphere-forming ability of 4T1 cells after these treatments, scale bar, 200 um. The data are means = SD,

**p < 0.01 (ANOVA and two-tailed Student's t test)

the enrichment of CSCs fractions and inhibit the self-renewal
capacity, holding great premise to suppress tumor relapse and
metastasis.

In vivo therapeutic effects on tumor metastasis and relapse.
Finally, the therapeutic effects of bLP-mediated TECA strategy on
tumor relapse and metastasis were measured in two orthotopic
breast cancer models (Fig. 9a). In 4T1-induced metastatic tumor
model, mice were, respectively, treated with 12 groups (n = 6).
The surface temperature at tumor sites from each NIR laser-
irradiated group were monitored (Supplementary Fig. 30). The
treatments of D-bLP +laser and DM-bLP + laser showed a
considerable shrinkage of the tumor size within first 5 days, but
unfortunately regrew thereafter (Fig. 9b). By contrast, the M-bLP
and M-bLP + laser treatments produced moderate inhibition of
tumor growth. Particularly in the D-bLP + laser/M-bLP group,
tumors were obviously shrunk at first 9 days and completely
abated except 3 of 6 mice, leading to a remarkable inhibition on
tumor growth and effective prevention of tumor relapse (Fig. 9b;
Supplementary Fig. 31 and Supplementary Table 2). Moreover,
the D-bLP + laser/M-bLP treatment was superior to the coun-
terpart D-Lipo + laser/M-Lipo and other liposomal formulations
treated groups (Fig. 9b, ¢; Supplementary Fig. 32). We also
weighed the tumor mass from each group and confirmed the
efficient antitumor effects of D-bLP + laser/M-bLP treatment,
which showed a 95.9% inhibition of tumor growth (Fig. 9c¢).
Likewise, in the MCF-7-induced human tumor model (Supple-
mentary Fig. 33) (n=15), the D-bLP + laser/M-bLP treatment
resulted in complete tumor ablation in four of five mice and
produced a 99.4% inhibition of tumor growth, which was far
more effective than that of D-Lipo + laser/M-Lipo and other
groups (Fig. 9d, e; Supplementary Fig. 34 and Supplementary
Table 2). In addition, the reductions of body weights from each
treatment were rarely detected in these two-tumor models
(Supplementary Figs. 35, 36). Therefore, the D-bLP + laser/M-
bLP treatment produced efficient suppression of tumor growth
and relapse.

Lungs are one of the most frequent organs of breast cancer
metastasis>>’. At the end point of treatment in the 4T1-indued
tumor model, the lung metastatic nodules were detected in only
two of six mice in the D-bLP + laser/M-bLP group, but evidently
observed in all mice of other groups (Fig. 9f, g; Supplementary
Fig. 32d and Supplementary Table 3). Surprisingly, in the D-bLP
+ laser/M-bLP group, the average metastatic nodules in the lung
was only 0.5+0.8, resulting in a 97.4% inhibition of lung
metastasis in comparison with the negative control. Moreover,
the average lung metastatic nodules in the D-bLP + laser/M-bLP
group was only 3.8% of the D-bLP + laser group, 8.8% of M-bLP,
9.1% of M-bLP + laser, 8.8% of the D-Lipo + laser/M-Lipo
counterpart, and 20% of the combined DM-bLP + laser group,
which effectively validated the outstanding antimetastatic efficacy
of D-bLP + laser/M-bLP treatment (Fig. 9f). In addition, the
histological examinations of these lung tissues confirmed the
prominent therapeutic effects of D-bLP + laser/M-bLP treatment
on lung metastasis (Fig. 9g; Supplementary Figs. 37, 38).

Therefore, the bLP-mediated TECA strategy plays an essential
role for the efficient suppression of tumor relapse and metastasis.

Discussion
Tumor relapse and metastasis are the primary causes of poor
survival rates in patients with advanced cancer®®. Cancer cells are
the initial insult of malignant tumors, but they are co-evolved
with a variety of stromal cells to promote tumor progression and
metastasis!>#4>9, Of note, multiple stromal cells (e.g., CAF and
TAM) and the dense network of ECM constitute of the TSM
barriers hampering drug accessibility to cancer cells in tumor,
thereby severely compromising their therapeutic efffects!3-1°,
Although nanosized particles are promising for tumor targeted
drug delivery, they are often restricted around the tumor vessels
and poorly accessed to cancer cells in tumor®17-18, In this work,
although the small-sized bioinspired lipoproteins of D-bLP, DM-
bLP, and Dil/M-bLP can considerably accumulate in tumor and
penetrate the tumor mass (Figs. 3, 5; Supplementary Fig. 16), they
are largely hijacked by stromal cells and unable to reach the
cancer cells in tumor (Figs. 3, 7; Supplementary Figs. 5-7).
Herein, the bLP-mediated TECA strategy efficiently disrupt the
TSM barriers and exceedingly promote the accessibility of second
M-bLP to cancer cells in tumor, and ultimately produced pro-
minent therapeutic outcomes on tumor relapse and metastasis,
which was superior to the counterpart liposomal formulations.
The photothermal effects present unique advantages of high
specificity and precise spatial-temporal selectivity in cancer
treatments, making it a powerful tool for TSM
remodeling?0-23:48:50_ Tn this study, D-bLP showed efficient tumor
accumulation, deep tumor penetration, and extensive inter-
nalization by diverse stromal cells at tumor sites, providing a
substantial opportunity to TSM remodeling. Upon their exposure
to laser irradiation, the CAF and TAM in tumor were remarkably
eradicated, and the expression of collagen I and fibronectin was
drastically lowered, resulting in the massive disruption of TSM
barriers (Fig. 4). By contrast, the counterpart liposomal D-Lipo
exhibited poor permeation in tumor and produced limited
effectiveness on TSM remodeling upon their exposure to laser
irradiation (Supplementary Figs. 17, 18). These results confirmed
the superiority of D-bLP over D-Lipo in TSM remodeling, which
was mainly ascribed to the higher tumor accumulation, deeper
tumor penetration, and extensive internalization by stromal cells
of D-bLP versus D-Lipo (Fig. 3; Supplementary Figs. 5, 6).
Recent evidence reveals that the remodeling of stromal cells or
ECM would be feasible to improve nanoparticles accumulation
and penetration in tumor>!>2. The massive disruption of TSM
barriers by D-bLP-mediated photothermal effects would facilitate
the tumor accumulation and cancer cell accessibility of second M-
bLP, which was validated in the metastatic 4T1 tumor model
(Figs. 5-7). The D-bLP-mediated TSM remodeling caused a 4.27-
fold enhancement of Dil/M-bLP accumulation in tumor and
deeper penetration in tumor mass when comparing to the un-
irradiated tumor. Moreover, upon the D-bLP-mediated TSM
remodeling, the second delivered Dil/M-bLP would exceedingly
permeate from tumor vessel into the distal matrix and efficiently
reach the 4T1-GFP cell regions in tumor, ultimately producing a
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27.0-fold increase of second Dil/M-bLP accessibility in 4T1-GFP
cell regions (Supplementary Fig. 20). However, in the liposomal
D-Lipo-mediated TSM remodeling, the tumor accumulation and
penetration of second Dil/M-Lipo were mildly enhanced. and
they are ineffective to access the 4T1-GFP cell regions in tumor
(Fig. 5e; Supplementary Fig. 19). These results effectively verified
the superiority of bLP-mediated TECA strategy on enhancing
second nanoparticles accessibility to the cancer cells in tumor,
which was primarily owing to the effective D-bLP-meditated
TSM remodeling, as well as the small particle size and bioinspired
properties of M-bLP.

