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KEY WORDS Abstract  Currently, the efficacy of albumin-bound paclitaxel (PTX@ALlDb) is still limited due to the
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Collagen: while, acquired immune resistance always occurs due to the enhanced programmed cell death-ligand 1
Trans%orr;ling growth (PD-L1) expression after PTX@ Alb treatment, which then leads to immune tolerance. To fill these gaps,
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with albumin (Alb) to form TPP-TAM @ Alb nanoparticles. By doing this, TPP-TAM @ Alb nanoparticles
effectively decreased the expression of collagen in vitro, which then led to the enhanced accumulation of
PTX@AIDb in 4T1 tumors. Besides, TPP-TAM@Alb also effectively decreased the expression of PD-L1
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and TGF-g in tumors to better sensitize PTX @ Alb-mediated chemo-immunotherapy by enhancing T cell
infiltration. All in all, we newly put forward a novel mitochondrial metabolism blockade strategy to
inhibit PTX @ Alb-resistant tumors, further supporting its better clinical application.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Recently, female breast cancer became the most commonly diag-
nosed cancer, with an estimated 2.3 million new cases worldwide
(11.7% of all the cases), followed by lung (11.4%), colorectal
(10.0%), prostate (7.3%), and stomach (5.6%) cancers' . Due to
such a serious situation, chemotherapy was developed as the uni-
versal strategy to cure breast tumors, among which FDA-approved
albumin-bound paclitaxel nano-formulation (named PTX@AIb in
this study) was widely used™*. Apart from working as an anti-
tubulin drug to induce tumor cell apoptosis, PTX@Alb also could
reverse the immune-resistance microenvironment by inducing
immunogenic cell death (ICD) and enhancing T cell infiltration to
generate the antigen-specific immune response™. Even so, only
mild therapeutic outcomes were achieved due to the limited
PTX@AIb accumulation in tumors at least partly induced by
transforming growth factor (TGF-B)-caused dense collagen
distribution”°. Apart from this, after PTX@AIb treatment, the
expression of PD-L1 was always enhanced to some extent by
promoting STAT1 phosphorylation, which then may also lead to
chemo-immunotherapy resistance'”'?. Therefore, the efficacy of
PTX@AIb in treating tumors, especially breast cancer, is still
limited and needs to be improved.

For the past few years, mitochondrial metabolism blockage had
aroused great interest owing to its unexpected capacity in
reversing immune resistance induced by increased levels of
oxidative phosphorylation (OXPHOS) and glycolysis in
tumors'* ", When mitochondrial metabolism was depressed by
OXPHOS or glycolysis inhibition, the adenosine diphosphate
(ADP)/adenosine triphosphate (ATP) ratio was raised, resulting in
the following enhanced phosphorylation levels of AMPK
protein'*'872° Following this, the endoplasmic reticulum (ER)-
associated degradation of the PD-L1 protein was then enhanced,
leading to the finally decreased tumor cell membrane location of
PD-L1'*!81921:22 Ty addition, due to increased phosphorylation
levels of AMPK protein, the secretion of TGF-8 and collagen
from tumor cells could also be remised® >°. Apart from limiting
drug accumulation in tumors, TGF-8 and collagen both were
newly proven to work as immune suppression proteins via limiting
T cell infiltration and impairing the tumor cell-killing efficacy of T
cells, as well as recruiting amounts of regulatory T cells™*=’2°.
Thus, mitochondrial metabolism blockage by OXPHOS or
glycolysis inhibition may serve as a versatile strategy to sensitize
PTX@Alb-mediated chemo-immunotherapy via reversing the
immune-resistance tumor microenvironment and enhancing
PTX@AID distribution in tumors. But, whether this strategy could
work as predicted has yet to be confirmed since little attention
noticed the potential of such a strategy™’ 2.

At present, TAM is widely used as an adjuvant chemotherapy
drug for estrogen receptor-positive breast cancer, which effectively
extends the survival time and life quality of some breast cancer
patients to some extent’>*>*, Interestingly enough, apart from

working as an anti-estrogen drug, it was also revealed that TAM
could also depress OXPHOS via inhibiting mitochondrial complex I
in the electron transport chain®®*'“°. Due to this, the AMPK
pathway was activated due to the raised ADP/ATP ratio, meaning
that TAM may possess the capacity to inhibit PD-L1, collagen, and
TGF-8 immune pathway, simultaneously'****°, But, whether TAM
possesses such capacity to inhibit collagen, TGF-8, and PD-L1
expression through affecting the AMPK pathway as we predicted
still needs to be proved”’’. Apart from this, as an adjuvant chemo-
therapeutic drug, TAM possessed no tumor-targeting capacity,
which may limit the accumulation of TAM in tumors, as well as
induce side effects and acquired resistance of TAM>'**. Thus,
targeted delivery of TAM to the tumors may serve as a novel
strategy to better convert cold tumors to hot ones after PTX@Alb-
based chemotherapy via reversing immune-resistance tumor
microenvironment and enhancing PTX@AIb distribution.

As we all know, cationic TPP possesses ideal tumor mito-
chondria targeting capacity’”*. Interestingly enough, it was also
newly revealed that conjugating TAM with mitochondria-targeting
agents may decrease the dosage of TAM needed to induce mito-
chondria metabolism blockage®'. Thus, we believed that conju-
gating TAM with TPP may be used as a novel strategy to better
sensitize PTX@Alb-based chemo-immunotherapy by PD-L1 and
TGF-{ co-depression (Scheme 1). To prove this speculation, TPP-
TAM was designed and prepared by conjugating mitochondria-
targeted TPP with mitochondrial complexes I depression agent
TAM, which was then proved to possess PD-L1 and TGF-§ co-
depression capacity at a relatively lower dosage as desired
(TAM 20 pmol/L vs TPP-TAM 1 pmol/L). Following this, TPP-
TAM was further self-assembled with Alb to form TPP-
TAM@AIb nanoparticles to better deliver it to 4T1 tumors by
using the previously reported method (Scheme 1)*'. By doing this,
TPP-TAM@AIb nanoparticles depressed TGF-3 expression and
inhibited collagen secretion, leading to the following enhanced
accumulation of Chlorin e6 (Ce6) co-loaded PTX@AIb in 4T1
tumors. Apart from this, TPP-TAM@ALIb then sensitized tumor
chemo-immunotherapy by amplifying T cell infiltration due to the
prevented possible acquired immune resistance induced by
PTX@AIb through PD-L1 and TGF-@ co-depression. To sum up,
in this study, we innovatively designed a mitochondrial meta-
bolism blockade strategy by using TPP-TAM @ Alb nanoparticles
to sensitize chemotherapy-resistant tumors.

2. Materials and methods

2.1.  Materials

Rabbit anti-mouse AMPK antibody (#2532L), rabbit anti-mouse
TGF-( antibody (#3711S), rabbit anti-mouse pAMPK (Thr172)
antibody (#2535L), and rabbit anti-mouse collagen I antibody
(#72026S) were all obtained from Cell Signaling Technology
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(A) The preparation process of TPP-TAM@Alb. (B) The mechanism underlying TPP-TAM @Alb boosted PTX @ Alb-based chemo-

immunotherapy via mitochondrial metabolism blockade-induced enhanced drug accumulation and amplified T-cell infiltration.

