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KEY WORDS Abstract Metastatic triple-negative breast cancer (TNBC) is the most aggressive type of breast cancer.
Combination of systemic chemotherapy and immune checkpoint blockade is effective but of limited

High-density lipoprotein; benefit due to insufficient intratumoral infiltration of cytotoxic T lymphocytes (CTLs) and the accumu-

Immunotherapy; . . . . . . . .
Combination therapy: lation of immunosuppressive cells. Herein, we designed a lenvatinib- and vadimezan-loaded synthetic
NMistasiasice ’ high-density lipoprotein (LV-sHDL) for combinational immunochemotherapy of metastatic TNBC. The
Triple-negative breast LV-sHDL targeted scavenger receptor class B type 1-overexpressing 4T1 cells in the tumor after intrave-
cancer; nous injection. The multitargeted tyrosine kinase inhibitor (TKI) lenvatinib induced immunogenic cell
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death of the cancer cells, and the stimulator of interferon genes (STING) agonist vadimezan triggered
local inflammation to facilitate dendritic cell maturation and antitumor macrophage differentiation, which
synergistically improved the intratumoral infiltration of total and active CTLs by 33- and 13-fold, respec-
tively. LV-sHDL inhibited the growth of orthotopic 4T1 tumors, reduced pulmonary metastasis, and pro-

longed the survival of animals. The efficacy could be further improved when LV-sHDL was used in
combination with antibody against programmed cell death ligand 1. This study highlights the combina-
tion use of multitargeted TKI and STING agonist a promising treatment for metastatic TNBC.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Triple-negative breast cancer (TNBC) is the most aggressive type
of breast cancer with the absence of receptors for estrogen, pro-
gesterone, and human epidermal growth factor 2'. The median
overall survival for patients with metastatic TNBC is approxi-
mately 1 year vs. approximately 5 years for those with other types
of breast cancer'. Due to its invasiveness, systemic chemotherapy
after surgical tumor resection and localized radiotherapy is
necessary but is limited by its short time to tumor progression and
side effects’. Recently, increasing evidences indicate that the ef-
ficacy of chemotherapy is partially associated with its immuno-
logical effects™. Indeed, combination of nab-paclitaxel
(Abraxane®) and anti-programmed cell death ligand 1 (PDL1)
antibody (Atezolizumab) has been proved effective on TNBC
patients®, taking advantage of relatively higher mutation burden
and lymphocyte infiltration in TNBC tumors than other types of
breast cancer’ °. However, due to the intratumoral heterogeneity
and immune-suppressive microenvironment of TNBC tumors® ',
the efficacy of current chemotherapy alone or in combination with
immunotherapy such as immune checkpoint blockade (ICB) is
limited. Combination use of immunogenic cell death (ICD)
inducer and immunosuppressive reversal has been recently
explored to potentiate ICB with encouraging achievements'”.
Nevertheless, cytotoxic drugs are usually used, and many of them
may also inhibit effector cells while killing cancer cells’. In
addition, prescription of immunosuppressive drugs may be
necessary to alleviate the side effects. A new strategy that can
simultaneously improve cancer cell eradication and lymphocyte
infiltration with good tolerability is of urgent need.

Targeted anticancer agents target dysregulated pathways in the
cancer cells and are thus better tolerated than cytotoxic agents. For
instance, lenvatinib (LEN) is a multitargeted tyrosine kinase in-
hibitor (TKI) blocking receptors such as vascular endothelial
growth factor receptors (VEGFRs) and fibroblast growth factor
receptors (FGFRs), and has been approved for first-line treatment
of unresectable hepatocellular carcinoma as monotherapy and
first-line treatment of advanced renal cell carcinoma together with
pembrolizumab. The potential efficacy of LEN on TNBC patients
is also under active investigation'”. Accumulating data suggest
that LEN can inhibit immunosuppressive cells and prevent CD8™
T cell exhaustion via blocking VEGFR-mediated and FGFR-
mediated pathways while directly killing cancer cells'*'>. How-
ever, LEN surfers from adverse effects associated with non-
specific accumulation'®!”, and cannot induce acute local inflam-
mation in the tumor, which is crucial for effective antigen

presentation and activation of antitumor immunity'®. Vadimezan
is an agonist of the stimulator of interferon genes (STING) that is
crucial for priming antitumor immunityw’zo. Activation of STING
pathway can elevate the levels of type I interferons' >, sufficient
intratumoral amount of which has been found a favorable prog-
nostic factor for TNBC patients and has been proved to enhance
the efficacy of immunotherapy in multiple murine tumor models
including those bearing 4T1 TNBC tumors®. However, specific
activation of STING pathway in the tumor is required to prevent
systemic inflammation.