The therapeutic benefits of bLP-mediated TECA strategy were
evaluated in two breast tumor models. In murine 4T1-induced
tumor model, the D-bLP + laser treatment following with con-
tinuous M-bLP (D-bLP + laser/M-bLP treatment) produced
95.9% inhibition on tumor growth and 97.4% suppression of lung
metastasis. Moreover, tumor relapse was observed in 3/6 mice,
and the visualized lung metastases were merely detected in 2/6
animals in the D-bLP + laser/M-bLP group. Likewise, in the
MCEF-7-induced tumor model, the D-bLP + laser/M-bLP treat-
ment successfully prevented tumor relapse in 4/5 mice. These
results verified the prominent therapeutic efficacy of D-bLP +
laser/M-bLP treatments on suppressing tumor relapse and distant
metastasis, which was more efficient than the counterpart D-Lipo
+ laser/M-Lipo treatments. In addition to the smaller particle size
and bioinspired properties of bLP versus counterpart liposomal
formulations, the D-bLP-mediated TECA strategy would cer-
tainly account for the notable therapeutic outcomes on tumor
relapse and metastasis (Fig. 9).

However, this study is restricted to the treatment of primary
tumor, and would be invalid to treat metastatic cells or micro-
metastases in distant organs. The notable inhibition of lung
metastasis in the 4T1 tumor model could be presumably ascribed
to the reduction of primary tumor rather than direct eradiation of
metastasis. Of note, tumor cells dissemination is an early event in
breast cancer metastasis, and eradicating the disseminated cancer
cells in primary tumor will be a feasible approach to prevent
cancer metastasis”>0. In this study, the bLP-mediated TECA
strategy remarkably improve second nanoparticles accessibility to
cancer cells or even CSCs in tumor, providing an encouraging
approach to treat tumor relapse and metastasis. Distinctly, further
studies to ameliorate TECA strategies by exploring sophisticated
nanosystems or alternative TSM-remodeling modalities will be
preferred for cancer therapy.

Methods

Materials. DMPC and DOPE were purchased from Shanghai Advanced Vehicle
Technology Pharmaceutical Ltd (Shanghai, China). The ApoAl-mimetic peptide
(PK-22) was synthesized by GL Biochem (Shanghai) Ltd (Shanghai, China).
Mertansine was supplied by BrightGene BioMedical Technology CO. Ltd (Jiangsu,
China). DiR was supported by Amyjet Scientifc Inc. (Wuhan, China), and Dil was
obtained from Beyotime Institute of Biotechnology (Jiangsu, China). Natural
mature HDL from human plasma (lyophilized powder, L1567) was supplied by
Sigma-Aldrich (MO, USA).

The murine 4T1 cells, RAW 264.7 cells, and human MCF-7 cells were provided
from Cell Bank of Shanghai, Chinese Academy of Sciences (CAS, Shanghai, China).
The 4T1-GFP cells were obtained from Keyuandi Biotech Co. Ltd (Shanghai,
China). The 4T1, 4T1-GFP, and MCF-7 cells were kept in RPMI-1640 media with
10% FBS (Gibco), and cultured at 37 °C and 5% CO, in a humidified incubator for
further measurements. RAW 264.7 were incubated with Dulbecco’s Modified Eagle
Medium (DMEM) with 10% FBS, and cultured as described above. Female nude
mice (18-22 g) were provided by Shanghai Experimental Animal Center, CAS
(Shanghai, China) and used to induce the breast cancer tumor model. The animal
experiments were performed according to the protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of Shanghai Institute of
Materia Medica, CAS.

Preparation and characterization of D-bLP and M-bLP. For preparing D-bLP,
DMPC (6 mg), DOPE (4 mg), and DiR (0.5 mg) were dissolved in chloroform/
methanol (1:1, v/v) in a round flask. The mixed solution was evaporated under

vacuum at 30 °C to form a uniform lipid film. Then, the film was dispersed with
1.0 mL of distilled water and sonicated in ice bath for 2.5 min to prepare the
liposomal formulations (denoted as D-Lipo). Thereafter, 2 mg of PK-22 was mixed
with D-Lipo, and performed three heating-cooling circles between 50 °C and 6 °C
to obtain the D-bLP. In a similar procedure, M-bLP, DM-bLP, and Dil/M-bLP as
well as the counterpart liposomal formulations were fabricated for further
measurements.

The morphologies of D-bLP, M-bLP, and natural mature HDL were visualized
under FE-TEM (Tecnai G? S-Twin, FEI) after negative staining with uranyl acetate
solution, and then analyzed to calculate the mean diameters. The exact compositions
in D-bLP, M-bLP, and natural mature HDL were, respectively, determined
(Supplementary Table 1). The bLP system was filtered through a 0.22-um membrane
to remove the unentrapped lipophilic DiR or mertansine33, and then diluted with
methanol for further measurements. The concentrations of DiR in D-bLP were
measured by fluorescence analysis (Enspire, PerkinElmer, Singapore, Ex 748 nm; Em
780 nm). Meanwhile, the amount of mertansine in M-bLP was determined by a
modified HPLC method®. The mobile phase was composed of acetonitrile with 0.1%
trifluoroacetic acid (A) and water with 0.1% trifluoroacetic acid (B). The gradient
elution program was modified as: 0-5 min, from 50% A to 90% A, 5-15 min, 90% A,
15-20 min, from 90% A to 50% A. The EE (%) values of DiR or mertansine were
denoted as the amount of incorporated drug compared with the total drug amount in
bLP or liposomal formulations. The DL capacity (%) was defined as the ratio
between the amount of entrapped DiR or mertansine and the amount of all
ingredients in bLP or liposomal formulations. The proportion of phospholipids in
these formulations were determined by the phospholipid assay kit (Sigma). The
concentration of protein in natural HDL was measured by a BCA protein assay
(Beyotime, China), and that of peptides in bLP was quantified using an
ultraviolet-visible spectrum analysis at a wavelength of 220 nm. The measurements
were performed in triplicate.