(Boston, MA, USA). Rabbit anti-mouse PD-L1 antibody
(#DF6526), rabbit anti-mouse (-actin antibody (#AF7018), Af-
finity™ Enhanced Chemiluminescence (ECL) kit (#KF8001),
rabbit anti-mouse HIF-1a antibody (#AF1009), goat anti-Rabbit
IgG (H+L) Horse Radish Peroxidase (HRP) antibody (#S0001),
rabbit anti-mouse Ki67 antibody (#AF0198), rabbit anti-mouse
high mobility group protein 1 (HMGB1) antibody (#AF7020),
rabbit anti-mouse Bcl-2 antibody (#AF6139), and rabbit anti-
mouse Calreticulin (CRT) antibody (#DF3139) were purchased
from Affinity Biosciences LTD (Cincinnati, OH, USA). Serum
Alb was obtained from Sigma Chemical Co., Ltd. (Darmstadt,
Germany). Trypsin-Ethylenediaminetetraacetic acid disodium salt,
Dulbecco’s modified Eagle medium (DMEM), penicillin/strepto-
mycin, and fetal bovine serum (FBS) were purchased from
GIBCO-BRL (Grand Island, NY, USA). FITC-labeled rat anti-
mouse CD3 antibodies (#100204), APC-labeled rat anti-mouse
CD8 antibodies (#100712), and PE-labeled rat anti-mouse CD4
antibodies (#100408) were obtained from Biolegend (San Diego,
CA, USA). Dorsomorphin (Com C), Chlorin e6 (Ce6), 1,6-
dibromohexane, TAM, dimethylformamide (DMF), triphenyl-
phosphine (TPP), DMSO-dg, hexyltriphenylphosphonium bromide
(TPP-C6), methanol, 2-mercaptoethanol, and dichloromethane
were provided by Aladdin (Shanghai, China). InVivoMAb anti-
mouse PD-L1 (#BEO0101) was obtained from Bio X Cell
(Lebanon, NH, USA). All the materials or chemicals used in the
Western blot assay including RIPA lysis buffer, primary antibody
diluent, second antibody diluent, skim milk powder, etc., were
bought from Beyotime Biotechnology (Shanghai, China).
PTX@AIb was obtained from Abraxis BioScience (Los Angeles,
CA, USA). Alanine transaminase (ALT) detection kit (#C009-2-
1), urea nitrogen (BUN) detection kit (#C013-2-1), serum creati-
nine (CRE) detection kit (#C011-2-1), and aspartate transaminase
(AST) (#C010-2-1) detection kit by the relevant assay kits ob-
tained from Jiancheng Bioengineering Institute (Nanjing, China).
All antibodies or materials used in Western blot assay, flow
cytometry, etc., were all based on the manufacturer’s instructions.

Unless otherwise noted, all chemicals, antibodies, and other ma-
terials were used directly without further purification.

2.2.  Cell culture and animals

Murine breast tumor 4T1 cells were cultured in DMEM containing
10% FBS and 1% penicillin/streptomycin and then incubated at
37 °C in a 5% CO, humidified atmosphere (Thermal Fisher Inc.,
Waltham, MA, USA).

BALB/c female mice (6—8 weeks, 18—20 g) were purchased
from the Experiment Animal Center of Wenzhou Medical Uni-
versity (Zhejiang, China). All animal experiments were performed
following the Experimental Animal Administration Committee of
Zhejiang Province and the ethical guidelines for animal experi-
ments of Wenzhou Medical University (xmsq2022-1020).

2.3.  Synthetic process of TPP-TAM

Generally, TAM-NH (Supporting Information Fig. S1) was pre-
pared as previously reported®'**. Synthesis of TAM-C6 (Fig. S1):
TPP-C6 was obtained by the reaction between 1.46 g 1,6-
dibromohexane and 1.07 g TAM-NH in 140 mL DMF. The solu-
tion was stirred at 85 °C for 24 h. Following this, the reaction
mixture was rotor-evaporated to collect the crude solid of TAM-C6.
Then, the silica gel column chromatography was used to obtain the
desired TAM-C6 (512 mg, yield about 33.0%, ~95% pure) by
utilizing methanol and dichloromethane as the developing solvent.

Synthesis of TPP-TAM (Fig. S1): TPP-TAM was obtained by
the reaction between 260.3 mg TAM-C6 and 262.3 mg TPP in
50 mL DMF. The solution was stirred at 85 °C for 24 h. Following
this, the reaction mixture was rotor-evaporated to collect the crude
solid of TPP-TAM. Then, the silica gel column chromatography
was used to obtain the desired TPP-TAM (105 mg, yield about
26.8%, ~95% pure) by utilizing methanol and dichloromethane as
the developing solvent. Then, 'H nuclear magnetic resonance (‘H
NMR, QOne Instruments, QUANTUM-I-400MHz, Wuhan, China)
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was used to confirm the right preparation of TPP-TAM and TAM-
C6 by using DMSO-dg as the solvent, which was further confirmed
by high-resolution mass spectrum (HR-MS) (ESI-TOF) (detection
for TPP-TAM: [M]" = 702.3832, [M+H]*" = 351.6937).

2.4.  Preparation and characterization of TPP-TAM@AIb

TPP-TAM@AIb was prepared by referring to the previously re-
ported method®***. Generally, 200 mg of Alb was dissolved in
100 mL of deionized water with constant stirring. Then, 2-
mercaptoethanol was added to expose the hydrophobic region of
Alb, after which 0.5 mL TPP-TAM (10 mg/mL, dissolved in
ethanol) was slowly added into the denatured protein solution to
obtain the light blue TPP-TAM @ Alb solution. Following this, free
2-mercaptoethanol and free TPP-TAM were removed using an
ultrafiltration membrane (cut-off weight: 30 kDa) (Merck, Milli-
pore 8400, Darmstadt, Germany). Finally, TPP-TAM@AIb
nanoparticles were stored at 4 °C for further usage.

The morphology of TPP-TAM@AIb nanoparticles was char-
acterized with a negative stain method (1% phosphotungstic acid)
using transmission electron microscopy (TEM) (Thermo Fisher
Scientific, FEI Talos F200S, Waltham, MA, USA). The distribu-
tion of the particle size and zeta potential of nanoparticles were
observed with a Zetasizer (Malvern, Zetasizer Nano ZS ZEN3600,
Malvern, UK). To observe the physiological stabilities of TPP-
TAM@AIb, Zetasizer was used to dynamically monitor their hy-
drated diameters after being incubated in PBS and ultrapure water
for varying time intervals over 48 h at room temperature envi-
ronment to observe the particle size changes. The drug loading
efficiency (LE) and drug encapsulation efficiency (EE) of TPP-
TAM were determined by UV—Vis spectrometer (PerkinElmer,
Lambda 25, Waltham, MA, USA) after Alb precipitation with
excess dichloromethane as in Egs. (1) and (2):

LE (%) = (Weight of TPP-TAM in TPP-TAM @ Alb/Total weight
of TPP-TAM@AIb) x 100 (1

EE (%) = (Weight of TPP-TAM in TPP-TAM @ Alb/Total weight
of TPP-TAM fed initially) x 100 )

The release profile of TPP-TAM@AIb was detected as the
previously reported similar method**. Generally, TPP-TAM@ Alb
was sealed in the dialysis bag (molecular weight cutoff, 3.5 kDa),
immersed in 500 mL PBS buffer containing 2% (-cyclodextrin,
and shaken at 200 rpm at room temperature. 1 mL osmotic fluid
was collected from the PBS buffer and the same volume of PBS
was added at different times. At last, TPP-TAM concentration in
the osmotic fluid was quantified by UV—Vis spectrometer.