Given the complementary effects between LEN and vadime-
zan, we hypothesized that combination treatment of TNBC with
the two drugs would be beneficial. A tumor-targeted drug delivery
system is crucial to maximize efficacy and minimize side ef-
fects™ 7. Synthetic high-density lipoprotein (sHDL) is a bio-
mimetic and biocompatible nano-carrier that could be
functionalized for tumor imaging, vaccination, and treatment™* ",
The preferential tumor accumulation of the sHDL is associated
with its prolonged blood circulation and good tumor penetration®".
Our previous studies on murine hepatocellular carcinoma model
have demonstrated that the intratumoral sHDL showed a high
affinity for scavenger receptor class B type 1 (SR-B1), through
which the loaded drugs could be directly transported into the
cytosol of the cells’**. Since dendritic cells (DCs) also express
SR-B1, cytotoxic drug-loaded sHDL would lead to DC malfunc-
tion*>. Given the high expression of SR-B1 on TNBC cells®” and
better cancer cell selectivity of LEN, we envisioned that LEN-
loaded sHDL (L-sHDL) should induce potent cancer cell ICD
without deteriorating antitumor immunity activation. Herein, we
developed a sHDL loaded with both LEN and vadimezan (LV-
sHDL) for immunochemotherapy of TNBC (Fig. 1). We hypoth-
esized that the LV-sHDL could recognize the SR-B1 receptors that
were highly expressed on 4T1 TNBC cells and deliver LEN and
vadimezan directly into the cytosol of the cells for simultaneous
activation of ICD and STING pathways. The two drugs were
expected to improve antigen presentation and CD8" T cell acti-
vation and relieve the immunosuppression, which would finally
induce strong antitumor immunity for tumor control especially
when used in combination with ICB.

2. Materials and methods
2.1. Reagents

ApoA-1  peptide (Ac—GFAEKFKEAVKDYFAKFWD—OH,
>95%) was purchased from Top Biotechnology Co., Ltd.,
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Figure 1

Schematic illustration of the preparation and mechanism of the function of LV-sHDL. (A) Preparation of LV-sHDL. (B) The

mechanism of LV-sHDL in tumor tissue. SHDL is applied to deliver LEN and vadimezan together into tumor tissue through a recognition with the
SR-B1 on 4T1 tumor cells. LEN is supposed to induce immunogenic cell death (ICD) to trigger antitumor immune response, and vadimezan is
expected to activate STING pathway to enhance the dendritic cell (DC) maturation and regulate the immunosuppressive microenvironment
simultaneously, thus improving the antitumor effect. Figure was created and reprinted with the permission from with BioRender.com.

(Nanjing, China). Cholesterol oleate (CO), collagenase, hyal-
uronidase, and DNase were obtained from Sigma—Aldrich
(Shanghai, China). Dimyristoylphosphatidylcholine (DMPC) and
vadimezan were obtained from Shanghai Coupling Pharmaceu-
tical Technology Co., Ltd., (Shanghai, China). Lenvatinib (LEN)
and DiR were obtained from Dalian Meilun Biotechnology Co.,
Ltd., (Dalian, China). Vadimezan-cholesterol ester (VE) was
synthesized and purified according to our previous reports®.
ELISA kits for interferon-y (IFN-v), tumor necrosis factor-«
(TNF-«), interleukin (IL)-12p40 were obtained from Neo-
bioscience Technology Co., Ltd., (Shenzhen, China). Unless
additionally noted, all other reagents were obtained from Sino-
pharm Chemical Reagent Co., Ltd., (Shanghai, China) and used as
received.

2.2.  Cells and animals

Murine 4T1 breast cancer cell line was obtained from the cell
bank of the Chinese Academy of Sciences and was cultured in
RPMI 1640 (Invitrogen, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS, Invitrogen) and 1% antibiotics
(C100C5, New Cell &Molecular Biotech, Suzhou, China). The
cells were maintained at 37 °C in a humidified incubator con-
taining 5% CO,.

Female BALB/c mice (18—22 g) and female C57BL/6 mice
(18—22 g) were purchased from the Shanghai Experimental

Animal Center (Shanghai, China). OT-I mice (18—22 g) were
purchased from Cyagen Biosciences (Shanghai, China). All the
animals were maintained in a 12 h/12 h light/dark cycle with free
access to food and water. All the animal experiments were
approved by the Institutional Animal Care and Use Committee of
the Shanghai Institute of Materia Medica, Chinese Academy of
Sciences (2021-06-LYP-43).

2.3.  Preparation and characterization of sHDLs

All the sHDLs were prepared according to our previous report’>.
Briefly, a thin film of DMPC and CO (25:1, mol/mol ) was formed
under vacuum and re-hydrated with PBS (pH 7.4, containing
0.7 mg/mL ApoA-1 peptide). The suspension was sonicated and
centrifuged (7000x g, 4 °C, 10 min, H2050R, Xiangyi, Changsha,
China), and the supernatant was concentrated using ultrafiltration
(COMW = 30 kDa, 7000xg, 4 °C, 10 min, H2050R).
Fluorescence-labeled sHDLs were prepared as our previous
report’”. LEN-loaded sHDL (L-sHDL), VE-loaded sHDL (V-
sHDL), and co-encapsulated sHDL (LV-sHDL, LEN:VE = 1:6,
mollmol ) were prepared using the same procedure. The amounts
of encapsulated drugs of each sHDL were determined by high-
performance liquid chromatography (HPLC), and the drug
loading (DL) and encapsulation efficiency (EE) were calculated
using the following Egs. (1) and (2) respectively:
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The sizes and morphologies of all the sHDLs were examined
by bright-field transmission electron microscopy (TEM, Tecnai
G2 F20, FEI, Hillsboro, OR, USA) using negative staining
methodology, and their {-potentials were measured by ZetaSizer
(ZS90, Marven Panalytical, Shanghai, China). Potential drug
leakage from the sHDLs was determined by examining the drug
amount in ultrafiltrate with HPLC. The hemolytic risk of the
sHDL was assessed with a previously reported method using 10%
Triton X-100 as a positive control*®.