To evaluate the stability of D-bLP and M-bLP as well as the counterpart
liposomal formulations in physiological environments, 100 uL of these bLP were,
respectively, diluted with 900 uL of PBS or whole FBS in triplicate, and further
incubated for 24 h. At certain time intervals, samples were collected and filtered
through a 0.22-pm membrane to separate the unentrapped DiR or mertansine.
Then, samples were diluted with methanol and analyzed to calculate the percentage
of remained drug in bLP or counterpart liposomes. The measurements were
performed in triplicate.

The heat-generating ability of D-bLP upon laser irradiation was monitored
using an infrared thermal camera (A150-15-M, Irtech Ltd). In brief, 100 puL of
water, free DiR solution, D-Lipo, and D-bLP (200 ugmL~! of DiR) were,
respectively, exposed to an 808-nm laser (MDL-N-10W, Changchun New
Industries, China) at 2.0 W cm™2 for 5 min. The thermographic images and the
temperature changes during laser irradiation were recorded using the infrared
thermal camera. The measurements were performed in triplicate.

In vivo tumor targeting in a metastatic breast cancer model. The in vivo tumor
targeting capability of D-bLP, DM-bLP, D-Lipo, and free DiR were evaluated in a
metastatic breast cancer tumor model, which was developed by injecting 4T1 cells to
the fourth mammary pad of nude mice at one million cells per mouse. At day 10
after inoculation with the tumor volume around 100-150 mm, free DiR, D-bLP,
DM-bLP, and D-Lipo were, respectively, injected to the tumor models at 5.0 mgkg ™!
of DiR via tail vein. At predetermined time points, mice were anaesthetized and the
fluorescence signals were recorded using the in vivo imaging system (IVIS Spec-
trum, PerkinElmer). At 12.0 -h post injection, mice were killed, and the major
organs including the heart, liver, spleen, lung, kidney, and tumor were carefully
collected for imaging (n = 3). The mean fluorescent signals in each organ were
analyzed by the accompanied software for quantification. Moreover, the intratu-
moral distribution of these nanosystems was monitored using the photoacoustic
imaging system (Vevo LAZR, VisualSonic FUJIFILM). The photoacoustic signals
of these nanosystems were presented as green signals, and the ultrasound signals of
the tumors were collected as control.

Then, to elucidate their internalization by various cells in tumor, tumor tissues
from each group were sectioned at 10 um (CM1950, Leica, Germany) for visualization
under LCSM (TCS-SP8 STED, Leica, Germany). To investigate their localization in
CAF, samples were stained with the specific antibodies against a-SMA (Abcam,
ab5694, 1:500) and CD31 (Abcam, ab7388, 1:250), and then incubated with the
secondary antibodies of FITC-labeled IgG (H + L) (Beyotime, A0562, 1:400) or Cy3-
labeled IgG (H + L) (Beyotime, A0507, 1:400), respectively. CAF were characterized
by a-SMA-positive and CD31-negative cells (a-SMA*/CD317), which was denoted
as cells with green signals, excluding white signals. By contrast, cells with white signals
were presented as EC of tumor vessels. Then, to evaluate their uptake by TAM,
samples were stained with the specific antibody against F4/80 (Abcam, ab6640, 1:250),
and then incubated with secondary antibody of Alexa Fluor 488-labeled IgG (H + L)
(Yeasen, 33316ES60, 1:50) to outline the TAM (green signals) in tumor sections. By
contrast, the nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI,
Beyotime, C1002) for the observations. These measurements were repeated twice.

To determine their uptake by cancer cells, 4T1-GFP cells were used to develop
the tumor model by injecting 4T1-GFP cells to the fourth mammary pad of
nude mice at one million cells per mouse. D-bLP, DM-bLP, and D-Lipo were,
respectively, injected to the tumor models at 5.0 mg-kg™! of DiR via tail vein.
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At 12 h after injection, the tumor tissues were collected, sectioned at 10 um, and
then stained with DAPI for visualization under LCSM (TCS-SP8 STED, Leica,
Germany). The cancer cells in tumor sections were denoted as clustered cells with
green signals. The specific uptake of these nanosystems by cancer cells was
presented as the co-location of red signals of various nanosystems and green signals
of 4T1-GFP cells. These measurements were repeated twice.

Remodeling TSM via D-bLP-mediated photothermal effects. To evaluate the
impact of D-bLP-mediated photothermia on TSM, a two-tumor model was
induced by injecting 4T1 cells to bilateral flanks of a mouse. When the tumor
volume reached ~150 mm?3, D-bLP was injected to the two-tumor model via

tail vein. At 12 -h post injection, one tumor mass was exposed to 808 -nm laser
at 2.5 W-cm~2 for 5 min, and the other one was untreated as a negative control. As
control, the two-tumor model without D-bLP injection was performed in the same
program. At 2.0 -h, 4.0 -h, 6.0 -h, 8.0 -h, and 12.0 -h post-laser irradiation, these
tumors were collected, embedded in the paraffin, and sectioned for further assays.
To evaluate the impact on CAF, sections were stained with specific antibodies of a-
SMA (Servicebio, GB13036, 1:500) and CD31 (Servicebio, GB12063, 1:100), and
then, respectively, incubated with FITC-labeled and Cy3-labeled secondary anti-
bodies (Servicebio, GB22401, 1:200 and GB21404, 1:300). CAF were characterized
by a-SMAT/CD31~ cells, which was denoted as cells with green signals, excluding
red signals. Cells with red signals were denoted as the EC of tumor vessels. To
evaluate their impact on TAM and ECM components, sections were, respectively,
stained with the specific antibodies of F4/80 (Servicebio, GB13027, 1:100), collagen
I (Abcam, ab21286, 1:200), and fibronectin (Servicebio, GB13091, 1:250), and then
incubated with Alexa Fluor 488-labeled secondary antibodies (Servicebio,
GB25303, 1:400). As a control, the nuclei were stained with DAPI for visualization
under a fluorescence microscope (Nikon Eclipse C1). Afterward, the images were
analyzed using the Image J software to calculate the MOD values for quantification.
Meanwhile, histological examinations of these tumors were performed using
hamatoxylin and eosin (H&E) staining method to detect the impact on the his-
tology of tumor tissues. These measurements were repeated twice.

To evaluate the impact of D-bLP-mediated photothermia on cancer cells, the
two-tumor model was developed using the 4T1-GFP cells, and then treated as
described above. At certain intervals after laser irradiation, these tumors were
cryosectioned and stained with DAPI. Thereafter, these sections were visualized
under the fluorescence microscope (Nikon Eclipse C1), and the 4T1-GFP cells were
denoted as clustered cells with green signals. The images were analyzed using the
Image J software to calculate the MOD value for quantification. These
measurements were repeated twice.