2.5.  Invitro cytotoxicity

7 x 10° 4T1 cells were cultured in 96-well plates with DMEM
medium containing different concentrations of TPP-TAM@ Alb,
PTX@AIb, or TPP-TAM@AIb + PTX@AIb for 24 h. Then, the
CCK-8 assay was added to each well. After incubation at 37 °C
for another 2 h, the absorbance at 450 nm was measured using a
plate reader (BioTek, Epoch 2, Santa Clara, CA, USA).

2.6.  Cell apoptosis analysis

Cell apoptosis detection was used as an important index to
evaluate the cytotoxicity of PTX@AIb and TPP-TAM@AIb.

Generally, 10° 4T1 cells were added and cultured in 6-well
plates. After 24 h, cells were incubated with TPP-TAM@Alb,
PTX@AIb, TPP-TAM@AIb + PTX@AIb (TPP-TAM concen-
tration: 1 pmol/L, PTX concentration: 10 pmol/L) for another
8 h. Then, 4T1 cells were collected by trypsinization and low-
speed centrifugation, washed by PBS, and co-stained with
Annexin V-FITC and Propidium Iodide (PI) for 30 min before
the final flow cytometry analysis. Similarly, the cell apoptosis
was also detected by using Calcein-AM when 4T1 cells
were incubated with TPP-TAM@AIb, PTX@AIb, or TPP-
TAM@AIb + PTX@AIb (TPP-TAM concentration: 1 pmol/L,
PTX concentration: 10 pumol/L).

2.7.  Cell clone assay

To observe the effect of nanoparticles on tumor inhibition over a
longer period, the cell clonal formation experiment was con-
ducted. 1 x 10® 4T1 cells of all groups were seeded in 6-well
plates after being treated with TPP-TAM@AIlb, PTX@AlIb,
TPP-TAM@AIb + PTX@AIb (TPP-TAM concentration:
1 pmol/L, PTX concentration: 10 pmol/L), and no-processing
group, respectively. After incubation for 14 days, 4T1 macro-
scopic cell colonies were formed and stained by crystal violet.

2.8.  Mitochondrial complexes activity assay

To confirm the effects of different concentrations of TAM and
TPP-TAM on mitochondrial complexes function, MitoCheck
Complex I Activity Assay Kit (Cayman Chemical, #700930,
Ann Arbor, MI, USA) was used according to the manufacturer’s
instruction.

2.9.  Detection of mitochondrion membrane potential by JC-1
probe

JC-1 mitochondrial membrane potential probe (Beyotime
Biotechnology, Shanghai, China) was used for the detection of
mitochondrial depolarization. Generally, 5 x 10* 4T1 cells were
seeded in glass-bottom cell culture dishes (Nest Biotechnology
Co., Ltd., Wuxi, China). 24 h later, the cells were treated with
PBS, 20 umol/L TPP-C6, 20 umol/L TAM, or 2 umol/L TPP-TAM
for another 24 h. Carbonyl cyanide 3-chlorophenylhydrazone
(10 umol/L. CCCP) was treated as the positive control. Subse-
quently, the cells were labeled with 5 pg/mL JC-1 reagents for
another 20 min at 37 °C. At last, the monomer fluorescence sig-
nals of JC-1 (green) were observed by using confocal laser
scanning microscopy (Nikon, CLSM A1, Tokyo, Japan).

2.10.  Western blot assay

Western blotting analysis was conducted as previously reported™.
RIPA buffer (Beyotime, Shanghai, China) was used for the
extraction of proteins from the tumor cells or tissues. The protein
concentration of each sample was determined by Bicinchoninic
Acid (BCA) kits (Beyotime, Shanghai, China). Proteins were
separated by 10% SDS-PAGE and then transferred to a 0.45 pm
Polyvinylidene  Fluoride = (PVDF)  membrane (Merck,
#IPVHO00010, Darmstadt, Germany). The membrane was blocked
with 5% skimmed milk at room temperature for 1 h and incubated
with relevant primary antibodies to TGF-8 (1:1000, CST, MA,
USA), PD-L1 (1:1000, Affinity Biosciences Inc., OH, USA),
AMPK (1:1000, CST, MA, USA), pAMPK (1:1000, CST, MA,



Boosting abraxane-based chemo-immunotherapy via mitochondrial metabolism blockade 4091

USA), collagen I (1:1000, CST, MA, USA), Bcl-2 (1:1000, Af-
finity Biosciences Inc., OH, USA), or B-actin (1:5000, Affinity
Biosciences Inc., OH, USA) at 4 °C overnight. After washing with
TBST buffer, the PVDF membrane was then incubated with goat
anti-rabbit IgG (H + L) HRP antibody (dilution factor 1:5000,
Affinity Biosciences Inc., OH, USA) at room temperature for 1 h.
After washing with TBST buffer (mixture of tris-buffered saline
and tween 20) repeatedly to wipe off the unbound secondary an-
tibodies, the images of protein bands were visualized by using a
fluorescent & chemiluminescence gel-imaging system (Peiging
Science and Technology Co., Ltd., JS-M6P, Shanghai, China). All
the standardized protein expression levels were finally quantified
by Imagel.

2.11.  Determination of ADP and ATP content

7 x 10 4T1 cells were seeded in the 96-well plates overnight and
then incubated with 2 umol/L TPP-TAM for different time. At 1,
3, 6, 12, and 24 h after TPP-TAM treatments, 4T1 cells were
collected and lysed for the detection of ATP and ADP content by
using the ADP/ATP detection kit (Vigorous Biotechnology Co.,
Ltd., #T008, Beijing, China).