2.4.  Biodistribution

To investigate the biodistribution of sHDL and free dyes, 4T1
tumor-bearing mice were established by inoculating 4T1 cells
(1 x 10° cells suspended in 100 pL PBS) in the fourth mammary
gland (left) of BALB/c mice. When the tumor volume reached
~200 mm?, the mice were randomly assigned to receive either
DiR-loaded sHDL or free DiR suspension intravenously (DiR:
4 mg/kg, n = 3). The mice were imaged by an IVIS Spectrum
imaging system (PerkinElmer, MA, USA) at 1, 2, 4, 6, 12, and
24 h after the injection (Ex/Em = 748/780 nm). The mice were
sacrificed by carbon dioxide asphyxiation at the end of the
experiment, and the tumors and main organs were collected and
imaged.

To quantify the accumulation of LEN in the tumors, 4TI
tumor-bearing mice were dosed with L-sHDL (i.v.) or LEN (i.v. or
i.g., 5 mg/kg). The mice were sacrificed at six or 24 h after the
administration, and the amounts of LEN in the tumors were
determined using HPLC.

2.5.  Cellular uptake

To investigate the cellular uptake, 4T1 cells were seeded into a 24-
well-plate (8 x 10* cells per well) and cultured for 12 h. The cells
were then incubated with Cy5-labelled sHDL for 0.5, 1,2, and 4 h
(Cy5: 20 ng/mL). After being washed with PBS trice, the cells
were collected and analyzed on a flow cytometry (FACS Fortessa,
BD Biosciences, Franklin Lakes, NJ, USA). All the experiments
were performed in triplicate. To examine the subcellular locali-
zation, 4T1 cells were seeded on glass slides in a 24-well-plate
(4 x 10* cells/well). After a 12 h-incubation, the cells were treated
with Cy5-labeled sHDL (Cy5: 10 ng/mL) for 0.5, 1, 2, and 4 h,
washed, fixed with 4% paraformaldehyde, permeabilized with
0.1% Triton X-100, stained with Actin-Tracker Green (C2201S,
Beyotime, Shanghai, China) and DAPI (422801, Biolegend, San
Diego, CA, USA), and imaged on a laser scanning confocal mi-
croscopy (TCS-SP8 STED, Leica, Wetzlar, GER) after wash.

2.6.  Cytotoxicity assay

4T1 cells were seeded into a 96-well-plate (3 x 10° cells/well)
and cultured for 24 h. The medium was replaced with fresh me-
dium containing LEN, L-sHDL, or LV-sHDL of a concentration
from 0.1 nmol/L to 100 pmol/L LEN (from 0.6 nmol/L to

600 pumol/L for VE) for 48 h. The viability of cells was measured
by CCK-8 Assay according to the manufacturer’s protocol
(C6005, New Cell &Molecular Biotech).

2.7.  Immunogenic cell death in vitro and in vivo

4T1 cells were seeded into a 24-well-plate (4 x 10* cells/well)
and cultured for 12 h. The cells were then incubated with PBS,
sHDL, LEN, V-sHDL, L-sHDL, or LV-sHDL (LEN: 0.1 pumol/L;
VE: 0.6 umol/L) for 4 h and drug-free medium for 12 h, after
which the mediums were collected and centrifuged. The release of
ATP and high-mobility group box 1 (HMGB1) were examined by
ATP kit (BC0300, Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China) and HMGB1 ELISA kit (SEKM-0145,
Beijing Solarbio Science & Technology Co., Ltd.) according to
the manufacturers’ instructions, respectively.

To image the subcellular localization of calreticulin (CRT) and
HMGBI, 4T1 cells were seeded onto glass slides in a 24-well-
plate (4 x 10* cells/well) 12 h prior to a 4 h incubation with PBS,
sHDL, LEN, V-sHDL, L-sHDL, or LV-sHDL (LEN: 0.1 umol/L;
VE: 0.6 pmol/L). The cells were rinsed and further incubated with
drug-free medium for 12 h. For CRT imaging, the glass slides
were sequentially stained with anti-CRT antibody (DF3139, Af-
finity Biosciences, Changzhou, China), Alexa Fluor® 488 Affi-
niPure Rabbit Anti-Mouse IgG (H + L) (33906ES60, Yeasen,
Shanghai, China), and DAPI (422801, Biolegend). For HMGBI1
imaging, the cells were fixed with 4% paraformaldehyde, per-
meabilized with 0.1% Triton X-100, and stained with anti-
HMGBI1 antibody (AF7020, Affinity Biosciences), Alexa Flu-
or® 647 AffiniPure Rabbit Anti-Mouse IgG (H + L) (33913ES60,
Yeasen), and DAPI. The glass slides were washed with PBS thrice
after each step and imaged on a laser scanning confocal
microscopy.

For ICD determination in vivo, orthotopic 4T1 tumor-bearing
mice (tumor volume ~100 mm®) were randomly assigned into
one of six groups (n = 10) receiving PBS, sHDL, LEN, V-sHDL,
L-sHDL, or LV-sHDL (i.v., LEN: 0.5 mg/kg, vadimezan: 2 mg/kg;
1:6 mol/mol, one injection every 4 days for 3 times), respectively.
The mice were sacrificed by carbon dioxide asphyxiation, and the
tumors were collected 7 days after the last injection, weighed, cut,
and digested with a mixture of enzymes (collagenase: 1000 U/mL;
hyaluronidase: 1000 U/mL; DNase: 500 U/mL) at 37 °C for 1 h,
and filtered through nylon mesh to obtain single-cell suspensions.
The cells were counted by a cell counter and then incubated with
antibodies against mouse Ep-CAM-PE (118205, Biolegend),
Calreticulin (D3E6) XP® Rabbit mAb-Alexa Fluor® 488
(623048, CST, Danvers, MA, USA) and DAPI (n = 5). For the
ELISA qualification of HMGB1, tumors were collected, weighed,
homogenized in PBS and centrifuged to obtain the supernatant
(n = 5), according to a previous report’’.