Impact of TSM remodeling on tumor targeting of M-bLP. To clarify the possible
impact of D-bLP-mediated TSM remodeling on tumor accumulation and pene-
tration of second M-bLP, M-bLP was fluorescently labeled with Dil by physical
entrapment to prepare the Dil/M-bLP, which would not interfere with the imaging
signals of D-bLP. In the two-tumor model at 12 -h post injection of D-bLP, one
tumor mass was irradiated at 808 -nm laser for 5 min, and the other one was not
irradiated as a control. The second Dil/M-bLP was injected to the two-tumor
model (3.0 mgkg™! of Dil) at 0, 2.0, and 4.0 h after laser irradiation (Supple-
mentary Fig. 15) to optimize the injection time points. At 4 -h post injection, mice
were autopsied and the major organs were collected for imaging. The measured
results indicated that the second Dil/M-bLP had better to be injected immediately
after laser irradiation.

In the following measurements, the two-tumor model was first treated with D-
bLP or D-Lipo at 5.0 mg-kg~! of DiR via tail vein. At 12h after injection, one
tumor mass was exposed to 808 -nm laser for 5min, and the other one was not
irradiated as a control. Immediately after the laser irradiation, Dil/M-bLP or the
counterpart Dil/M-Lipo was injected to the two-tumor model at 3.0 mgkg~! of
Dil. At 4.0 -h post injection, mice were anaesthetized, imaged under the in vivo
imaging system, and then autopsied to collect the major organs including the heart,
liver, spleen, lung, kidney, the laser-irradiated tumor, and control tumor for further
imaging (n = 3). Then, the intensity of fluorescence signals in each tumor was
analyzed by the accompanied software for quantification (n = 3).

Then, to determine the impact of D-bLP-mediated TSM remodeling on tumor
penetration of Dil/M-bLP or Dil/M-Lipo, the laser-irradiated tumor mass and
untreated control tumor were collected at 4.0 h of injection, then embedded in
tissue optimal cutting temperature (OCT) compound for cryostat section (Leica
1950, Germany). The sectioned slices were stained with phalloidin-FITC
(Beyotime, C1033, 1:100) and DAPI (Beyotime, C1002) for detection under LCSM.
Afterward, the whole tumor mass was scanned under the LCSM (TCS-SP8 STED,
Leica, Germany), and the fluorescence signals were recorded to assess the
penetration of Dil/M-bLP and Dil/M-Lipo in tumor mass. Meanwhile, the
presence of CAF and TAM in laser-irradiated tumor and untreated control tumor
from each group was outlined by the aforementioned methods. By contrast, the
sections were stained with DAPI for observations under LCSM.

Impact on M-bLP extravasation from tumor vasculature. In the two-tumor
model at 12 -h post injection of D-bLP, one tumor mass was irradiated at 808 -nm
laser for 5 min, and the other one was not irradiated as a control. Dil/M-bLP was

injected to the two-tumor model immediately after the laser irradiation at 3.0
mgkg~! of Dil. The extravasation of Dil/M-bLP from tumor vasculature was
measured using a two-photon microscope (TCS SPS CFSMP, Leica, Germany). For
the measurement, mice were intravenously injected with FITC-dextran (70000 Da,
46945, Sigma) to labeled the tumor vasculatures at 15 min prior to the removal of
tumor mass. At 4.0 -h post injection of Dil/M-bLP, the laser-irradiated tumor
and control tumor were collected, embedded in OCT compound, and sectioned at
100 pm. The sections were mounted onto slides and visualized under LCSM. The
red signals of Dil/M-bLP and the green colors of tumor vessels were, respectively,
recorded to evaluate the extravasation of M-bLP from tumor vasculature.

Then, the impact of D-bLP-mediated TSM remodeling on the diffusion of Dil/
M-bLP from tumor vessel into the distal matrix was further evaluated. At 4.0h
after injection, the laser-irradiated tumor and control tumor were collected for
cryostat section at 10 um. Then, the sections were stained with anti-CD31
antibodies (Abcam, ab28364, 1:250) and secondary antibody of FITC-labeled IgG
(H+ L) (Beyotime, A0562, 1:400) for specific labeling of tumor vessels. The nuclei
were stained with DAPI as a control. Thereafter, samples were monitored using
LCSM (TCS-SP8 STED, Leica, Germany) to record the fluorescence signals of
tumor vessels and Dil/M-bLP, respectively. The diffusion of Dil/M-bLP away from
tumor vessels were analyzed by the Image J software. The intensity of fluorescence
signals from Dil/M-bLP in three different directions away from the tumor vessels
was calculated for the assessments (n = 3).

TSM-remodeling promotes M-bLP accessibility to cancer cells. To elucidate the
impact of D-bLP-mediated TSM remodeling on M-bLP accessibility to cancer cells,
at 12 -h post injection of D-bLP in the two-tumor model, one tumor mass was
irradiated and the other one was not irradiated as a control. Dil/M-bLP was
injected to the two-tumor model immediately after the laser irradiation. By con-
trast, the counterpart liposomal formulations of D-Lipo and Dil/M-Lipo were
performed in the same program. At 4.0 -h post injection of second Dil/M-bLP or
Dil/M-Lipo, the laser-irradiated tumor mass and untreated control tumor from
each group were collected, cryosectioned at 10 pm, and then, respectively, labeled
to clarify the accessibility of second nanosystems to the cancer cells, CAF, and
TAM in tumor using LCSM (TCS-SP8 STED, Leica, Germany).

In the 4T1-induced two-tumor model, the tumor sections were, respectively,
labeled with specific antibodies against a-SMA (Abcam, ab5694, 1:500) and CD31
(Abcam, ab7388, 1:250), then followed with secondary antibodies of Alexa Fluor
647-labeled IgG (H + L) (Beyotime, A0468, 1:400) and Alexa Fluor 488-labeled
IgG (H + L) (Yeasen, 33316ES60, 1:50) to characterize the CAF fractions in tumor
(a-SMA1/CD31~ cells), which was depicted as cells with green signals, excluding
white signals. Then, these sections were stained with specific antibodies of F4/80
(Abcam, ab6640, 1:250) and secondary antibodies of Alexa Fluor 488-labeled IgG
(H + L) (Yeasen, 33316ES60, 1:50) to label the TAM fractions in tumor. The
internalization of Dil/M-bLP or Dil/M-Lipo by CAF or TAM was denoted as the
localization of red signals within these stromal cells. In addition, the CSC fractions
in tumor were labeled with the typical antibody against ALDH1 (Abcam, ab52492,
1:250) and secondary antibody of FITC-labeled IgG (H + L) (Beyotime, A0562,
1:400) to detect the accessing of second M-bLP to the ALDHMg! CSCs in tumor. By
contrast, the nuclei were stained with DAPI for the visualization. These
measurements were repeated twice.