2.12.  Evaluation of ICD generation in vitro

To evaluate the influence of TPP-TAM@AIb on the efficacy of
PTX@AIb in inducing tumor ICD, the immunofluorescence
staining of CRT and HMGB1 was conducted. Generally, 5 x 10*
4T1 cells were first seeded in glass-bottom cell culture dishes. 24
h later, 4T1 cells were treated with PBS, TPP-TAM@AIb,
PTX@AIlb, and TPP-TAM@AIb + PTX@AIb (concentration of
TPP-TAM: 1 pmol/L, concentration of PTX: 10 pmol/L). After
another 12 h, 4T1 cells were fixed with 4% paraformaldehyde for
15 min at room temperature followed by PBS washing three times.
Then, the cells were sequentially stained with anti-CRT primary
antibodies (1: 500, Affinity, OH, USA) and anti-HMGB1 primary
antibodies (1:500, Affinity, OH, USA) at 4 °C overnight. Subse-
quently, cells were stained with Alexa Fluor 594 labeled goat anti-
rabbit IgG (H+L) (1: 2500, Thermo Scientific, MA, USA).
Finally, DAPI was used to stain the cell nucleus for 10 min. The
immunofluorescence signals of CRT and HMGB1 were finally
observed by confocal laser scanning microscopy.

2.13.  Effects of TPP-TAM@AIb on the bio-distribution of
Ce6@Alb or PTX@AID in vivo

In this study, Ce6 with near-infrared fluorescence was used as an
indicator to evaluate the effects of TPP-TAM@AIb on the bio-
distribution of PTX@AIb in vivo. Firstly, Ce6 co-loaded
PTX@AIb nanosystem (named Ce6@PTX@AIlb) was prepared
using the similar methods described previously*'*****.

Female BALB/c mice were injected subcutaneously with
1 x 10° 4T1 cells under the right axilla. When the volume of
tumors reached around 150 mm3, the mice were divided into two
groups randomly (n = 3). TPP-TAM@AIb (TPP-TAM concen-
tration: 5 mg/kg) and the corresponding 0.9% saline (as a control
group) were first intravenously injected by the tail, respectively.
After 24 h, mice were intravenously injected with 0.6 mg/kg
Ce6@PTX@AIb (Ce6 concentration: 0.6 mg/kg; PTX concen-
tration: 5 mg/kg). Following this, the mice were sacrificed to
collect the tumors and major tissues (heart, liver, spleen, lung, and
kidney) for ex vivo NIR fluorescence imaging at different time (12,

24, 48, and 72 h). The images of fluorescence distribution in mice
were acquired and evaluated by the multi-mode optical live im-
aging system (PerkinElmer, IVIS Lumina XRMS Series III,
Waltham, MA, USA).

Female BALB/c mice were injected subcutaneously with
1 x 10°4T1 cells in the breast fat pad that near the right abdomen.
When the volume of tumors reached around 100 mm? , the mice
were divided into two groups randomly (n = 5). TPP-TAM@ Alb
(TPP-TAM concentration: 5 mg/kg) and the corresponding 0.9%
saline (as a control group) were first intravenously injected by the
tail, respectively. After 24 h, mice were intravenously injected with
5 mg/kg PTX@AIb (PTX concentration: 5 mg/kg). After another
24 h, all the mice were sacrificed to collect the tumors and then
used to detect the accumulation of PTX in 4T1 tumors by HPLC'.

2.14.  Analysis of T cells infiltration in vivo

The effects of different treatments on the infiltration of T cells in
tumors were observed by using the subcutaneously implanted 4T1
tumor-bearing mice. First, BALB/c mice were injected subcuta-
neously with 1 x 10° 4T1 cells under the right axilla. When the
volume of tumors reached around 100 mm?, the mice were divided
into six groups randomly (n = 5): 1. Vehicle; 2. PTX@AIb; 3.
TPP-TAM@AIlb; 4. PTX@AIb + TPP-TAM@AIb; 5. Anti-PD-L1
antibodies; 6. PTX@AIb + Anti-PD-L1 antibodies (calculated by
TPP-TAM concentration: 5 mg/kg; PTX concentration: 5 mg/kg;
anti-PD-L1 antibody concentration: 5 mg/kg). The mice were
firstly treated with TPP-TAM@AIb nanoparticles or anti-PD-L1
antibodies by tail vein injection, followed by PTX@AIb treat-
ment in the same way at 24 h later. After another 24 h, the tumors
were collected to evaluate the immune cell infiltration in tumors.
Part of the tumors was enzymatically degraded as previously re-
ported®™*°. Then, the cells obtained from tumors were collected to
detect the CD3", CD4", and CD8" T cells by flow cytometry
assay (Beckman Coulter, CytoFLEX, Brea, CA, USA) by using
FITC-labeled CD3 antibodies, APC-labeled CD8 antibodies, and
PE-labeled CD4 antibodies.

The effects of different treatments on the infiltration of T cells
in tumors were also observed by using breast fat pad implanted
4T1 tumor-bearing mice. First, BALB/c mice were injected sub-
cutaneously with 1 x 10° 4T1 cells in the breast fat pad near the
right abdomen. When the volume of tumors reached around
100 mm®, the mice were divided into six groups randomly
(n = 5): 1. Vehicle; 2. PTX@AIlb; 3. TPP-TAM@AIb; 4.
PTX@AIb 4+ TPP-TAM@AIb (calculated by TPP-TAM or PTX
concentration: 5 mg/kg). The mice were firstly treated with TPP-
TAM@AIb nanoparticles by tail vein injection, followed by
PTX@AIDb treatment at 24 h later in the same way. After another
24 h, the tumors were collected to evaluate the immune cell
infiltration in tumors. Part of the tumors was enzymatically
degraded as previously reported*>*°. Then, the cells obtained from
tumors were collected to detect the CD3", CD4™, and CD8" T
cells by flow cytometry assay.

2.15.  Evaluation of tumor apoptosis and proliferation in vivo

Female BALB/c mice were subcutaneously injected with 1 x 10°
4T1 cells under the right axilla. When the volume of tumors
reached around 100 mm?, these mice were randomly divided
into the following six groups (n = 3): 1. Vehicle; 2. PTX@AlIb;
3. TPP-TAM@ALlb; 4. PTX@AIlb + TPP-TAM@AIDb; 5. Anti-
PD-L1 antibodies (calculated by TPP-TAM concentration:
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5 mg/kg; PTX concentration: 5 mg/kg; anti-PDL1 concentration:
5 mg/kg). The mice were firstly treated with TPP-TAM @ Alb
nanoparticles by tail vein injection, followed by PTX@AIlb
treatment 24 h later in the same way. After another 24 h, to
evaluate the tumor cell apoptosis and proliferation in the 4T1
tumors, all the mice were sacrificed to collect 4T1 tumors for the
immunofluorescence analysis of Ki67, TUNEL, and hematoxy-
lin—-eosin (H&E) staining for histological analysis. Briefly, the
tumors of different groups were collected and embedded in OCT
and cut into 7 pm slices. Next, a one-step TUNEL assay kit
(Beyotime, Shanghai, China) was used to stain tumor tissue
slices, and tumor apoptosis was analyzed by CLSM. Meanwhile,
for Ki67-based cell proliferation ability assessment, the samples
were fixed and incubated overnight with rabbit anti-mouse Ki67
antibody (dilution factor 1:1000, Affinity Biosciences Inc., OH,
USA) and then incubated with Alexa Fluor 594-labeled goat
anti-rabbit IgG (H+L) (dilution factor 1:1000, Thermo Scienti-
fic, MA, USA) at room temperature for 1 h. The last step was the

A

O,
= H_

-

detection of the fluorescence images by CLSM. ImageJ was used
to calculate the mean fluorescence intensity (MFI) of TUNEL
and Ki67.