2.8.  Dendritic cell maturation in vitro

4T1 cells were seeded into a 24-well-plate (4 X 10* cells/well)
and cultured for 12 h. Then, the cells were treated with PBS,
sHDL, free LEN, V-sHDL, L-sHDL, LV-sHDL, or LPS (LEN:
0.1 pmol/L; VE: 0.6 umol/L, LPS: 1 pg/mL) for 4 h before
another 24 h co-incubation with bone marrow-derived dendritic
cells (BMDCs, 2 x 10° cells/well) that were collected and induced
according to our previous report’>. The mediums were collected
and examined for the concentrations of IFN-v, IL-12p40, and
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TNF-a. The cells were collected, stained with antibodies against
mouse CD11¢c-FITC (11-0114-81, eBioscience, San Diego, CA,
USA), mouse CD80-PE (12-0801-81, eBioscience), and mouse
CD86-APC (105011, Biolegend), and further analyzed by a flow
cytometry (BD Biosciences). All the experiments were performed
in triplicate.

2.9.  Cross priming activity of BMDC in vitro

BMDCs and T cells were prepared according to our previous
study”*. Briefly, BI6F10-OVA cells were seeded into 6-well-plates
(6 x 10° cells/well) and cultured for 12 h. The cells were treated
with PBS, V-sHDL, L-sHDL, and LV-sHDL (LEN: 0.1 umol/L;
VE: 0.6 umol/L) for 4 h before another 24 h co-incubation with
BMDCs (2 x 10° cells/well). CD8" T cells (from the spleens of
OT-I mice) and the pre-cultured BMDCs were purified by CD8a
(117304, Biolegend) and CD11c (100704, Biolegend) positive
selection through MACS LS column (Miltenyi Biotech, Bergisch
Gladbach, GER) with anti-biotin microbeads (130090485, Milte-
nyi Biotech) following manufacturer’s protocol. Purified OT-I
CD8* T cells (2.5 x 10> cells) were labeled with CFSE (21888,
Sigma) and then incubated with purified BMDC (5 x 10* cells)
for another 48 h. Proliferation of T cells was determined by flow
cytometry according to a previous report™. All the experiments
were performed in triplicate.

2.10. Dendritic cell maturation in vivo

Orthotopic 4T1 tumor-bearing mice were established as described
above. Once the tumor volume reached ~ 100 mm3, mice were
randomly divided into six groups (n = 8) and injected (i.v.)
with PBS, sHDL, LEN, V-sHDL, L-sHDL, or LV-sHDL (LEN:
0.5 mg/kg, vadimezan: 2 mg/kg; 1:6 mol/mol), respectively. The
tumor draining lymph nodes (DLNs) were collected three days
after the treatment. Single-cell suspensions were prepared from
these DLNs (n = 5) and stained with corresponding antibodies.
The proportion of mature DC (CD80TCD86™) among all DCs was
analyzed by a flow cytometry (BD Biosciences), and the cytokine
of IFN-vy, IL-12p40, TNF-« of the DLNs homogenate (n = 3)
were examined by ELISA Kkits.

2.11.  Antitumor immunity

4T1 tumor-bearing mice models were established as described
above. When the tumor volume reached ~ 100 mm3, mice were
randomly assigned into six groups (n = 5) and injected (i.v.)
with PBS, sHDL, LEN, V-sHDL, L-sHDL, or LV-sHDL (LEN:
0.5 mg/kg, vadimezan: 2 mg/kg; 1:6 mol/mol, one injection every
4 days for 3 times), respectively. The tumors were processed as we
described above. The cells were counted by a cell counter and then
incubated with antibodies against mouse CD45-AlexFlour700 (56-
0451-82, eBioscience), mouse CD3-FITC (35-0031-U025,
TONBO Biosciences, CA, USA), mouse CD4-PE (12-0041-81,
eBioscience), mouse CD8-PE-Cy7 (60-0081-U100, TONBO
Biosciences), mouse Foxp3-Percp-Cy5.5 (45-5773-82, eBio-
science), mouse IFN-y-APC (17-7311-81, eBioscience), mouse
PDL1-APC (124311, Biolegend) and DAPI (422801, Biolegend).
For DC, cells were incubated with antibodies against mouse
CD45-AlexFlour700 (56-0451-82, eBioscience), mouse CD11c-
FITC (11-0114-81, eBioscience), mouse CD80-PE (12-0801-81,
eBioscience), and mouse CD86-APC (105011, Biolegend). For
tumor-associated macrophage (TAM), cells were incubated with

antibodies against mouse CD45-AlexFlour700 (56-0451-82,
eBioscience), mouse CDI11b-Percp-Cy5.5 (45-0112-80, eBio-
science), mouse F4/80-FITC (11-4801-81, eBioscience), mouse
CD206-PE (12-2061-80, eBioscience), and mouse CD86-APC
(105011, Biolegend). Cells for Foxp3, IFN-v, and CD206 anal-
ysis were previously fixed and permeabilized by diluted fixation/
permeabilization solution (00-5123-43, eBioscience), and then
incubated with antibodies against mouse Foxp3, IFN-v, and
CD206 in diluted permeabilization solution (00-8333-56, eBio-
science). All the procedures were performed according to the in-
structions and analyzed by a flow cytometry (BD Biosciences).