Importantly, to determine the impact of TSM remodeling on nanoparticles
accessibility to cancer cells, the group of D-bLP following with Dil/M-bLP as well
as the counterpart liposomal group of D-Lipo following with Dil/M-Lipo were
successively injected to the 4T1-GFP-induced two-tumor model as described
above. At 4.0 h after injection of Dil/M-bLP or Dil/M-Lipo, the laser-irradiated
tumor and untreated control tumor were collected and cryosectioned at 10 pm. By
contrast, the nuclei were stained DAPI for visualization under LCSM. The
accessibility of Dil/M-bLP or Dil/M-Lipo to cancer cells was denoted as the co-
localization of red signals with 4T1-GFP cancer cells. Moreover, the localization of
Dil/M-bLP in the regions of 4T1-GFP cell clusters was analyzed using the Image |
software. The gray values between two white lines were calculated to evaluate the
accessibility of M-bLP to cancer cells in tumor mass. These measurements were
repeated twice.

In vitro therapeutic efficacy in metastatic 4T1 cells. To evaluate the in vitro
therapeutic efficacy, cellular uptake of D-bLP by 4T1 cells, CAF, and TAM were,
respectively, visualized under LCSM (TCS-SP8 STED, Leica, Germany). The pri-
mary CAF were isolated from 4T1-induced tumor mass by a repeated adherence
method®62, In brief, the isolated tumor tissues were cut into small pieces, and
followed by digestion with collagenase (type I, 1.0 mg:mL~!, Yeasen) and hyalur-
onidase (1.0 mg~mL*1, Yeasen) in sterile serum-free DMEM media (penicillin, 100
U-mL~1, streptomycin 100 pg-mL~!) at 37 °C and 5% CO, in a humidified incu-
bator for 8 h. Then, the suspension was filtered through a 70-um stainless mesh to
prepare single-cell suspension. The filtrate was centrifuged, washed twice with
DMEM media, re-suspended in DMEM media with 10% FBS, and incubated in
culture dishes for 12 h. The unadherent cells were removed, and the adherent cells
were cultured in fresh DMEM media for further 48 h. Then, these cells were
digested, suspended in serum-free DMEM media, and plated onto culture dishes
for 5min to obtain the adherent CAF. These adherent CAF were purified by this
repeated adherence method, and characterized by typical markers of a-SMA and
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CD31 (a-SMAT/CD317) for further measurements. RAW 264.7 cells were used as
a typical cell line of TAM. The cellular uptake of D-bLP was measured in single-cell
phenotype model and mixed-cell phenotype model. For flow-cytometer analysis,
the gating strategies of these cell models were documented (Supplementary

Figs. 39, 40) for further measurements.

To evaluate the uptake of D-bLP by each cell phenotype, these cells were,
respectively, seeded on the round glass coverslips (@ 10 mm) in 24-well plate at
60,000 cells/well and cultured overnight. Then, D-bLP was added to each well at
10 ugmL~! of DiR and incubated for 4 h. Afterward, cells were counterstained with
phalloidin-FITC (Beyotime, C1033, 1:100) and Hoechst 33342 (Beyotime, C1027,
1:100) for visualization under LCSM. Moreover, the cellular uptake of D-bLP was
determined by flow cytometer for quantification.

To detect the preferential cellular internalization of D-bLP in the mixed-cell
phenotype model, the 4T1 cancer cells (or 4T1-GFP cell), CAF, and TAM were
mixed at 1:1:1 and incubated overnight. The mixed cells were incubated with D-
bLP at 10 uygmL~! of DiR for 4 h for further measurements. To investigate the
uptake by 4T1 cancer cells, 4T1-GFP cells were mixed with isolated CAF and
RAW 264.7. After 4 h of incubation, the internalization of D-bLP by 4T1-GFP
cells were visualized under LCSM and quantified by flow-cytometer analysis. The
ratio of 4T1-GFP cancer cells, TAM (RAW 264.7), and CAF (a-SMAT) in the
mixed-cell model were analyzed by flow cytometer to monitor the measurements
(Supplementary Fig. 23). By contrast, the nuclei were stained with Hoechst
33342 (Beyotime, C1027, 1:100) for LCSM measurements.

To clarify the uptake of D-bLP by CAF or TAM, CAF, TAM, and 4T1 cancer
cells were mixed at 1:1:1 and cultured overnight. After 4 h of incubation with D-
bLP at 10 pgmL~! of DiR, cells were stained with the primary antibody against
a-SMA (Abcam, ab5694, 1:10) and FITC-labeled secondary antibody (Beyotime,
A0562, 1:100) to outline CAF. By contrast, the nuclei were stained with Hoechst
33342 (Beyotime, C1027, 1:100) for imaging under LCSM. Meanwhile, these
cells were stained with Alexa Fluor 488-labeled antibody of a-SMA (Novus
Biologicals, NBP2-34522AF488, 1:20) for flow-cytometer analysis. To elucidate
the uptake of D-bLP by TAM, cells were stained with the primary antibody
against F4/80 (Abcam, ab6640, 1:10) and Alexa Fluor 488-labeled secondary
antibody (Yeasen, 33316ES60, 1:10) for LCSM visualization. By contrast, the
nuclei were stained with Hoechst 33342 (Beyotime, C1027, 1:100) for the
measurements. Meanwhile, these cells were stained with PE anti-mouse F4/80
(Biolegend, 123110, 1:20) for flow-cytometer analysis. The measurements were
performed in triplicate.

To elucidate the possible mechanism of the preferential uptake of D-bLP by
CAF and TAM over 4T1 cancer cells, the expression of SR-BI and CD36 in these
cells was determined by flow-cytometer analysis. To detect the SR-BI expression,
CAF, TAM, and 4T1 cancer cells were, respectively, stained with the primary anti-
SR-BI antibody (Abcam, ab217318, 1:10), and incubated with secondary antibody
of Alexa Fluor 647-labeled IgG (H + L) (Beyotime, A0468, 1:100) for the analysis.
To detect the expression of CD36, these cells were, respectively, incubated with
primary antibody of anti-CD36 (Abcam, ab80080, 1:10) and followed with the
secondary antibody of Alexa Fluor 488-labeled IgG (H + L) (Yeasen, 33316ES60,
1:10) for the measurements. To quantify the impact of these receptors on the
cellular uptake of D-bLP, cells were, respectively, pretreated with specific antibodies
of CD36 (Abcam, ab80080, 1:20), SR-BI (Abcam, ab217318, 1:20), their
combinations or absence (control group), and then incubated with D-bLP for 4h
for analysis by flow cytometer. By contrast, the untreated cells without D-bLP
incubation were used as negative control. The measurements were performed in
triplicate.