2.16.  Evaluation of the combination anti-tumor efficacy of TPP-
TAM@AIb and PTX@AIb in subcutaneously implanted 4T1
tumors

Female BALB/c mice were subcutaneously injected with 1 x 10°
4T1 cells under the right axilla. When the volume of tumors
reached around 100 mm?, these mice were randomly divided into
the following six groups (n = 5): 1. Vehicle; 2. PTX@AIb; 3.
TPP-TAM@ALlb; 4. PTX@AIb + TPP-TAM@AIlb; 5. Anti-PD-L1
antibodies; 6. PTX@AIb + Anti-PD-L1 antibodies (calculated by
TPP-TAM concentration: 5 mg/kg; PTX concentration: 5 mg/kg;
anti-PD-L1 concentration: 5 mg/kg). The mice were firstly treated
with TPP-TAM@Alb nanoparticles or anti-PD-L1 antibodies by
tail vein injection, followed by PTX@AIb treatment at 24 h later.
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Figure 1

Effects of TPP-TAM on the expression of PD-L1 and TGF-g protein in 4T1 lung tumor cells. (A) The preparation process of TPP-

TAM and its merits compared with TAM. (B) Evaluation of the effects of different concentrations of TAM or TPP-TAM on the function of
mitochondrial complex I (n = 3). (C) Detection of the changes of mitochondrial membrane potential by JC-1 fluorescence (monomer, green) after
PBS, 20 wmol/L TPP-C6, 20 umol/L TAM, 2 umol/L TPP-TAM, or 10 umol/L CCCP treatment, scale bar = 5 pm. (D) Detection of the ADP/ATP
ratio at different time after 2 pmol/L TPP-TAM treatment (n = 3). (E—I) Evaluation and quantification of the expression levels of PD-L1, AMPK,
PAMPK, and TGF-{ proteins by Western blot assay (n = 3). All data are presented as mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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The tumor length, tumor width, and body weight were measured
every two days to observe the growth of tumors, whose volumes
were calculated using Eq. (3):

V=1L2x W 3)

where L means longer dimension and W means shorter dimen-
sion). 14 days later, mice were executed to collect the 4T1 tumors,
which then were weighed to assess tumor size.

2.17.  Evaluation of the combination anti-tumor efficacy of TPP-
TAM@AIb and PTX@AID in breast fat pad implanted 4T1 tumors

Female BALB/c mice were subcutaneously injected with 1 x 10°
4T1 cells under the breast fat pad that near the right abdomen.
When the volume of tumors reached around 50 mm?, these mice
were randomly divided into the following six groups (n = 6): 1.
Vehicle; 2. TAM; 3. PTX; 4. PTX@AIb; 5. TPP-TAM@AIb; 6.

PTX@AIb + TPP-TAM@AIb (calculated by PTX, TAM, or TPP-
TAM concentration: 5 mg/kg). The mice were firstly treated with
TPP-TAM @ Alb nanoparticles by tail vein injection, followed by
PTX@AIDb treatment at 24 h later. The tumor length, tumor width,
and body weight were measured every two days to observe the
growth of tumors, whose volumes were calculated using Eq. (3).
14 days later, mice were executed to collect the 4T1 tumors, which
then were weighed to assess tumor size.

2.18.  Biosafety evaluation of TPP-TAM @Alb

The healthy BABL/c mice were intravenously injected with TPP-
TAM@AIb (TPP-TAM concentration: 5 mg/kg) or the equal
volume Vehicle (0.9% normal saline). After 48 h, mice were
sacrificed to collect the major organs including the heart, lung,
spleen, liver, and kidney, which then were fixed with 4% para-
formaldehyde and embedded in paraffin for further H&E staining.
Apart from this, blood was also acquired from BABL/c mice and
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Figure 2

Preparation of TPP-TAM@Alb nanoparticles and evaluation of its ability in promoting the tumor-killing capacity of PTX@AIb

in vitro. (A) The preparation process of TPP-TAM@AIb. (B) The diameters and morphology of the prepared TPP-TAM@AIb, scale
bar = 500 nm. (C, D) Evaluation of the stability of TPP-TAM@Alb in PBS or 5% FBS buffer (n = 3). (E) The drug release behavior of the
encapsulated TPP-TAM@AIb in TPP-TAM@AIb nanoparticles (n = 3). (F, G) The combination therapy efficacy of PTX@AIb and TPP-
TAM@AIb in inducing tumor cell apoptosis evaluated by the Annexin V-FITC and PI stained cells through using flow cytometry assay
(n = 3). (H) The typical images of 4T1 cell clones after different treatments, scale bar = 5 mm. (I) Quantification of the numbers of 4T1 cell
clones after different treatments (n = 3). All data are presented as mean + SD. ***P < 0.001.
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then centrifuged at 2000 rpm (Thermal Fisher Inc., Fresco™ 21,
Waltham, MA, USA) for 5 min at 4 °C to take the supernatant
serum. To evaluate the influence of TPP-TAM@AIb on the
function of the liver and spleen, serum was used to detect the
expression levels of ALT, BUN, CRE, and AST by the relevant
assay kits obtained from the Jiancheng Bioengineering Institute.
Moreover, the long-term bio-safety of TPP-TAM@AIb (TPP-
TAM concentration: 5 mg/kg) or the equal volume Vehicle (0.9%
normal saline) was also evaluated by using the healthy BABL/c
mice (twice a week). After 14 days, mice were sacrificed to collect
the major organs including the heart, lung, spleen, liver, and
kidney, which then were fixed with 4% paraformaldehyde and
embedded in paraffin for H&E staining.

2.19.  Hemolysis assay

The blood was obtained from BABL/c female mice and then
centrifuged at 2000 rpm for 4 min to acquire the red blood cells
(RBCs). Next, RBCs were added to TPP-TAM@AIb (100 pL) at

different concentrations (TPP-TAM concentration: 0, 0.01, 0.1, 1,
or 10 mg/mL) to determine the hemolysis activity of TPP-
TAM@AIb. Meanwhile, PBS buffer and water were used as the
negative control and the positive control, respectively. After
incubating at 37 °C for 2 h, all the samples were centrifuged to
obtain the supernatants. At last, the UV absorption of the super-
natants at 541 nm was recorded to calculate the corresponding
hemolysis ratios.