2.12.  Antitumor efficacy

4T1 tumor models were established as described above. The
mice were randomly divided into six groups (n = 7) when
tumor volumes reached ~100 mm® and were intravenously
injected with PBS, sHDL, LEN, V-sHDL, L-sHDL, or LV-sHDL
(LEN: 0.5 mg/kg, vadimezan: 2 mg/kg; 1:6 mol/mol, one in-
jection every 4 days for three injections), respectively. Mice
bearing luciferase-expressing 4T1 tumors were used to further
assess the anti-metastasis activity of the treatments (n = 4). p-
Luciferin potassium salt (MB1834-2, Meilun) was injected i.p.
14 days after treatment and images were captured through an
IVIS Spectrum imaging system (PerkinElmer, Waltham, MA,
USA). Anti-mouse PD-L1 antibody (BE0101, BioXcell, West
Lebanon, NH, USA) was injected intraperitoneally at 50 pg per
mouse twice (one injection every 7 days). The long (L) and short
(W) axis of the tumors, body weight, and survival were moni-
tored every other day. The volume of the tumors was calculated
by Eq. (3):

Volume = (L x W?) /2 3)

2.13.  Statistics

Statistical analysis of data was performed using Prism 6.0
(GraphPad Software). One-way ANOVA was used for comparison
of more than two groups, two-way ANOVA with a Bonferroni
post-hoc test was used for the tumor growth inhibition data. The
Log-Rank test was used for survival rate evaluation. All the tests
are two-sided. The difference was considered statistically signifi-
cant if the P value was less than 0.05. All results were expressed
as mean =+ standard deviation (SD).

3. Results
3.1.  Preparation and characterization of sHDLs

V-sHDL, L-sHDL, and LV-sHDL were prepared using a film
rehydration methodology. Transmission electron microscopy
(TEM) images reveal that all these sHDL were comparable in their
morphologies and sizes as spherical nanoparticles of 15 nm in
diameter (Fig. 2A). Further dynamic light scattering analysis
showed that these nanoparticles were all negatively charged with
typical {-potentials at about —18 mV (Fig. 2B). The typical DL
and EE were 2.7 + 0.1% and 42.6 £ 1.0% for LEN and
9.3 £ 1.2% and 68.4 + 1.5% for vadimezan, respectively. The
drugs were stably trapped within the nanoparticles with only
~5% leakage after a 24 h-incubation (Fig. 2C). Though an
amphiphilic peptide, ApoA-I mimic peptide in sHDL did not
cause hemolysis even at 400 pg/mL (Fig. 2D), which was higher
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Characterization of sHDLs. TEM images and sizes distribution (A) and {-potential (B) of L-sHDL, V-sHDL, and LV-sHDL.. Scale bar

= 100 nm. (C) Drug release rates of LEN and VE from L-sHDL, V-sHDL, and LV-sHDL within 24 h. (D) Hemolytic risk assessment of sHDL.
(E) TEM image, size distribution, and ¢-potential of DiR-sHDL. Scale bar = 100 nm. (F) Near-infrared images of 4T1 tumor-bearing mice
captured at different time points and the main organs collected at 24 h after a single injection of DiR-sHDL or DiR. (G) Concentrations of LEN in
4T1 tumors at different time points after one injection of L-sHDL or LEN. Statistical significance was calculated using a two-sided one-way
ANOVA test. Data are presented as the mean + SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.

than its maximal plasma concentration after intravenous injection.
These results reveal that sHDLs could simultaneously adapt two
types of drugs without significantly affecting the morphology and
size of the sHDLs.

3.2.  Tumor accumulation of sHDLs

Given the negligible hemolytic activity of the sHDLs, we explored
the tumor accumulation ability of sHDL after intravenous injec-
tion in mice bearing orthotopic 4T1 tumors. DiR-loaded sHDL
was first prepared and verified to have similar morphology and
size as the drug-loaded sHDLs (Fig. 2E). Time-series fluorescence
images revealed that sHDL prolonged the retention of DiR in the

animals compared with free DiR, and more DiR was delivered
into the tumor and the liver by the sHDL (Fig. 2F). LEN quan-
tification confirmed an ~ 4-fold increase in liver drug exposure in
mice treated with L-sHDL compared with those treated with LEN
(Supporting Information Fig. S1), suggesting that attention should
be paid to the potential hepatotoxicity of L-sHDL. Further quan-
tification of intratumoral accumulation of LEN in mice treated
with L-sHDL (i.v.) or LEN (i.v. or i.g) (5 mg/kg) further
confirmed the tumor-targeted drug delivery capability of sHDL,
evidenced by 2.3- and 14.7-fold higher drug deposition at six and
24 h after the treatments, respectively (Fig. 2G). These results
demonstrate that sHDL was an efficient carrier for TNBC tumor-
targeted drug delivery.
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3.3.  Cellular uptake and cytotoxicity of sHDL-delivered cargo

The interaction between sHDL and intratumoral cells was medi-
ated by SR-B1 receptor’®?’. SR-B1 upregulation has been
observed in human breast cancer, especially in those with higher
aggressiveness such as TNBC™”, Thus, the expression of SR-B1 by
4T1 cells, AML-12 cells, and BMDC was investigated. Indeed, the

Western-blot images show that 4T1 expressed the highest level of

SR-B1 among all the cells (Supporting Information Fig. S2). The
cellular uptake of sHDL-delivered Cy5 was time-dependent
(Fig. 3A), and the dyes were efficiently transported into the
cytosol of the cells within 4 h (Fig. 3B). As a result, L-sHDL was
more potent (~ 100-fold decrease in ICs) than free LEN against
4T1 cells (Fig. 3C). On the contrary, L-sHDL and LV-sHDL
showed a mild effect on the viability of BMDC at the same
range of concentrations (Supporting Information Fig. S3). These
results are consistent with our previous reports that sHDL could
transport the encapsulated cargo into the cytosol of the cells
through SR-B1 receptors.