Then, the therapeutic effects of D-bLP + laser, M-bLP, and their synergistic
combination on cell viability, migration, and stemness were measured in
metastatic 4T1 cells. In brief, cells were seeded in 96-well plate at 4000 cells/well
and cultured overnight. For D-bLP + laser, D-bLP was added to cells at 10
pgmL~1 or 0.1 pg-mL~! of DiR, and further incubated for 4 h. Then, the media
was replaced with fresh culture media, and cells were exposed to 808 -nm laser
at 2.0 W-cm~2 for 3 min. The laser-irradiated cells were further cultured for 48 h
for the assays. For M-bLP, cells were incubated with M-bLP at equivalent 1.0
pgmL~! or 0.01 ug-mL~! of mertansine, and then cultured for 48 h for the
assays. For their synergistic combination of D-bLP + laser/M-bLP, cells were
first incubated with D-bLP at 10 ug-mL~! or 0.1 pygmL~! of DiR for 4 h,
replaced with fresh culture media, irradiated at 808 -nm laser at 2.0 W-cm~2 for
3 min, and then incubated with M-bLP at equivalent 1.0 ug-mL~! or 0.01 ug-mL
~1 of mertansine for further 48 h. Meanwhile, cells without any treatment or
with laser irradiation alone were performed as negative control. Afterward, cell
viability was measured by MTT assay (Enspire, PerkinElmer, Singapore). The
measurements were performed in triplicate.

Next, the anti-migration activities of these groups were measured using
transwell assays. The pretreated cells from each group were added to the upper
chambers of inserts (24-well, pore size, 8 um, Costar) at 2 x 10° cells per well in
200 pL of serum-free culture media. Then, 500 uL of 10% FBS containing culture
media were added to each well of 24-well plate. After 24 h, the migrated cells across
the transwell membrane were stained with crystal violet and imaged under a
microscope (IX81, Olympus, Japan). The migration rate was defined as the
percentage of migrated cells in each group compared with that in negative control.
The measurements were performed in triplicate.

Moreover, to assess impact of these treatment on the stemness of residual
cancer cells, these pretreated cancer cells in control, laser alone, D-bLP + laser (10
pgmL~! of DiR), M-bLP (1.0 pg-mL~! of mertansine), and D-bLP + laser/M-bLP
(10 pgmL~! of DiR and 1.0 uygmL~! of mertansine) were stained with the
Aldefluor™ Kit (STEMCELL Technologies, Canada), and then analyzed by a flow
cytometer to characterize the ratio of ALDHhigh cells. Meanwhile, the un-stained
cells from each group were performed as the gate of ALDHMigh cells. These
measurements were repeated twice.

Thereafter, the tumorsphere-forming assays were used to characterize the self-
renewal ability of these residual cancer cells. The pretreated cancer cells in each
group were added to a six-well plate at 4 x 10% cells per well and cultured with
serum-free DMEM/F12 culture media supplemented with 5 pg-mL~! of insulin, 20
ng-mL~! of epidermal growth factor (EGF), 20 ngmL~! of basic fibroblast growth
factor (bFGF), 1 x B27 (Invitrogen, USA), 0.4% (w/v) bovine serum albumin, 100
U-mL~! of penicillin, and 100 ugmL~! of streptomycin. After 4 days, the
formation of tumorsphere in each group was visualized under the inverted
microscope (IX81, Olympus, Japan).

In vivo therapeutic effects on tumor relapse and metastasis. The therapeutic
effects of bLP-mediated TECA strategy on tumor relapse and metastasis were
evaluated in two breast cancer tumor models. The murine 4T1 metastatic tumor
model was induced by injecting 4T1 cells to the fourth mammary pad of nude
mice at 1 x 106 cells per mouse. When the tumor volume reached 100 mm?3, mice
were randomly divided into 12 groups (n = 6), and, respectively, treated with
saline control, laser alone, D-bLP, D-bLP + laser, M-bLP, M-bLP + laser, DM-
bLP + laser, D-bLP + laser/M-bLP and the liposome counterparts of D-Lipo +
laser, M-Lipo, DM-Lipo + laser, and D-Lipo + laser/M-Lipo. For laser-
irradiated groups, mice were anaesthetized at 12 -h post injection of D-bLP or D-
Lipo, and tumors were performed single treatment of irradiation upon an 808 -
nm laser at 2.5 W-cm~2 for 5 min. The thermal profiles and surface temperature
of tumor mass were recorded using the infrared thermal camera (A150-15-M,
Irtech Ltd). In laser alone, the D-bLP + laser and D-Lipo + laser group, no
additional treatments were performed after the first laser irradiation treatment.
In M-bLP + laser, DM-bLP + laser, D-bLP + laser/M-bLP, liposomal DM-Lipo
+ laser, and D-Lipo + laser/M-Lipo-treated groups, these mertansine-loaded
nanosystems were injected to the tumor model at 0.5 mg-kg™! of mertansine
twice a week after the laser irradiation treatment. In D-bLP, M-bLP and M-Lipo
groups, mice were treated at 0.5 mg-kg~! of mertansine or 5.0 mg-kg~! of DiR
twice a week. During these treatment, the body weights in each group were
supervised, and the tumor size was monitored using a digital caliper to calculate
the tumor volumes. At day 20 after the first treatment, mice were autopsied to
collect the tumor and lung tissues in each group. The tumor mass from each
group was photographed and weighed to calculate the inhibitory effects on
tumor growth and relapse. Meanwhile, the visualized metastatic nodules in lungs
from each group were recorded to calculate the therapeutic effects on lung
metastasis. Thereafter, the lungs from each group were embedded in the paraffin,
sectioned at 5 um, and stained with the H&E staining kit for histopathological
analysis.

Likewise, the therapeutic effects of D-bLP + laser/M-bLP were also evaluated in
a MCF-7-induced human breast cancer tumor xenografts. The tumor models were
induced by injecting MCF-7 cells to the fourth mammary pad of nude mice at 5 x
106 cells per mouse. When the tumor volumes reached about 150 mm?3, mice were,
respectively, treated with saline control, laser alone, D-bLP + laser, M-bLP, D-bLP
+ laser/M-bLP, and the liposome counterpart of D-Lipo + laser/M-Lipo as
aforementioned programs (n = 5). The body weight, tumor relapse after therapy,
and the tumor volumes in each group were monitored during these treatments. At
day 25 after the treatments, the tumor tissues from each group were collected and
weighed to calculate the tumor inhibitory rate.

Statistical analysis. The data were presented as mean * standard deviation (SD).
For a two-group comparison, a Student's ¢ test was performed for the statistical
analysis. For multiple comparisons, the data were analyzed using analysis of var-
iance (ANOVA). Significant difference was considered when the p-value was less
than 0.05.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within this paper and
Supplementary information. Source data of Figs. 2c-e, 3c, 4e-f, 5d, 6c, 7e, 8c-e, 9b-f, and
Supplementary Figs. 2, 3, 14, 20, 24-27, 29, 30b, 32 a-d, 33, 35, 36 are provided as a
Source data file. Additional data can also be available from the corresponding author on
reasonable request.

Received: 29 March 2018 Accepted: 26 June 2019
Published online: 25 July 2019

| (2019)10:3322 | https://doi.org/10.1038/s41467-019-11235-4 | www.nature.com/naturecommunications 15


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Jain, R. K. & Stylianopoulos, T. Delivering nanomedicine to solid tumors. Nat.
Rev. Clin. Oncol. 7, 653-664 (2010).