2.20.  Statistical analysis

Data were shown as the mean + standard deviation (SD). Statis-
tical analysis was performed via a two-tailed Student’s #-test for
the comparison of two groups or one-way ANOVA test for the
comparison of multiple groups. Besides, post hoc analysis was
performed using the Wilcoxon rank-sum test with a Bonferroni
correction when needed. *P < 0.05 was considered statistically
significant. **P < 0.01 and ***P < 0.001 were extremely sig-
nificant. ns, no significant difference, P > 0.05.
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3. Results and discussion

3.1.
cells

TPP-TAM inhibited PD-LI1 and TGF-f expression in 4T1

For the past few years, TAM has been widely used as adjuvant
therapy for the endocrine treatment of a variety of breast can-
cers’™!. Apart from this, it was also revealed that TAM could
inhibit OXPHOS by affecting the mitochondrial complex I func-
tion, which then led to the enhanced phosphorylation of AMPK
protein by raising the ADP/ATP ratio®>*’. Due to this, considering
the vital role of the AMPK pathway in regulating PD-L1 and TGF-
@ expression, it was predicted that TAM may possess the capacity
to inhibit PD-L1 and TGF-g protein expression in tumors™® . To
prove this, Western blot assay was first used to evaluate whether this
prediction was right in 4T1 breast cancer cells. As results showed, a
high dosage of TAM effectively activated the AMPK pathway and
depressed PD-L1 and TGF-8 protein expression (Supporting
Information Fig. S2). All in all, TAM could inhibit PD-L.1 and
TGF-{ protein expression at a high dosage.

As previously reported, conjugating TAM with mitochondria-
targeting agents may also decrease the dosage of TAM needed to
induce mitochondria dysfunction”. Moreover, cationic TPP
possessed ideal tumor mitochondria targeting capacity®”'. Thus,
we believed that conjugating TAM with TPP may be more
effective than TAM in downregulating PD-L1 and TGF- protein

expression (Fig. 1A). According to this speculation, TPP-TAM
was prepared and its correct synthesis was confirmed by 'H
NMR and HR-MS (Supporting Information Figs. S3-S5).
Following this, the capacity of TPP-TAM in inhibiting mito-
chondrial complex I was evaluated, showing that TPP-TAM more
effectively inhibited the activity of mitochondrial complex I with a
decreased half inhibition dosage of about 14.3% of TAM in vitro
(Fig. 1B). Besides, the mitochondrial membrane potential of 4T1
cells was also decreased by 2 umol/LL TPP-TAM, which was as
effective as 20 umol/L TAM (Fig. 1C). Due to the proved effects
of TPP-TAM on mitochondrial complex I, TPP-TAM time-
dependently raised the ADP/ATP ratio, which then effectively
induced the amplified AMPK phosphorylation at a relatively low
concentration of about 1 pmol/L. (Fig. 1D-F). Then, TPP-TAM
efficiently downregulated PD-L1 and TGF-§ protein expression
in 4T1 cells in vitro, which was only about 5% of the concen-
tration of TAM needed (TAM 20 pumol/L vs TPP-TAM 1 pmol/L)
(Fig. 1G-1, Fig. S2). All in all, TPP-TAM rather than TAM may
work as a more potent PD-L1 and TGF-8 dual-inhibitor.

3.2.  Preparation and characterization of TPP-TAM @Alb
nanoparticles

To better deliver the hydrophobic drug TPP-TAM in vivo, TPP-
TAM®@ Alb nanoparticles were prepared by using Alb to encap-
sulate TPP-TAM via a one-step hydrophobic and hydrophilic
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Effects of TPP-TAM@AIb on the accumulation of Ce6 co-loaded PTX@AIb in 4T1 tumors. (A) The typical image of collagen I

detected by Western blot assay after different treatments. (B) Quantification of the expression levels of collagen I after various treatments (n = 3).
(C) Near-infrared fluorescence images of 4T1 tumor-bearing mice at 12, 24, 48, and 72 h after the intravenous injection of Ce6 co-loaded
PTX@AIb (Ce6 concentration: 0.6 mg/kg, PTX concentration: 5 mg/kg), which was pre-treated with Vehicle or TPP-TAM@AIb 24 h before
(TPP-TAM concentration: 5 mg/kg). (D, E) Corresponding quantification of the fluorescence signal of Ce6 co-loaded PTX@Alb from organs and

tumors (n = 3). All data are presented as mean £ SD. **P < 0.01.
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self-assembly strategy as previously reported (Fig. 2A)>>*+*5.

TEM image showed that the morphology of TPP-TAM @ Alb was
nearly spherical shape (Fig. 2B). The particle size of TPP-
TAM@AIb was 202.2 £ 15.3 nm (Fig. 2B). As examined by
the UV—Vis absorbance spectra of TPP-TAM, the drug loading
capacity of TPP-TAM in TPP-TAM@AIb nanoparticles was
1.56 &+ 0.35%. Besides, it was also revealed that TPP-TAM
showed relatively desirable stability by detecting the hydrody-
namic size and polydispersity index of TPP-TAM using PBS or
FBS at pH 7.4 (Fig. 2C and D). Moreover, as time went on, most
TPP-TAM was released from TPP-TAM@Alb nanoparticles at
48 h (Fig. 2E). To sum up, TPP-TAM@AIlb nanoparticles
possessed favorable particle size distribution and relatively ideal
particle stability.

3.3.  The ability of TPP-TAM@AIb in promoting the tumor-
killing capacity of PTX@ALb in vitro

Subsequently, the combination effects of TPP-TAM@AIb and
PTX@AIb on regulating tumor cell proliferation and apoptosis
were assessed by flow cytometry (Fig. 2F). As results indicated,
amounts of reactive oxygen species (ROS) were generated when

A B

1 2 4 5 6 1

L1 i Tl
P-ACtn | s s s c——— P-ACHN | W — — — — —

2

4T1 cells were co-treated with PTX@AIb and TPP-TAM@ALlb,
while PTX@Alb or TPP-TAM@ Alb alone could only generated
less ROS (Supporting Information Fig. S6). Besides, TPP-
TAM@AIb and PTX@AIb co-treatment rather than TPP-
TAM@AIb or PTX@AIb treatment alone more effectively
induced tumor cell apoptosis, which then was further confirmed
by the CCK-8-based cell viability assay and Western blot assay
of Bcel-2 (Fig. 2F and G, Supporting Information Figs. S7-S9).
Then, the effects of TPP-TAM@ Alb or PTX @ Alb on tumor cell
growth and proliferation were also evaluated (Fig. 2H and I). As
results indicated, TPP-TAM @ Alb or PTX@AIb treatment alone
both could slightly decrease the formation of 4T1 cell clones,
while TPP-TAM@AIb and PTX@AIb combination therapy
almost totally inhibited the formation of 4T1 cell clones
(Fig. 2H and I). To evaluate whether the high expression of
estrogen receptors in breast cancer cells would affect the ca-
pacity of TPP-TAM@AIb in sensitizing PTX@ Alb-mediated
chemotherapy, MCF-7 breast cancer cells were used
(Supporting Information Fig. S10). Similar to the results indi-
cated in 4T1 cells, TPP-TAM @ Alb also obviously increased the
tumor cell killing capacity of PTX@AIlb in MCF-7 cells
(Fig. S10). In a word, TPP-TAM@AIb promoted the tumor-
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Figure 5

TPP-TAM @ Alb nanoparticles reduced the expression of PD-L1 and TGF-( protein to amplify T cell infiltration in 4T1 subcutaneous

tumors for enhancing the tumor cell killing activity of PTX@ALIb. (A, B) The typical image of the PD-L1 and TGF-{ proteins in 4T1 tumors
detected by Western blot assay after different treatments. (C—E) Quantification of the amounts of CD3", CD8", and CD4* T cells in 4T1 tumors
by the flow cytometry measurements after receiving various treatments (n = 5). (F) The representative immunofluorescence images of Ki67
protein, TUNEL, and H&E staining after PTX@Alb, TPP-TAM@ALIb, anti-PD-L1 antibody, or PTX@AIb and TPP-TAM@AIlb combination
therapy, scale bar = 100 um. (G, H) Quantification of the relative Ki67 and TUNEL mean fluorescence intensity (MFI) after different treatments
(n = 3). All data are presented as mean £ SD. *P < 0.05 and ***P < 0.001.
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killing capacity of PTX@AIb in vitro in an estrogen receptor-
independent behavior.