We then investigated whether LEN could induce ICD and found
that LEN triggered leakage of ATP and high mobility group box 1

25
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Figure 3

(HMGBI) from 4T1 cells, which effect was significantly enhanced
when the drug was delivered with sHDL (Fig. 3D—E). Confocal
images confirmed the leakage of HMGBI in the cells treated with
LEN-containing formulations (Fig. 3F). The same treatments also
led to calreticulin (CRT) exposure on the surface of cancer cells.
While V-sHDL showed a minor effect on ICD, it elevated pTBK1
and pIRF3 (two major components of the STING pathway***") and
increased secretion of type I interferons (IFN-a/@) by cancer cells
(Fig. 3G and Supporting Information Fig. S4), which were crucial
for further recruitment and activation of immune cells*'. These
results suggest that LEN and VE in the sHDL triggered two
different immune-stimulating pathways, indicating a potential
synergistic effect during LV-sHDL-based cancer immunotherapy.

3.4. DC maturation in vitro

Given that LV-sHDL could efficiently induce ICD and type I
interferon production, we then evaluated its capability of pro-
moting BMDC maturation in vitro (Fig. 4A). Flow cytometry
analysis showed that LV-sHDL (42.8%) induced BMDC matu-
extent

ration (CD80TCD86") to an comparable to
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Uptake and efficacy of sHDLs. (A) Flow cytometry analysis of time-dependent cellular uptake of Cy5-labelled sHDL by 4T1 cells.

(B) Confocal images of 4T1 cells treated with Cy5-labelled sHDL at different time points. The nucleus and $-actin were stained with DAPI and
Actin-Tracker Green, respectively. Scale bar = 20 pm. (C) Cell viability of 4T1 cells after 48 h exposure to LEN, L-sHDL, and LV-sHDL of
various concentrations. Quantification of extracellular ATP (D) and HMGBI1 (E) in the medium of 4T1 cells after the treatment of different
sHDLs. (F) Confocal images of 4T1 cells after 4 h treatment with different SHDLs and another 12 h incubation with medium. The nucleus,
HMGBI, and CRT were stained with DAPI, anti-HMGB1 antibody-Alexa Fluor® 647, and anti-CRT antibody-Alexa Fluor® 488, respectively.
Scale bar = 20 pum. (G) Quantification of IFN-« and IFN-( secreted by 4T1 cells after the treatment of different sHDLs. Statistical significance
was calculated using a two-sided one-way ANOVA test. The data are presented as the mean £ SD (n = 3). *P < 0.05, **P < 0.01, and

*EP < 0.001.
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Bone marrow-derived dendritic cells (BMDC) maturation in vitro. (A) Schematic illustration of the experimental procedure for

in vitro BMDC maturation study. Figure was created and reprinted with the permission from with BioRender.com. (B) Flow cytometry analysis of
mature BMDCs (CD80"CD86™) after a 24 h-coculture with sHDL-treated 4T1 cells. BMDCs treated with PBS or LPS were used as negative and
positive controls, respectively. (C) Qualification of the secreted TNF-a, IL12p40, IFN-vy in the medium of 4T1 cells after a 24 h-treatment of
different sHDLs. (D) Representative histograms plots of CFSE-labelled OT-I cells after 48 h co-incubation with BMDCs. BMDCs were pre-
cultured with BI6F10-OVA cells pre-treated by different agents for 24 h. Statistical significance was calculated using a two-sided one-way
ANOVA test. The data were presented as mean £ SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.

lipopolysaccharide (LPS), and that V-sHDL (33.6%) was
slightly less effective followed by L-sHDL (26.3%) mono-
therapy (Fig. 4B). On the contrary, sHDL alone was ineffective.
The secretion of pro-inflammatory factors including TNF-a,
IL12p40, and IFN-y was also induced by the treatments, and
LV-sHDL was more potent than V-sHDL and L-sHDL
(Fig. 4C), which agreed with the flow cytometry result. Though
L-sHDL triggered much stronger ICD than V-sHDL, the latter
was more effective in inducing BMDC maturation than the
former. The results indicated that type I interferon pathway

activation played an essential role during DC maturation, which
was consistent with our previous reports®*. To investigate the
effect of treatments on DC-mediated T cell proliferation, T cells
from OT-I mice were used because of the difficulty to obtain
enough antigen-specific T lymphocytes from immunological
“cold” TNBC tumors. B16F10-OVA (with comparable SR-B1
expression to 4T1, Supporting Information Fig. S5) and
BMDC of the same background were therefore used. Flow
cytometry analysis showed that BMDC incubated with L-
sHDL-treated B16F10-OVA enhanced T cell proliferation while
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V-sHDL showed no significant effect. LV-sHDL again was the
most efficient among the tested treatments (Fig. 4D). These
results thus support the combination treatment of TNBC with
LEN and VE, which killed cancer cells and induced local
inflammation, respectively, as both effects were required for
effective cancer immun-otherapy.