Blanco, E., Shen, H. & Ferrari, M. Principles of nanoparticle design for
overcoming biological barriers to drug delivery. Nat. Biotechnol. 33, 941-951
(2015).

Schroeder, A. et al. Treating metastatic cancer with nanotechnology. Nat. Rev.
Cancer 12, 39-50 (2012).

Shi, J., Kantoff, P. W., Wooster, R. & Farokhzad, O. C. Cancer nanomedicine:
progress, challenges and opportunities. Nat. Rev. Cancer 17, 20-37 (2017).
Gradishar, W. J. et al. Phase III trial of nanoparticle albumin-bound paclitaxel
compared with polyethylated castor oil-based paclitaxel in women with breast
cancer. J. Clin. Oncol. 23, 7794-7803 (2005).

Dewhirst, M. W. & Secomb, T. W. Transport of drugs from blood vessels to
tumour tissue. Nat. Rev. Cancer 17, 738-750 (2017).

Minchinton, A. I. & Tannock, I. F. Drug penetration in solid tumours. Nat.
Rev. Cancer 6, 583-592 (2006).

Wilhelm, S. et al. Analysis of nanoparticle delivery to tumours. Nat. Rev.
Mater. 1, 16014 (2016).

Dai, Q. et al. Quantifying the ligand-coated nanoparticle delivery to cancer
cells in solid tumors. ACS Nano 12, 8423-8435 (2018).

Manzoor, A. A. et al. Overcoming limitations in nanoparticle drug delivery:
triggered, intravascular release to improve drug penetration into tumors.
Cancer Res. 72, 5566-5575 (2012).

Kitamura, T., Qian, B. Z. & Pollard, J. W. Immune cell promotion of
metastasis. Nat. Rev. Immunol. 15, 73-86 (2015).

Cuccarese, M. F. et al. Heterogeneity of macrophage infiltration and
therapeutic response in lung carcinoma revealed by 3D organ imaging. Nat.
Commun. 8, 14293 (2017).

Kalluri, R. The biology and function of fibroblasts in cancer. Nat. Rev. Cancer
16, 582-598 (2016).

Mantovani, A., Marchesi, F., Malesci, A., Laghi, L. & Allavena, P. Tumour-
associated macrophages as treatment targets in oncology. Nat. Rev. Clin.
Oncol. 14, 399-416 (2017).

Insua-Rodriguez, J. & Oskarsson, T. The extracellular matrix in breast cancer.
Adv. Drug Deliv. Rev. 97, 41-55 (2016).

Afik, R. et al. Tumor macrophages are pivotal constructors of tumor
collagenous matrix. J. Exp. Med. 213, 2315-2331 (2016).

Miao, L. et al. The binding site barrier elicited by tumor associated fibroblasts
interferes disposition of nanoparticles in stroma-vessel type tumors. ACS
Nano 10, 9243-9258 (2016).

Miller, M. A. et al. Tumour-associated macrophages act as a slow-release
reservoir of nano-therapeutic Pt(IV) pro-drug. Nat. Commun. 6, 8692 (2015).
Zhang, Z. et al. Rational design of nanoparticles with deep tumor penetration for
effective treatment of tumor metastasis. Adv. Funct. Mater. 28, 1801840 (2018).
Overchuk, M. & Zheng, G. Overcoming obstacles in the tumor
microenvironment: Recent advancements in nanoparticle delivery for cancer
theranostics. Biomaterials 156, 217-237 (2018).

He, X. Y. et al. Tumor-penetrating nanotherapeutics loading a near-infrared
probe inhibit growth and metastasis of breast cancer. Adv. Funct. Mater. 25,
2831-2839 (2015).

Cao, H. Q. et al. Albumin biomimetic nanocorona improves tumor targeting
and penetration for synergistic therapy of metastatic breast cancer. Adv. Funct.
Mater. 27, 1605679 (2017).

Zou, L. et al. Current approaches of photothermal therapy in treating cancer
metastasis with nanotherapeutics. Theranostics 6, 762-772 (2016).

Zhang, Z. et al. Near infrared laser-induced targeted cancer therapy using
thermoresponsive polymer encapsulated gold nanorods. J. Am. Chem. Soc.
136, 7317-7326 (2014).

Sano, K., Nakajima, T., Choyke, P. L. & Kobayashi, H. Markedly enhanced
permeability and retention effects induced by photo-immunotherapy of
tumors. ACS Nano 7, 717-724 (2013).

Huang, J.-L. et al. Lipoprotein-biomimetic nanostructure enables efficient
targeting delivery of siRNA to Ras-activated glioblastoma cells via
macropinocytosis. Nat. Commun. 8, 15144 (2017).

Duivenvoorden, R. et al. A statin-loaded reconstituted high-density
lipoprotein nanoparticle inhibits atherosclerotic plaque inflammation. Nat.
Commun. 5, 3065 (2014).

Kuai, R, Ochyl, L. J., Bahjat, K. S., Schwendeman, A. & Moon, J. J. Designer
vaccine nanodiscs for personalized cancer immunotherapy. Nat. Mater. 16,
489-496 (2017).

Holzer, M. et al. Dialysis modalities and HDL composition and function. J.
Am. Soc. Nephrol. 26, 2267-2276 (2015).

Kuai, R,, Li, D., Chen, Y. E,, Moon, J. ]. & Schwendeman, A. High-density
lipoproteins: nature’s multifunctional nanoparticles. ACS Nano 10, 3015-3041
(2016).

Cui, L. et al. A PEGylation-free biomimetic porphyrin nanoplatform for
personalized cancer theranostics. ACS Nano 9, 4484-4495 (2015).

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

Kuai, R. et al. Elimination of established tumors with nanodisc-

based combination chemoimmunotherapy. Sci. Adv. 4, eaaol736

(2018).

Kadiyala, P. et al. High-density lipoprotein-mimicking nanodiscs for chemo-
immunotherapy against glioblastoma multiforme. ACS Nano 13, 1365-1384
(2019).

Sobot, D. et al. Conjugation of squalene to gemcitabine as unique approach
exploiting endogenous lipoproteins for drug delivery. Nat. Commun. 8, 15678
(2017).

Zhu, C. et al. Reconstitution of low-density lipoproteins with fatty acids for
the targeted delivery of drugs into cancer cells. Angew. Chem. Int. Ed. 56,
10399-10402 (2017).

Mulder, W. J. M. et al. High-density lipoprotein nanobiologics for precision
medicine. Acc. Chem. Res. 51, 127-137 (2018).

Cao, H. Q. et al. Liposomes coated with isolated macrophage membrane can
target lung metastasis of breast cancer. ACS Nano 10, 7738-7748 (2016).
He, X. et al. Inflammatory monocytes loading protease-sensitive nanoparticles
enable lung metastasis targeting and intelligent drug release for anti-metastasis
therapy. Nano Lett. 17, 5546-5554 (2017).

Ng, K. K,, Lovell, J. F. & Zheng, G. Lipoprotein-inspired nanoparticles for
cancer theranostics. Acc. Chem. Res. 44, 1105-1113 (2011).