3.4. TPP-TAM@AIb inhibited PD-LI and TGF-§ expression
and induced ICD

Currently, PTX@AIb is used as a typical FDA-approved nano-
system for treating breast cancer in clinical®®. Although it could
induce ICD to enhance the tumor immune activity, the defects of
PTX@ALID in inhibiting TGF-8 expression, as well as its weak
capacity in upregulating PD-L1, still could lead to immune
tolerance™ % As we just proved above, TPP-TAM could
effectively depress PD-L1 and TGF-g expression simultaneously
(Fig. 1). Thus, we suspected that TPP-TAM@AIlb may make up
the defects of PTX@AIb in regulating PD-L1 and TGF-8
expression. As results indicated, PTX@AIb could not decrease or
even slightly increase the expression of PD-L1 and TGF-g
expression in 4T1 and MCF-7 cells in vitro, while the combination
therapy of PTX@AIb and TPP-TAM@AIb depressed the expres-
sion of these two proteins (Fig. 3A—D, Supporting Information
Fig. S11). Following this, to confirm whether TPP-TAM@Alb
inhibited PD-L1 and TGF-§ expression by the same mechanism
as TAM, Com C was used to depress the AMPK pathway
(Fig. 3E-G). Similarly, after Com C treatment, the capacity of
TPP-TAM@AID in depressing PD-L1 and TGF-$ expression was

A

reversed, meaning that TPP-TAM@AIb regulated PD-L1 and
TGF-( expression at least partly by affecting the AMPK pathway
(Fig. 3E—G, Supporting Information Fig. S12). Then, we evalu-
ated the effects of TPP-TAM @Alb on inducing ICD, showing that
TPP-TAM@AIb could also enhance the surface location of CRT
and induce the secretion of HMGBI1 (Fig. 3H). In a word, TPP-
TAM@ALIb effectively inhibited PD-L1 and TGF-8 expression
and induced ICD, which may further sensitize PTX @ Alb-based
chemo-immunotherapy in vivo.

3.5. TPP-TAM@AIb decreased collagen distribution in 4T1
tumors to enhance the accumulation of PTX@AIlb

In solid tumors, due to the enhanced TGF-{ expression and
secretion, amounts of collagen were generated by tumor cells or
fibroblasts*** . As we proved above, TPP-TAM@AIb
decreased TGF-8 in vitro (Fig. 3). Thus, the expression levels of
collagen in 4T1 cells may also be depressed by TPP-TAM@ Alb.
To prove this, Western blot assay was used, showing that TPP-
TAM@AIb dose-dependently inhibited collagen expression in
4T1 cells in vitro (Fig. 4A and B). Then, the effects of TPP-
TAM@AIb on the accumulation of PTX@AIb in 4T1 tumors
were also evaluated by using Ce6 co-loaded PTX@AIb (Ce6 used
as a drug indicator) (Fig. 4). Generally, the accumulation of Ce6
co-loaded PTX@AIDb in tumors pre-treated with TPP-TAM@Alb
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was about 2 fold that of TPP-TAM @AIlb un-treated group, which
was similar to the results of the PTX concentrations detected in
4T1 tumors by HPLC (Fig. 4C-E, Supporting Information
Fig. S13). Most important of all, the accumulation behavior of
Ce6 co-loaded PTX@AIb in the normal tissues like the heart,
lung, kidney, spleen, and liver was almost not affected when pre-
treated by TPP-TAM@AIb (Fig. 4C-E). All in all, TPP-
TAM@ALIb selectively and effectively enhanced the accumula-
tion of PTX@AIDb in 4T1 tumors.

3.6. TPP-TAM@AIb and PTX@AIb co-treatment enhanced the
infiltration of T cells in tumors and induced obvious cell apoptosis

Like the evaluation of PD-L1 and TGF-§ protein expression
in vitro, the capacity of TPP-TAM@AIb in affecting PD-L1 and
TGF-{ protein expression in vivo was also detected by the Western

blot assay (Fig. 5A and B). As results indicated, the expression
levels of PD-L1 and TGF- protein in vivo after TPP-TAM@Alb
treatment or TPP-TAM@AIb and PTX@AIb co-treatment was
also similarly depressed, while PTX@AIb possessed no such ca-
pacity (Fig. 5A and B, Supporting Information Fig. S14).
Considering the role of PD-L1 and TGF-g protein in inducing
immune tolerance, we evaluated the effects of TPP-TAM@ALID in
reversing immune resistance by using flow cytometry (Fig. 5C—
E). Generally, after PTX@AIlb or TPP-TAM@AIDb treatment, the
infiltration of CD3", CD4%, and CD8" T cells was slightly
increased (Fig. 5C-E). When treating PTX@AIb together with
TPP-TAM@ALIb rather than anti-PD-L1 antibody alone, the most
obvious enhanced infiltration of T cells in 4T1 tumors was real-
ized, meaning that TPP-TAM@AIb may best enhance chemo-
immunotherapy mediated by PTX@AIb (Fig. 5C-E). Then,
TUNEL staining, H&E staining, and Ki67 staining of tumor tissue
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Figure 7

Evaluation of the combination anti-tumor efficacy of PTX@AIlb and TPP-TAM@ALIb in breast fat pad transplanted 4T1 tumors-

bearing mice. (A—D) Quantification of the amounts of CD3*, CD8*, and CD4" T cells in 4T1 tumors by the flow cytometry measurements
after receiving various treatments (n = 5). (E) Schematic diagram of the combination treatment process of PTX@AIlb and TPP-TAM@ALIb in
breast fat pad transplanted 4T1 tumors-bearing mice. (F) The growth curve of 4T1 tumors after receiving various treatments (n = 6). (G) The
weight of 4T1 tumor collected on Day 14 after various treatments (n = 6). (H) Changes in the body weight of 4T1 tumor-bearing mice after
receiving various treatments (n = 6). All data are presented as mean £ SD. **P < 0.01 and ***P < 0.001.
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sections were also performed to evaluate the tumor cell prolifer-
ation and apoptosis after various treatments (Fig. SF-H). As
illustrated in Fig. 5F-H, the combination therapy of TPP-
TAM@AIb and PTX@AIb lead to the most obvious cell
apoptosis, followed by TPP-TAM@AIb or PTX@ALIb treatment.
To sum up, TPP-TAM@AIb could better reverse the immune
tolerance induced by PTX@ALIb to enhance the immune-killing
effect of T cells and induce the most obvious tumor cell apoptosis.