3.5.  Antitumor immunity in vivo

Prompted by the potent activity of LV-sHDL in vitro, we then
explored the capability of LV-sHDL in priming antitumor immu-
nity in vivo on mice bearing orthotopic TNBC tumors. LV-sHDL
induced the strongest ICD and STING activation in vivo (Fig. 5SA—
C) and was the most potent in inducing DC maturation (5-fold of
PBS group) and local inflammation in the DLNs, followed by V-
sHDL and L-sHDL (Fig. 5SD-E). LV-sHDL also increased the
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intratumoral density of mature DC by 6-fold when compared to
PBS (Fig. 5F and Supporting Information Fig. S6). VE-containing
sHDLs increased the intratumoral IFN-«/@, while other formula-
tions showed no significant effect (Fig. 5G). Further flow
cytometry analysis revealed that LV-sHDL increased intratumoral
densities of T lymphocytes (CD3™"), cytotoxic T lymphocytes
(CD3"CD8"), and active cytotoxic T  lymphocytes
(CD3"CD8'TIFN-y ™) by 9-, 33-, and 13-fold, respectively, when
compared with the PBS group (Fig. SH-J and Supporting Infor-
mation Fig. S7). L-sHDL was the second most potent and
increased the densities of the above three types of cells by 4-, 10-,
and 8-fold, respectively. The data also revealed that the LV-sHDL
treatment preferential increased intratumoral CD8™ T cells rather
than regulatory T cells (Tycg, CD3"CD4"Foxp3™), as well as V-
sHDL (Fig. 5K and Supporting Information Fig. S8). A similar
trend was observed for L-sHDL and LEN but less prominent. VE-
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Antitumor immunity induced by the sHDLs in vivo. (A) Flow cytometry qualification of CRT levels on tumor cell surface. (B) ELISA

qualification of HMGBI in the tumors. (C) Western-blot analysis of pTBK1 and pIRF3 levels in the tumors. (D) Flow cytometry qualification of
the percentage of mature BMDCs (CD80"CD86™) in the DLNG collected 3 days after the administration of different sHDLs (n = 5). (E) ELISA
qualification of TNF-c«, IL12p40, and IFN-v secretion in the DLNs collected 3 days after the administration of different sHDLs (n = 3). In an
additional experiment, the tumors were collected 7 days after the last treatment of a three-treatment regimen (n = 5). (F) Intratumoral densities of
mature DCs. (G) ELISA qualification of IFN-« and IFN-@ in the tumors. Intratumoral densities of CD3" T lymphocytes (H), CD8* T cells (I), and
CDS8TIFN-y™ T cells (J). (K) CD8* T cell-to-Tyeg (CD4%Foxp3™ T cells) ratio. (L) M1-to-M2 ratio. (M) The expression levels of PDL1 on tumor
cells after different treatments. Statistical significance was calculated using a two-sided one-way ANOVA test. The data are presented as the

mean £ SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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containing sHDLs also increased the ratio of classically activated
macrophage (M1) to alternatively activated macrophage (M2)
(Fig. 5L, Supporting Information Figs. S9 and S10). Interestingly,
V-sHDL increased PDL1 expression on tumor cells while L-sHDL
lowered its expression (Fig. 5SM), probably because vadimezan
stimulated type I interferon-mediated PDL1 expression while
LEN inhibited FGFR4-mediated PDL1 expression'***. As a
result, the PDL1 expression in LV-sHDL-treated tumors was not
altered, indicating that a further combination with the immune
checkpoint inhibitor could be beneficial. The results suggested
that LEN played a role mainly in increasing the tumor infiltration
of immune cells and that VE mainly reversed the immunosup-
pressive microenvironment by inducing proinflammatory fac-

A

20 -

tors*>. These results collectively confirm that LV-sHDL was the
most effective treatment in inducing antitumor immunity.

3.6.  Efficacy of LV-sHDL against murine metastatic TNBC

We then evaluated the efficacy of LV-sHDL against metastatic
TNBC on mice bearing orthotopic 4T1 tumors (Fig. 6A). After
three doses of LV-sHDL, the growth of tumors was retarded by
73.4% compared to that of PBS-treated mice (Fig. 6B). L-sHDL
and V-sHDL also slowed tumor growth by 44.7% and 40.8%,
respectively. As a result, the median survival time (MST) of the
mice extended from 18 days (PBS group) to 28 days after LV-
sHDL treatment (Fig. 6C), without significant body weight loss
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Figure 6

Antitumor activity of sHDLs. (A) Schematic illustration of the treatment strategy. Therapeutic agents were given every four days (i.v.,