Mo, Z. C,, Ren, K, Liu, X,, Tang, Z. L. & Yi, G. H. A high-density
lipoprotein-mediated drug delivery system. Adv. Drug Deliv. Rev. 106,
132-147 (2016).

Cabral, H. et al. Accumulation of sub-100 nm polymeric micelles in

poorly permeable tumours depends on size. Nat. Nanotechnol. 6, 815-823
(2011).

Hu, H. et al. Cell-penetrating peptide-based nanovehicles potentiate lymph
metastasis targeting and deep penetration for anti-metastasis therapy.
Theranostics 8, 3597-3610 (2018).

Clark, A. J. et al. CRLX101 nanoparticles localize in human tumors and not in
adjacent, nonneoplastic tissue after intravenous dosing. Proc. Natl Acad. Sci.
USA 113, 3850-3854 (2016).

Balkwill, F. R., Capasso, M. & Hagemann, T. The tumor microenvironment at
a glance. J. Cell Sci. 125, 5591-5596 (2012).

Azizi, E. et al. Single-cell map of diverse immune phenotypes in the breast
tumor microenvironment. Cell 174, 1293-1308 1236 (2018).

Franses, J. W., Baker, A. B., Chitalia, V. C. & Edelman, E. R. Stromal
endothelial cells directly influence cancer progression. Sci. Transl. Med. 3,
66ra65 (2011).

Kuo, T., Speyer, M. T., Ries, W. R. & Reinisch, L. Collagen thermal damage
and collagen synthesis after cutaneous laser resurfacing. Lasers Surg. Med. 23,
66-71 (1998).

Silva, A. K., Nicolas-Boluda, A., Fouassier, L. & Gazeau, F. Overcoming the
tumor microenvironment: the role of nanohyperthermia. Nanomed. 12,
1213-1215 (2017).

Barr, H. et al. The contrasting mechanism of colonic collagen damage between
photodynamic therapy and thermal injury. Photochem Photobio. 46, 795-800
(1987).

Kolosnjaj-Tabi, J., Marangon, I, Nicolas-Boluda, A., Silva, A. K. A. & Gazeau,
F. Nanoparticle-based hyperthermia, a local treatment modulating the tumor
extracellular matrix. Pharm. Res. 126, 123-137 (2017).

Hu, K. et al. Quercetin remodels the tumor microenvironment to improve the
permeation, retention, and antitumor effects of nanoparticles. ACS Nano 11,
4916-4925 (2017).

Ji, T. et al. Designing liposomes to suppress extracellular matrix expression to
enhance drug penetration and pancreatic tumor therapy. ACS Nano 11,
8668-8678 (2017).

Pattabiraman, D. R. & Weinberg, R. A. Tackling the cancer stem cells -
what challenges do they pose? Nat. Rev. Drug Disco. 13, 497-512

(2014).

Tan, T. et al. Deep tumor-penetrated nanocages improve accessibility to
cancer stem cells for photothermal-chemotherapy of breast cancer metastasis.
Adv. Sci. 5, 1801012 (2018).

Ghajar, C. M. Metastasis prevention by targeting the dormant niche. Nat. Rev.
Cancer 15, 238-247 (2015).

Hosseini, H. et al. Early dissemination seeds metastasis in breast cancer.
Nature 540, 552-55 (2016).

Cao, H. Q. et al. Hydrophobic interaction mediating self-assembled
nanoparticles of succinobucol suppress lung metastasis of breast cancer

by inhibition of VCAM—1 expression. J. Control Release 205, 162-171
(2015).

Steeg, P. S. Targeting metastasis. Nat. Rev. Cancer 16, 201-218 (2016).
Dagogo-Jack, I. & Shaw, A. T. Tumour heterogeneity and resistance to cancer
therapies. Nat. Rev. Clin. Oncol. 15, 81-94 (2018).

Zeng, L. J. et al. Treatment of malignant brain tumor by tumor-triggered
programmed wormlike micelles with precise targeting and deep penetration.
Adv. Funct. Mater. 26, 4201-4212 (2016).

| (2019)10:3322 | https://doi.org/10.1038/s41467-019-11235-4 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

61. Zeisberg, E. M., Potenta, S., Xie, L., Zeisberg, M. & Kalluri, R. Discovery of
endothelial to mesenchymal transition as a source for carcinoma-associated
fibroblasts. Cancer Res. 67, 10123-10128 (2007).

62. Zhang, C. et al. Fibroblast growth factor receptor 2—positive fibroblasts
provide a suitable microenvironment for tumor development and progression
in esophageal carcinoma. Clin. Cancer Res. 15, 4017-4027 (2009).

Acknowledgements

This work was financially supported by the National Basic Research Program of China
(2015CB932103), Strategic Priority Research Program of CAS (XDA12050307), National
Natural Science Foundation of China (31771092, 81521005, 81690265), Youth Innova-
tion Promotion Association of Chinese Academy of Sciences, and Fudan-SIMM Joint
Research Fund (FU-SIMM20182005).

Author contributions

T.T. designed and performed the experiments. H.H. prepared the lipoproteins and optimized
the formulations. H.W. and J.L. developed the in vivo tumor models and performed the
in vivo therapeutic evaluation. Z.W. and J.W. assisted the evaluations of TSM. Z.Z designed
the experiments, interpreted the data, and wrote the paper. SW. and Y.L. supervised the
project and interpreted the data. The paper was discussed and reviewed by all authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-11235-4.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer Review Information: Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:3322 | https://doi.org/10.1038/s41467-019-11235-4 | www.nature.com/naturecommunications 17


https://doi.org/10.1038/s41467-019-11235-4
https://doi.org/10.1038/s41467-019-11235-4
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Bioinspired lipoproteins-mediated photothermia remodels tumor stroma to improve cancer cell accessibility of second nanoparticles
	Results
	Characterization of D-bLP and M-bLP
	In vivo tumor targeting behavior of D-bLP
	TSM remodeling by D-bLP-mediated photothermal effects
	Impact on tumor accumulation and penetration of M-bLP
	Impact on M-bLP extravasation from tumor vasculature
	Impact on M-bLP accessibility to cancer cells
	In vitro therapeutic efficacy on metastatic 4T1�cells
	In vivo therapeutic effects on tumor metastasis and relapse

	Discussion
	Methods
	Materials
	Preparation and characterization of D-bLP and M-bLP
	In vivo tumor targeting in a metastatic breast cancer model
	Remodeling TSM via D-bLP-mediated photothermal effects
	Impact of TSM remodeling on tumor targeting of M-bLP
	Impact on M-bLP extravasation from tumor vasculature
	TSM-remodeling promotes M-bLP accessibility to cancer cells
	In vitro therapeutic efficacy in metastatic 4T1�cells
	In vivo therapeutic effects on tumor relapse and metastasis
	Statistical analysis
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