3.7. TPP-TAM@AIb and PTX@AIb co-treatment inhibited 4T1
tumor growth

Considering the proven fact that TPP-TAM @ Alb could enhance the
accumulation of PTX@AIb in tumors and reverse the possible im-
mune tolerance induced by PTX@Alb-mediated chemo-immuno-
therapy, we further evaluated the combination anti-tumor efficacy of
TPP-TAM@AIb and PTX@AIb in subcutaneously implanted 4T1
tumors (Fig. 6A). As shown in Fig. 6B and C, the volume of 4T1
tumors in the vehicle group continued to grow as time goes on. After
the treatment of PTX@AIb or TPP-TAM@Alb, the tumor growth
rate was only slightly decreased (Fig. 6B and C). When co-treating
4T1 tumor-bearing mice together with TPP-TAM@AIb and
PTX@AIb, the growth of 4T1 tumors was slowed down with a
tumor growth inhibition rate of about 65% (Fig. 6B and C). Besides,
the tumor weight of TPP-TAM @ Alb-treated 4T1 tumors decreased
from 1.08 + 0.49 g t0 0.72 4+ 0.14 g, while it was 0.41 £ 0.10 g for
TPP-TAM@AIb and PTX@AIb co-treatment group, meaning that
TPP-TAM@AIb and PTX@AIb co-treatment most obviously
inhibited 4T1 tumor growth (Fig. 6D, Supporting Information
Fig. S15). Meanwhile, it was also revealed that TPP-TAM@ Alb

or TPP-TAM@AIb and PTX@ALIb co-therapy effectively inhibited
the formation of 4T1 tumor lung metastasis foci, while PTX@Alb
possessed no such capacity (Supporting Information Fig. S16).
Moreover, the body weight of Balb/C mice after TPP-TAM@ Alb
treatment didn’t show any obvious changes, suggesting that TPP-
TAM@AIb possessed ideal biosafety (Fig. 6E). To sum up, TPP-
TAM@ Alb nanoparticles could better enhance the anti-tumor effi-
cacy of PTX@Alb-mediated chemo-immunotherapy.

To further evaluate the combination anti-tumor efficacy of
TPP-TAM@AIb and PTX@AIDb in local solid tumors, the breast
fat pad implanted local 4T1 tumors were also used (Fig. 7). As
shown in Fig. 7A-D, after PTX@AIb or TPP-TAM@AIb treat-
ment, the infiltration of CD3", CD4™", and CD8" T cells in 4T1
tumors was slightly increased, which then was most effectively
enhanced when co-treated PTX@AIb with TPP-TAM@AIb.
Following this, the growth of breast fat pad implanted local 4T1
tumors was investigated (Fig. 7E). As indicated, PTX@AIb or
TPP-TAM @Alb only slightly inhibited the growth of 4T1 tumors,
which was a little better than free PTX or TAM-treated mice
(Fig. 7F). When co-treating 4T1 tumor-bearing mice together with
TPP-TAM@AIb and PTX@AIb, the growth of 4T1 tumors was
slowed down with a tumor growth inhibition rate of about 71%
(Fig. 7F, Supporting Information Fig. S17). Besides, the tumor
weight of TPP-TAM@AIb and PTX@AIb co-treatment group
decreased from 0.98 + 0.19 g to 0.21 + 0.04 g, indicating that
TPP-TAM@AIb and PTX@AIb co-treatment could more obvi-
ously inhibit the growth of breast fat pad implanted 4T1 tumor
(Fig. 7G and H, Supporting Information Fig. S18). To sum up,
TPP-TAM @ Alb nanoparticles could better enhance the anti-tumor
efficacy of PTX@ Alb-mediated chemo-immunotherapy.
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Figure 8

Evaluation of the biosafety of TPP-TAM @ Alb. (A) The typical photo of the hemolytic test treated by various concentrations of TPP-

TAM@Alb. (B) Quantification of the hemolysis ratio of RBCs treated by various concentrations of TPP-TAM@AIb (n = 3). (C) Detection of the
changes of ALT, CRE, AST, and BUN in the serum collected from BALB/c mice receiving TPP-TAM@Alb (TPP-TAM concentration, 5 mg/kg)
for 24 h to predict the influence of TPP-TAM@Alb on the liver and spleen function (n = 3). (D) Representative H&E images of the heart, lung,
liver, spleen, and kidney collected from the healthy mice treated by Vehicle (0.9% saline) or TPP-TAM @ Alb (TPP-TAM concentration, 5 mg/kg)
for 14 days (twice a week), scale bar = 100 pm. All data are presented as mean £ SD.
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3.8.  Biosafety evaluation of TPP-TAM@AIb nanoparticles

At last, the biosafety of TPP-TAM@Alb nanoparticles was eval-
vated (Fig. 8). As results of the hemolysis assay showed, TPP-
TAM@AIb possessed ideal hemocompatibility since TPP-
TAM@ALIb did not induce obvious hemolysis of red blood cells
(Fig. 8A and B). Then, it was revealed that TPP-TAM@Alb did
not affect the function of liver and spleen by evaluating the in-
fluence of TPP-TAM@AIb on ALT, BUN, CRE, and AST
(Fig. 8C). Moreover, the results of H&E staining also indicated
that no significant pathological changes of liver, lung, spleen,
kidney, and heart were caused by TPP-TAM@AIb (Fig. 8D,
Supporting Information Fig. S19). Thus, TPP-TAM@AIb nano-
particles possessed the desired biosecurity.

4. Conclusions

In this study, it was newly revealed that TAM, a typical adjuvant
chemotherapy drug used for the endocrine treatment of a variety
of ER-positive breast cancers, could also be used as a TGF-§ and
PD-L1 dual-inhibitor. Following this, TPP-TAM was chemically
prepared by conjugating TAM with TPP, which was more effective
than TAM in inhibiting TGF-8 and PD-L1 expression (TAM
20 pmol/L vs. TPP-TAM 1 pumol/L). Then, to better deliver TPP-
TAM to 4T1 tumors, TPP-TAM@AIb was prepared by self-
assembling Alb with TPP-TAM. By doing this, TPP-TAM@Alb
effectively decreased TGF-g8 and collagen expression in vivo to
enhance the accumulation of Ce6 co-loaded PTX@AIb in 4T1
tumors. Apart from this, the T cell infiltration in 4T1 tumors was
most obviously enhanced after the combination treatment of
PTX@Alb and TPP-TAM@AIb rather than PTX@AIb itself,
which was at least partly induced by the TPP-TAM@AIb down-
regulated TGF-8 and PD-L1 expression. At last, the most ideal
anti-tumor efficacy was obtained when treated by PTX@AIlb and
TPP-TAM@AIb together. Thus, in this research, we newly pro-
posed the potential of using TAM and its derivants as substitutes
for the clinically used PD-L1 or TGF-@ antibody, which may
expand the future clinical application of TAM in tumor therapy.
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