LEN: 0.5 mg/kg, vadimezan: 2 mg/kg; 1:6 mol/mol) for 3 times. The relative growth profiles of tumors (B) and survival curves of the mice (C)
after different treatments (n = 7). The weights of tumors (D), fluorescent images tumor sections after TUNEL staining (E), scale bar = 80 pum,
(n = 5). (F) Images of the mice bearing luciferase-expressing 4T1 tumors. The pulmonary metastasis was quantified based on the radiance from
the lungs (n = 4). All the tissues were collected from mice of another experiment 14 days after receiving different treatments. Relative tumor
growth profiles (G) and survival curves (H) of mice receiving the indicated treatments on Days 0, 4 and 8 (n = 7). Tumor growth inhibition data
were analyzed by two-sided two-way ANOVA. The survival data were analyzed by two-sided Log-Rank test. The tumor weight and metastasis
data were analyzed using two-sided one-way ANOVA. The data are presented as the mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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at current dosages (Supporting Information Fig. S11). In consis-
tence, the tumor weights of mice treated with LV-sHDL, L-sHDL,
and V-sHDL were 17.1%, 40.0%, and 67.0% of the tumor weight
of PBS-treated mice (Fig. 6D). Terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) staining
also showed that LV-sHDL induced the most extensive cancer cell
apoptosis among all the treatments (Fig. 6E). LV-sHDL also
inhibited the pulmonary metastasis of 4T1 by >85% (Fig. 6F and
Supporting Information Fig. S12). Though sHDL improved drug
exposure in the liver, no obvious toxicity was noticed in the major
organs even at a higher dosage (6 times of the therapeutic doses,
Supporting Information Fig. S13), probably because only a lower
dosage was necessary to exert therapeutic effects compared with
other formulations®, indicating a good tolerability of the
treatments.

To further improve the therapeutic efficacy, we combined LV-
sHDL with an immune checkpoint inhibitor, anti-PDL1 antibody.
In contrast with LV-sHDL-treated tumors that showed a fast tumor
regrowth at the later phase (after the treatment was stopped), the
tumors in mice receiving combination treatments were better
controlled (Fig. 6G). The antibody alone only showed mild anti-
tumor activity. Thus, the MST of the mice was further extended to
38 days after the combination therapy (Fig. 6H). Meanwhile, no
significant body weight loss was recorded for the combination
therapy group (Supporting Information Fig. S14).

4. Discussion

Metastatic TNBC is the most aggressive type of breast cancer with
median overall survival of 13—18 months after current treatment
options*’. The efficacy of current combinational immunochemo-
therapy (nab-paclitaxel plus Atezolizumab) in the clinic relies on
the sufficient intratumoral infiltration of CTLs***, and less heavily
pretreated metastatic disease is expected to benefit from the
treatment®. Herein, we developed the LV-sHDL for tumor-
targeted and cancer cell-specific delivery of lenvatinib and vadi-
mezan. The LV-sHDL improved intratumoral infiltration and ac-
tivity of CTLs, and thus inhibited the growth of primary tumors
and pulmonary metastasis of 4T1 TNBC model. The efficacy was
further improved when LV-sHDL was used in combination with
anti-PDL1 antibody.

Combination use of chemotherapy and immunotherapy is
crucial to the efficacy of LV-sHDL. Although conventional
chemotherapy using cytotoxic agents is routinely adopted in clinic
for metastatic TNBC therapy, extensive treatment usually impairs
peripheral and local antitumor immunity*®. Thus, molecularly
targeted therapy and immunotherapy combinations are recently
being explored in metastatic breast cancer®’. In our design, LEN, a
multitargeted TKI, was used. Despite its potent activity in
inducing ICD of cancer cells, LEN was one—two order of
magnitude less toxic to BMDC when delivered with sHDL, which
is in sharp contrast with chemotherapeutic agent mertansine®>. In
addition, LEN could also inhibit the expression of PDL1 by cancer
cells to some extent, which is also beneficial for cancer immu-
notherapy. Aside from low intratumoral ICD, we previously found
that insufficient intratumoral type I interferon was associated with
poor response of TNBC tumor to immunotherapy. In our current
design, vadimezan, a STING agonist, was co-delivered by sHDL
and induced local inflammation that promoted DC maturation and
preferential accumulation of M1. The two drugs primed antitumor
immunity through two different but cooperative pathways and

greatly inhibited the growth of primary tumors and pulmonary
metastasis*®. We used biomimetic sHDL for co-delivery of len-
vatinib and vadimezan. The sHDL was previously found to have a
long circulation half-life, deep tumor penetration, and SR-B1-
mediated specificity’' >, Thus, sHDL improved tumor-targeted
and 4T1 cell-specific drug delivery, which contributed to the ef-
ficacy and safety of the treatment.

Our design successfully increased the intratumoral density
of CTLs and their activity. The IFN-y secreted by active
CTLs would however elevate cancer cell expression of PDLI,
which could lead to CTL exhaustion. Previous clinical trials
revealed that patients with PDL1 positive tumor showed better
response to ICB while no difference in survival was observed
between patients receiving nab-paclitaxel alone and combina-
tion therapy (nab-paclitaxel and ICB)***, In our case, LEN in
LV-sHDL inhibited further upregulation of PDL1 on cancer
cells but was not potent enough to downregulate PDLI,
indicating persistence of immunosuppression. Increased anti-
tumor activity was indeed achieved when combining LV-sHDL
with anti-PDL1 antibody.

5. Conclusions

Insufficient intratumoral accumulation of CTLs and the presence
of suppressive tumor microenvironment are two major hurdles that
hinder the successful treatment of metastatic TNBC. To overcome
these limitations, we have developed an sHDL-based nanoparticle
for tumor-targeted and cancer cell-specific co-delivery of lenva-
tinib and vadimezan, namely LV-sHDL. The two drugs coopera-
tively induce ICD, promote DC maturation, enhance CTL
recruitment, and foster an antitumor microenvironment, which
together lead to a successful control of primary tumor growth and
pulmonary metastasis. The combination use of LV-sHDL with
ICB further improved the efficacy. Given the easy preparation and
TNBC-specificity of sHDL, we envision that our LV-sHDL could
be a promising treatment for TNBC patients especially those with
PDL1-negative tumors.
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